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ABSTRACT

A net^ g e n e ra l  method has been  developed  f o r  d e te c t in g  and r e c o rd in g  

th e  p re se n c e  of s o lu te  bands in  th e  e f f l u e n t  s tre a m  of a  l i q u id - e lu e n t  

ch ro m atograph ic  colum n0 S in ce  t h i s  method i s  b ased  upon changes in  v ap o r 

p r e s s u re  w hich occur in  th e  s o lv e n t due to  th e  p re se n c e  of a s o lu te  band , 

i t s  a p p l i c a b i l i t y  i s  n o t l im ite d  to  s p e c i f i c  c la s s e s  o f s u b s ta n c e s .

The d e te c to r  developed  u t i l i z e s  th e  te m p e ra tu re  d i f f e r e n c e  which i s  

e s ta b l i s h e d  betw een a  w ick b a th ed  w ith  th e  e f f lu e n t  of a ch rom atograph ic  

column and a  r e fe r e n c e  wick b a th ed  w ith  p u re  s o lv e n tj  th e  w icks a re  

en c lo sed  in  a  th e rm o s ta te d  chamber t h a t  i s  s a tu r a te d  w ith  s o lv e n t vapor*

The te m p e ra tu re  change i s  d e te c te d  th ro u g h  th e  d i f f e r e n c e  in  r e s i s ta n c e  

o f a  p a i r  o f th e r m is to r s ,  one o f which i s  in  c o n ta c t  w ith  th e  w ick b a th ed  

w ith  p u re  s o lv e n t ,  w h ile  th e  o th e r  i s  i n  c o n ta c t  w ith  th e  w ick b a th ed  

w ith  th e  e f f lu e n t  s o lu tio n *  The th e rm is to r s  c o n s t i tu t e  two arms of a 

W heatstone b r id g e ,  which can be b a lan ced  when b o th  o f th e  th e rm is to r s  a re  

i n  c o n ta c t  w ith  w icks b a th ed  w ith  pure so lv e n t*  Any u n b a lan ce  in  th e  

b r id g e  w hich o ccu rs  as a  r e s u l t  o f s o lu te  bands p a s s in g  i s  c o n tin u o u s ly  

re co rd e d  on a  re c o rd in g  p o te n tio m e te r*

D e te c to r  re sp o n se  i s  a  c o l l i g a t i v e  p ro p e r ty  o f th e  s o lu t io n  p a s s in g  

o v er th e  th e rm is to r s  * A m ath em atica l tre a tm e n t has been  developed  and 

p r e d ic t s  a  l i n e a r  dependence o f d e te c to r  re sp o n se  on mole f r a c t i o n  o f 

s o lu te *  The m ath em atica l a n a ly s is  i s  based  on a  c o n d it io n  o f th e rm a l 

b a la n c e , and r e q u ir e s  s u i t a b l e  ap p ro x im a tio n s , based  on th e  sm a ll m agnitude

v i



of th e  observed changes* f o r  d e r iv a t io n  o f th e  l i n e a r  re la tio n s h ip ®  The 

k i n e t i c s  o f th e  s o lv e n t  v a p o r iz a t io n  and c o n d en sa tio n  p ro c e sse s*  as 

in f lu e n c e d  by th e  p re se n c e  of so lu te *  a re  p o s tu la te d  t o  p la y  th e  m ajor 

r o l e  i n  d e te c to r  response®

F a r th e r  m a th em atica l a n a ly s is  o f th e  c o n c e n tra tio n  p r o f i l e  fu rn is h e s  

a  r e l a t io n s h ip  betw een th e  c o n c e n tra t io n  g iv in g  th e  observed  re sp o n se  and 

th e  i n i t i a l  sam ple co n cen tra tio n ®

The e v o lu t io n  of th e  d e te c to r  and i t s  r e l a t io n s h ip  to  o th e r  means of 

ch rom atog raph ic  d e te c tio n *  and to  r e l a t e d  m easuring  tech n iq u es*  a re  

described®  Q u a l i ta t iv e  r e s u l t s  o b ta in ed  in  d i f f e r e n t  s o lv e n t- s o rb e n t  

system s f o r  a  v a r i e t y  o f s o lu te s  a re  p re sen ted *  th e  re sp o n se  to  v o l a t i l e  

and n o n - v o la t i l e  s o lv e n ts  i s  d iscussed®  P a r t i c u l a r  a t t e n t i o n  has been  

d i r e c te d  tow ards th e  a n a ly s is  o f th e  e r g o s te r o l  i r r a d i a t i o n  mixture®

Some q u a n t i t a t i v e  r e s u l t s  a re  p re se n te d  and in d ic a te  th e  n a tu re  and 

s e n s i t i v i t y  o f th e  response®  At 33 »■ w ith  a sam ple column flo w  r a t e  of

5> ml®/day* a  r e fe re n c e  column flow  r a t e  o f  2 ml®/day* c o t to n  th re a d  w ick s , 

nom inal 2000-ohm th e rm is to r s  w ith  a te m p e ra tu re  c o e f f i c i e n t  o f  U®5 pen 

c e n t p e r  degree*  f ix e d  b r id g e  r e s i s ta n c e s  o f 2.000 ohms* and an a p p lie d  

b r id g e  v o l ta g e  of 6 v o l ts *  th e  d e te c to r  has a s e n s i t i v i t y  o f 188®5 mv*/M®*
- . 3

o r th e  c a p a c ity  t o  d e te c t  s o lu te  in  0®01 ml® o f 10 M® s o lu tio n s *  t h i s
Q „9

co rresp o n d s  to  d e te c t io n  of 10 -10  moles of m ateria l®

The new method shou ld  complement gas chrom atography as an a n a l y t i c a l  

method* w ith  i ts ^ m o s t  im p o rta n t a p p l ic a t io n s  in  a re a s  where gas chrom atography 

i s  w eak es t— a n a ly s is  of h ig h -b o i l in g  and th e rm a lly -u n s ta b le  components®

v i i



I t  sh o u ld  be  o f p a r t i c u l a r  v a lu e  i n  b iochem ical*  n a tu r a l  p ro d u c ts*  and 

p h a rm a c e u tic a l work® P h y sic o -ch em ica l a p p l ic a t io n s  o f th e  d e te c to r  

in c lu d e  i t s  u se  in  d e te rm in in g  m o lecu la r  w eigh ts*  e v a lu a t in g  a c t i v i t y  

e f f e c ts *  s tu d y in g  m o le c u la r  com plexing and d is s o c ia t io n *  and o b ta in in g  

fu n d am en ta l in fo rm a tio n  on th e  n a tu re  o f th e  ch rom atog raph ic  p ro c e ss  *

v i i i
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1

I*  INTRODUCTION 

A. G eneral

The advance o f th e  developm ent o f a c c u ra te ,  r a p id ,  and g e n e ra l  

te c h n iq u e s  o f  s e p a ra t io n  and a n a ly s is  i s  one of th e  b e s t  y a r d s t ic k s  f o r  

chem ical p r o g re s s .  D i f f e r e n t i a l  m ig ra tio n  i s  one o f th e  m ost u s e f u l  

g e n e ra l  to o l s  o f s e p a r a t io n ,  in c lu d in g  w ith in  i t s  scope th e  te c h n iq u e s  

o f e le c t r o p h o r e s i s ,  m u lt ip le  p a r t i t i o n i n g ,  mass sp e c tro sc o p y , th e rm a l 

and g r a v i t a t i o n a l  d i f f u s io n ,  d i f f e r e n t i a l  s e d im e n ta tio n , and chrom atography.

B . Com parison o f Gas and L iq u id  Chrom atography

Ghroroatography i s  one of th e  m ost w id e ly  a p p l ic a b le  m ethods o f 

d i f f e r e n t i a l  m ig ra tio n , s in c e  i t  i s  p o t e n t i a l l y  u s e f u l  f o r  s e p a ra t io n  o f 

a l l  s o lu b le  s u b s ta n c e s .  Chrom atography i s  l im i te d ,  however * by  th e  f a c t  

t h a t  each c la s s  o f s e p a ra t io n s  r e q u ire s  a  d i f f e r e n t  s o rb e n t- s o lv e n t  

system  and d e t e c t o r .  I n  l iq u id  chrom atography, th e  s o lv e n t may ran g e  

from  lo w -b o il in g  o rg a n ic  su b s ta n c e s  to  s o lu t io n s  o f  fu sed  s a l t s ,  and th e  

s o rb e n t may ra n g e  from  p a p e r  s t r i p s  o r  s t r in g s  t o  packed colum ns. The 

s o lv e n t  in  v a p o r chrom atography does n o t v a ry  as much, s in c e  i t  i s  n o t 

chosen so much f o r  e lu t in g  power as  f o r  i t s  a p p l i c a b i l i t y  t o  th e  d e te c to r  

chosen; how ever, th e  s o rb e n t i s  s e le c te d  on th e  b a s i s  o f i t s  p h y s ic a l  

and chem ical p r o p e r t i e s ,  in  p a r t i c u l a r  i t s  vapo r p r e s s u re ,  th e rm a l 

s t a b i l i t y ,  and a f f i n i t y  f o r  th e  components to  be s e p a ra te d .  The lack  o f 

g e n e r a l i ty  o f any  one s o lv e n t- s o rb e n t  system  i s  a lm o st e q u iv a le n t  f o r



2

l i q u id  and v a p o r chrom atographyj how ever, th e  d e te c to r s  a v a i la b le  f o r  

v a p o r chrom atography a re  much more g e n e ra l  th a n  th o s e  re q u ire d  f o r  l iq u id  

chrom atographyo T his f a c t  h as  g r e a t ly  in flu e n c e d  th e  ra p id  developm ent 

o f  v a p o r chrom atography, w hich has undergone s p e c ta c u la r  growth o f a p p l i ­

c a t io n  d u r in g  th e  p a s t  fo u r  y e a r s .

Gas chrom atography, w ith  i t s  v a r io u s  g e n e r a l ,  s e n s i t i v e ,  r a p id ,  

c o n v e n ie n t, and r e l a t i v e l y  in ex p en s iv e  d e te c to r s ,  has become a  s ta n d a rd  

bench and l i n e  te c h n iq u e  f o r  a n a ly s is  and p ro d u c tio n  c o n tro l*  Vapor 

chrom atography i s ,  how ever, encumbered w ith  two m ajor l im i t a t i o n s :  i t

can be  a p p lie d  o n ly  t o  th o s e  su b s ta n c e s  w hich have a p p re c ia b le  vap o r 

p re s s u re s  below  300~U00°G, and i t  does n o t  a lo n e  g iv e  ad eq u a te  q u a l i t a t i v e  

in fo rm a tio n  about th e  su b s ta n c e s  s e p a ra te d , Even though vap o r chroma­

to g ra p h y  i s  l im i t e d ,  th e  r e c e n t  t r e n d  has been to  ex tend  i t  beyond i t s  

n a tu r a l  c o n v en ien t ran g e  becau se  o f th e  v e r s a t i l i t y  o f  i t s  d e te c t in g  

d e v ic e s .  S in c e  many o rg a n ic  m o le cu le s , e s p e c ia l ly  th o se  o f b io lo g ic a l  

im p o rtan ce , a re  n o t th e rm a lly  s t a b l e ,  and s in c e  most s u i t a b le  s o rb e n ts  

have a p p re c ia b le  v ap o r p re s s u re  a t  e le v a te d  te m p e ra tu re s , t h i s  e x te n s io n  

o f  gas chrom atography h as  a lm ost reach ed  i t s  p r a c t i c a l  l i m i t .

S o lu b le  su b s ta n c e s  w ith  low v ap o r p re s s u re  may, how ever, be se p a ra te d  

u s in g  l iq u id  ch rom atography . The tim e-honored  te c h n iq u e  f o r  fo llo w in g  

th e  developm ent o f  a  l iq u id  column chromatogram has been to  c o l l e c t  th e  

e f f l u e n t  s tream  in  e q u a l f r a c t i o n s  and an a ly ze  each f r a c t i o n  in d iv id u a l ly ,  

e i t h e r  c h e m ic a lly  o r p h y s ic a lly *  This p ro c e ss  i s  v e ry  te d io u s  and tim e  

consum ing. To a ch ie v e  a  p a r a l l e l  and com plem entary s t a tu s  t o  th e  r a p id ly -  

d ev e lo p in g  f i e l d  o f v ap o r chrom atography, th e  f i e l d  o f l iq u id  chrom atography
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now r e q u ir e s  a  d e te c to r  w hich w i l l  be g e n e ra l  to  a  la r g e  number o f s o lv e n t  

system s and s o lu t e s ,  respond  s e n s i t i v e ly  t o  sma3-l, d i l u t e  sam p les , g iv e  

p r e d ic t a b le  re sp o n se  ( p re f e r a b ly  l i n e a r  re sp o n se )  to  sam ples over a  w ide 

ran g e  o f c o n c e n tr a t io n ,  be s im p le  to  c o n s tru c t  and ea sy  to  o p e ra te ,  and 

r e q u i r e  l i t t l e  a t t e n t io n  d u r in g  th e  developm ent of a  chrom atogram .

This s tu d y  h as  been  concerned w ith  an a tte m p t to  dev e lo p  a  d e te c to r  

f u l f i l l i n g  m ost o f th e s e  re q u ire m e n ts . B efo re  d e s c r ib in g  th e  p re s e n t  

d e t e c to r ,  how ever, p re v io u s  app roaches to  th e  problem  w i l l  be  rev iew ed .

C. P re v io u s  D e te c to rs  f o r  L iq u id  Chrom atography

Kenyon &t a l .  (1 )  have developed a  d e te c to r  w hich u t i l i z e s  v a r i a t io n  

in  a b s o rp tio n  o f u l t r a v i o l e t  l i g h t .  The e lu e n t  s tream  from  a  ch rom atograph ic  

column i s  a llow ed  to  d r a in  in to  a  q u a r tz ,  u l t r a v io l e t - a b s o r p t io n  c e l l .

A l i g h t  so u rce  and p h o to c e l l  a re  a rran g ed  so t h a t  l i g h t  i s  r e f l e c t e d  from  

th e  s u rfa c e  o f th e  l iq u id  i n  th e  c e l l  a s  i t  i s  f i l l e d  from  th e  colum n.

Wien th e  e ff lu e rr tr  f i l l s  th e  c e l l ,  th e  p h o to c e l l  a c tu a te s  th e  scan  mechanism 

f o r  a  re c o rd in g  sp e c tro p h o to m e te r . A f te r  th e  a b s o rp tio n  spectrum  o f th e  

e f f lu e n t  h as  been  re c o rd e d , th e  a b s o rp tio n  c e l l  i s  pumped o u t ,  and th e  

sp e c tro p h o to m e te r  i s  r e s e t  a u to m a tic a l ly  to  i t s  i n i t i a l  w av e len g th . Thus, 

th e  a b s o rp tio n  s p e c t r a  o f th e  s o lu te  bands a re  re c o rd e d  i n t e r m i t t e n t l y  

d u r in g  th e  developm ent o f th e  chrom atogram , a llo w in g  th e  o b se rv e r  to  

d e te rm in e  th e  c o n c e n tra t io n  and th e  co m position  o f each s o lu te  b an d . T his 

te c h n iq u e  i s  v e ry  a c c u r a te ,  b u t  i s  l im i te d  to  su b s ta n c e s  w hich abso rb  in  

th e  u l t r a v i o l e t  and to  s o lv e n ts  which a r e  t r a n s p a r e n t ;  in  a d d i t io n  t o  t h i s  

l i m i t a t i o n ,  th e  a p p a ra tu s  i s  v e ry  ex p en siv e  to  c o n s tru c t  and d a ta  

i n t e r p r e t a t i o n  i s  o f te n  in v o lv ed  and te d io u s .
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Baumann and B la e d e l (2 ) have ad ap ted  h ig h -f re q u e n c y  conductance 

m easurem ents t o  th e  d e te c t io n  o f  s o lu te  bands In  l iq u id  chrom atography .

In  ch rom atog raph ic  p ro c e s s e s  w here la r g e  changes in  conductance  occur in  

t h e  r e g io n  of th e  s o lu te  b an d s , i t  i s  p o s s ib le  t o  d e te c t  t h e i r  p re sen ce  

th ro u g h  h ig h -f re q u e n c y  conductance m easurem ents. These m easurem ents a llo w  

th e  d e te c t io n  of ch rom atograph ic  bands w ith o u t th e  u se  o f i n t e r n a l  

e l e c t r o d e s . T h is te c h n iq u e  can lo c a te  bands b e fo re  th e y  a r e  e lu te d  from  

th e  column; how ever, i t  i s  v e ry  l im i te d  i n  scope and s e n s i t i v i t y .

C lax to n  (3 )  d e te c t s  s o lu te  bands, u t i l i z i n g  th e  h e a t  evolved accompany­

in g  th e  a d s o rp tio n  o f g ases  and l iq u id s  on so rb e n t s u r f a c e s .  A n e t  h e a t  

e v o lu t io n  may a ls o  r e s u l t  from  s o lu te  d isp lace m e n t o f th e  adso rbed  s o lv e n t  

a t  th e  s u rfa c e  o f th e  s o rb e n t .  D e te c tio n  o f  t h i s  n e t  h e a t  o f a d s o rp tio n  

w ith  a  s u i t a b l e  te m p e ra tu re -s e n s in g  d e v ice  makes p o s s ib le  th e  u se  o f  t h i s  

phenomenon to  fo llo w  th e  developm ent o f  a chrom atogram . The m ajor p rob­

lems in vo lved  in  th e  developm ent o f t h i s  te c h n iq u e  a r e  c o r r e la t io n s  o f 

th e  e x te n t  o f  te m p e ra tu re  r i s e  w ith  th e  n a tu re  and th e  c o n c e n tra t io n  o f 

th e  s o lu te  b a n d s . T his approach  seems a p p l ic a b le  o n ly  t o  th o se  s o lv e n t-  

s o rb e n t system s w hich have a  s u f f i c i e n t l y  h ig h  s u r fa c e  en e rg y .

Spackman, S t e i n ,  and Moore (U) have developed  a  s p e c i f i c  a p p l ic a t io n  

o f a b s o rp tio n  sp e c tro p h o to m e try  f o r  th e  d e te c t io n  of amino a c id s  w hich 

have b een  s e p a ra te d  c h ro m a to g rap h icaH y . The amino a c id s  a r e  s e p a ra te d  

b y  io n -ex ch an g e  columns w hich a r e  e lu te d  w ith  a  s o lv e n t  o f  c o n tin u o u s ly  

v a ry in g  pH. The e f f lu e n t  i s  t r e a te d  c o n tin u o u s ly  w ith  a s ta n d a rd  n in -  

h y d r in  r e a g e n t ,  a llow ed  to  r e a c t ,  and p assed  th ro u g h  a  re c o rd in g  s p e c t ro ­

p h o to m e te r. The c h a r a c t e r i s t i c  n irih y d rin  a b s o rp tio n  i s  observed a t  570 n̂ z
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and UJ4O mp, w hich p e rm its  co n v en ien t q u a n t i t a t iv e  a n a ly s is  o f  amino 

a c id s  o T his te c h n iq u e , w hich was a lm ost 10 y e a rs  in  developm ent, i s  so  

much more c o n v en ien t th a n  p re v io u s ly  used m ethods t h a t  i t  i s  u sed  to d a y  

'a lm o s t t o  th e  e x c lu s io n  o f th e  e a r l i e r  m ethods.

S c h u l tz ,  Bodraann, and Cantow (5 ) have developed  a  d i f f e r e n t i a l  

r e f r a c to m e te r  w hich h a s  been  m odified  by  th e  P hoenix  P r e c is io n  In s tru m e n t 

Company ( 6 ) ,  f o r  c o n tin u o u s ly  m o n ito rin g  th e  e f f lu e n t  o f a  ch rom atog raph ic  

colum n. The d i f f e r e n t i a l  r e f r a c to m e te r  i s  p o t e n t i a l l y  th e  most v e r s a t i l e  

te c h n iq u e  to  d a te  f o r  re c o rd in g  th e  developm ent o f  a  chrom atogram , s in c e  

r e f r a c t i v e  in d ex  i s  a  g e n e ra l  p h y s ic a l  p r o p e r ty  and i t  can be reco rd ed  

c o n tin u o u s ly . The te c h n iq u e  i s  n o t co m p le te ly  g e n e ra l  f o r  a l l  s o lu t e s ,  

b u t  i t  i s  v e ry  s e n s i t i v e  f o r  th o se  s o lu te s  which have a  r e f r a c t i v e  in d ex  

w hich i s  a p p re c ia b ly  d i f f e r e n t  from  t h a t  o f th e  s o lv e n t  u s e d . D i f f e r e n t i a l
_ 6 _5

re f r a c to m e try  i s  s e n s i t i v e  t o  1 .5  x  10 r e f r a c t iv e - in d e x  u n i t s  o r  1 .8  x  10 

m illig ra m s  p e r  m i l l i l i t e r  o f NaCl i n  w a te r .  The te c h n iq u e  i s  as  fo llo w s*

The r e f r a c t iv e - in d e x  p rism  i s  d iv id e d  d ia g o n a l ly  i n t o  two com partm ents.

One o f th e  com partm ents c o n ta in s  th e  p u re  s o lv e n t ,  and th e  o th e r  h o ld s  

a  p o r t io n  o f  th e  e f f lu e n t  s tre a m , which i s  c o n tin u o u s ly  f lo w in g  th ro u g h  i t .

A p a i r  o f p h o to c e l ls  i s  a rra n g ed  so  as  to  d e te c t  th e  d e f l e c t io n  o f a 

m onochrom atic beam w hich p a s s e s  th rough  th e  r e f r a c t i v e  in d ex  c e l l .  The 

beam d e f l e c t i o n  d e te c te d  by  th e  p h o to c e l ls  a c tu a te s  a  r e c o rd e r  pen  and 

a  mechanism which moves th e  c e l l  so  as  to  b a la n c e  th e  beam a g a in .  The 

c h a r t - d r iv e  r a t e  on th e  r e c o rd e r  i s  c o n tro l le d  by  a  m ass-b a lan ce  mechan­

ism , so  t h a t  th e  c h a r t  i s  d r iv e n  ac co rd in g  to  th e  r a t e  o f flow  o f  th e  

s o lv e n t .  T h is method i s  th e  m ost g e n e ra l  t h a t  has b een  d isc u s s e d  so f a r ;
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how ever, i t  i s  l im i te d  to  la r g e  p r e p a ra t iv e  columns s in c e  th e  dead volume 

o f  th e  p rism  i s  to o  la rg e  f o r  u se  w ith  sm a ll a n a l y t i c a l  colum ns.
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I I .  THE PRESENT INVESTIGATION 

A. G en era l D e s c r ip t io n  o f th e  Technique

A new te c h n iq u e  h as  b een  developed  f o r  d e te c t in g  th e  p re se n c e  o f 

s o lu te  bands in  th e  e f f l u e n t  s tream  o f a  l iq u id  ch rom atograph , u t i l i z i n g  

a  p h y s ic a l  p r o p e r ty ^ d i f f e r e n t  from  any  o f  th o se  d is c u s s e d  in  th e  p re c e d ­

in g  s e c t io n -  The d e te c to r  se n se s  a  d i f f e r e n c e  in  tem p e ra tu re  e s ta b l is h e d  

betw een  a  s o lu t io n  and i t s  s o lv e n t  in  a  s o lv e n t-v a p o r - s a tu ra te d  cham ber. 

T h is  te m p e ra tu re  d i f f e r e n c e  a r i s e s  b ecau se  o f th e  d i f f e r e n c e  in  th e  

r a t e s  o f e v a p o ra tio n  from  th e  s o lv e n t  and th e  s o lu t io n .

T his method u t i l i z e s  th e  m easurem ent, by  means o f th e r m is to r s ,  o f 

th e  te m p e ra tu re  d i f f e r e n c e  w hich i s  e s ta b l is h e d  betw een  a  c e l lu lo s e  w ick 

s a tu r a te d  w ith  th e  p u re  e lu t in g  s o lv e n t ,  and a  s im i la r  w ick w hich i s  

C o n tin u o u sly  b a th e d  w ith  th e  l iq u id  e f f l u e n t  from  th e  ch rom atograph ic  

column* b o th  w icks a r e  en c lo sed  i n  a  th e rm o s ta te d  chamber s a tu r a te d  w ith  

s o lv e n t  v a p o r . The th e rm is to r s  c o n s t i tu t e  two arms o f a  c o n v e n tio n a l 

"Wheatstone b r id g e ,  which can  be b a lan ced  when b o th  th e  w icks a r e  b a th ed  

w ith  p u re  so lv en t*  th e  te m p e ra tu re  e f f e c t  o f  a  s o lu te  p roduces an 

u n b a lan ce  which can be m easu red .

The te m p e ra tu re s  sensed  by th e  th e rm is to r s  a re  p r im a r i ly  dependen t 

upon th e  c o m p e titio n  o f th e  fo llo w in g  p ro c e sse s !

1 .  H eat in p u t .

a .  E l e c t r i c a l  h e a t in g .

b .  H eat evolved by  co n d en sa tio n  o f s o lv e n t  on th e  w ick .
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2 o H eat rem oval *

a .  Therm al co n d u c tio n  o f  h e a t  to  th e  l i q u i d  f lo w in g  th ro u g h  

th e  wick*

bo H eat absorbed  in  v a p o r iz a t io n  of th e  s o lv e n t  (a n d , p o s s ib ly ,  

v o l a t i l e  s o lu te s )  from  th e  wick* 

c» H eat lo s s e s  th ro u g h  c o n d u c tio n , c o n v e c tio n  o r  r a d i a t io n  to  

th e  i n t e r i o r  o f th e  th e rm o s ta te d  cham ber.

S in c e  th e  e l e c t r i c a l  h e a t in g  o f th e  th e r m is to r s ,  th e  th e rm a l c o n d u c t iv i ty  

o f  th e  w ic k s , and th e  c o n d e n sa tio n  o f s o lv e n t  a r e  n o t a p p re c ia b ly  a l t e r e d  

by  th e  p re se n c e  o f th e  s o lu te  band on th e  w ick , th e  r e l a t i v e  r a t e s  o f 

v a p o r iz a t io n  a t  th e  two th e rm is to r s  m ust l a r g e l y  d e te rm in e  th e  th e rm a l 

unbalance*  The change in  th e  vapor p re s s u re  o f  th e  s o lv e n t  due to  th e  

p re se n c e  o f th e  s o lu te  band i s  th u s  i n d i r e c t l y  d e te c te d  by th e  th e r m is to r ,  

which shows an  in c re a s e  in  te m p e ra tu re  f o r  n o n - v o la t i le  s o lu t e s ,  and a  

d e c re a se  i n  te m p e ra tu re  f o r  c e r t a in  v o l a t i l e  s o lu te s *  The in c re a s e  in  

te m p e ra tu re  o f  th e  th e r m is to r  i s  th e  r e s u l t  o f an in c re a s e  in  th e  n e t  r a t e  

o f  r e l e a s e  o f th e  h e a t  o f co n d en sa tio n  by  th e  s o lv e n t  condensing  on th e  

s u r fa c e  o f  th e  w ick ( o r  a  d e c re a se  in  th e  h e a t  lo s s  caused  by  v a p o r iz a t io n  

o f  th e  s o lv e n t ) ,  and o f an  in c re a s e  o f e l e c t r i c a l  h e a t in g  caused  b y  th e  

lo w erin g  o f th e  r e s i s ta n c e  o f th e  th e r m is to r .

B * R e la te d  Techniques

A lthough t h i s  te c h n iq u e  h as  n ev er p re v io u s ly  been  used as  a  chrom ato­

g ra p h ic  d e t e c to r ,  r e l a t e d  th erm o m etric  methods have b een  used by  s e v e r a l  

w o rk ers  in  th e  l a s t  decade f o r  th e  m easurem ent of m o le c u la r  w e ig h t and
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t h e  e s tim a t io n  o f osm otic c o e f f i c i e n t s . The l iq u id  chrom atography 

d e te c to r  was developed  c o m p le te ly  in d e p e n d e n tly  o f th e s e  th erm o m etric  

m ethods! how ever, th e r e  i s  s t r i k i n g  s i m i l a r i t y  betw een th e s e  te c h n iq u e s  

and th e  new l iq u id  chrom atography d e t e c t o r .

B aldes (7 )  i s  c re d i te d  w ith  th e  f i r s t  s u c c e s s fu l  a p p l ic a t io n  o f 

th e rm o m etric  methods f o r  th,e d e te rm in a tio n  o f  m o lec u la r  w e ig h t .  H is 

a p p a ra tu s  c o n s is te d  o f a  p a i r  o f therm ocouples en c lo sed  in  a  solvent™ vapor- 

s a tu r a te d  chambero One therm ocouple  had a  drop o f s o lv e n t suspended upon 

i t ,  and th e  o th e r  had a  drop of s o lu t io n .  The te m p e ra tu re  d i f f e r e n c e  was 

observed  b y  a  g alvanom eter d e f l e c t io n  due to  th e  d i f f e r e n c e  in  p o t e n t i a l  

from  th e  therm ocoup les . T h is method was found to  be much f a s t e r  th a n  

osm otic p re s s u re  or is o te n is c o p y  f o r  d e te rm in in g  m o lecu la r w e ig h t. The 

observed  tem p e ra tu re  r i s e  was l e s s  th a n  was ex p e c te d , b ecau se  o f h e a t  

d i s s i p a t i o n ,  so t h a t  th e  method could  h o t be used  f o r  m easu ring  m o lecu la r  

w e ig h ts  w ith o u t c a l i b r a t i o n .  However, th e  m ajor l i m i t a t i o n  o f t h i s  

te c h n iq u e  was th e  low s e n s i t i v i t y  of th e  th e rm o c o u p le s .

T ay lo r and H a ll  ( 8 ) ,  and B rady, H u ff, and McBain (9 ) c o n c u r re n tly  

im proved t h i s  te c h n iq u e  by  s u b s t i t u t i n g  th e rm is to r s  f o r  th e  th erm o co u p le s , 

s u b s t a n t i a l l y  in c r e a s in g  th e  s e n s i t i v i t y  o f th e  d e v ic e .  The new a rra n g e ­

ment c o n s is te d  o f a  p a i r  o f th e rm is to r s  suspended in  a  th e rm o s ta te d  

chamber s a tu r a te d  w ith  s o lv e n t  v a p o r . The th e rm is to rs  c o n s t i tu te d  two 

arms o f  a W heatstone b r id g e ,  su p p lie d  w ith  an a l t e r n a t in g  p o t e n t i a l  by  an 

o s c i l l a t o r .  The b r id g e  u n b a lan ce  was a m p lif ie d  and observed on an 

o s c i l lo s c o p e .  The r e s i s ta n c e  change in  th e  v a r i a b le  p a r t  of th e  b r id g e  

was used  a s  a  m easure  of th e  te m p e ra tu re  d i f f e r e n c e  betw een  th e  two
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th e r m is to r s  <> The te m p e ra tu re  d i f f e r e n c e  was c o r r e la te d  w ith  th e  m o lecu la r  

w e ig h t o

M il le r  and S to l t e n  (10) d es ig n e d  an a p p a ra tu s  w hich approaches th e  

th e rm o d y n am ica lly -ex p ec ted  te m p e ra tu re  r i s e  more n e a r ly  th a n  th e  p re v io u s  

d es ig n so  T h is  te c h n iq u e  Involved  p la c in g  th e  th e rm is to r s  in  sm a ll p o o ls  

o f m ercu ry , which w ere covered by th e  s o lv e n t and sam ple so lu tions®

A h ig h e r  te m p e ra tu re  r i s e  was observed  f o r  th e  s o lu t io n ,  b u t i t  to o k  lo n g e r  

f o r  e q u il ib r iu m  to  be  e s ta b l i s h e d ,  more sam ple was re q u ire d  th a n  f o r  th e  

drop m ethod, and th e  c e l l  had to  be removed and c leaned  a f t e r  each 

d e te rm in a tio n  *

Iy en g a r (1 1 ) ,  and K u lk a rn i (1 2 ) ,  have re p o r te d  s im i la r  d e v ic e s  in  

o th e r  jo u r n a ls ,  b u t  t h e i r  m o d if ic a tio n s  d id  n o t s u b s t a n t i a l l y  a l t e r  th e  

n a tu r e  o f th e  technique®

H ig u ch i e t  a l .  (13)* hy u s in g  an evacuated  chamber and an in g en io u s  

m a g n e t ic - s t i r r in g  d e v ic e ,  have succeeded in  d es ig n in g , f o r  a c t i v i t y  co­

e f f i c i e n t  m easurem ent, an a p p a ra tu s  which re a c h e s  80-90 p e r  c e n t o f th e  

t h e o r e t i c a l  te m p e ra tu re  r i s e ,  s in c e  s t i r r i n g  o f th e  s o lv e n t  and o f th e  

s o lu t io n  red u ces  th e  s u rfa c e  energy  re q u ire d  f o r  th e  mass exchange w hich 

p roduces th e  te m p e ra tu re  rise®  The evacuated  chamber e f f e c t i v e l y  red u c e s  

th e  tim e re q u ire d  f o r  th e  maximum tem p e ra tu re  change t o  be o b se rv ed , and 

i t  b u f f e r s  te m p e ra tu re  changes from  th e  th e rm o s ta te d  b a th  so  as t o  d e c re a se  

th e rm a l in s ta b i l i ty ®

The s t r i k i n g  s i m i l a r i t y  betw een th e s e  v a r ie d  m easurem ents and th e  

new d e te c to r  f o r  l iq u id  chrom atography i s  in  p a r t  d e c e iv in g , s in c e  th e  

o b je c t  i n  th e  th erm o m etric  m easurem ents d e sc rib e d  was o b s e rv a tio n  o f th e
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maximum p o s s ib le  tem p e ra tu re  d i f f e r e n c e  betw een a s o lv e n t  and a  s o lu t io n  

w hich can b e  o b ta in e d  th erm o d y n am ica lly , w h ile  th e  o b je c t  i n  th e  d e s ig n  o f 

a  l iq u id  chrom atography d e te c to r  i s  to  o b ta in  th e  maximum p o s s ib le  

s e n s i t i v i t y  f o r  a g iv en  c o n c e n tra t io n  o f sam ple. The w ick and th e  la rg e  

b r id g e  v o l ta g e  w hich a r e  u sed  w ith  th e  ch rom atograph ic  d e te c to r  a re  d e v ic e s  

t o  in c re a s e  t h i s  te m p e ra tu re  change above th e  therm o d y n am ica lly  ex pected  

v a lu e ,  s in c e  th e  w ick in c r e a s e s  th e  s u rfa c e  a re a  and a l t e r s  th e  s u rfa c e  

e n e rg y , and th e  la rg e  d e te c to r  v o l ta g e  causes h ea tin g ^  which in c re a s e s  th e  

te m p e ra tu re  d i f f e r e n c e  betw een th e  th e rm is to r s ,  in  th e  p re sen c e  of a  s o lu te  

b a n d ,th ro u g h  in c re a s in g  e v a p o ra tio n  r a t e s .

G. E v o lu tio n  o f th e  P re s e n t  D e te c to r

S in c e  m ost o f  th e  tim e  sp e n t in  th e  developm ent o f  th e  p re s e n t  l iq u id  

chrom atography d e te c to r  in v o lv ed  e x p lo ra to ry  i n v e s t ig a t io n ,  th e  c o u rse  of 

th e  developm ent o f th e  a p p a ra tu s  w i l l  be  t r a c e d  b r i e f l y  from  i t s  c o n ce p tio n  

t o  i t s  p r e s e n t  s t a t e .

The f i r s t  d e te c to r  was d esig n ed  to  d e te c t  th e  p ro g re s s  o f th e  d ev e lo p ­

ment o f a  chromatogram on a  s t r i n g  colum n. The ch o ice  o f th e r m is to r s  as  

th e  se n s in g  e le m e n ts , and th e  u se  o f v ap o r p re s s u re  as  th e  p ro p e r ty  

m easured w ere th e  r e s u l t  o f e l im in a t io n  o f th e  o th e r  p o s s ib le  means o f 

d e te c t io n  o f s o lu te  bands lo c a te d  on a s t r i n g  colum n. A d e te c to r  f o r  

s t r i n g  chrom atography should  n o t  d i s tu r b  th e  chrom atogram , b u t  m ust be 

a b le  to  lo c a te  th e  s o lu te  bands and in d ic a te  t h e i r  r e l a t i v e  c o n c e n tr a t io n s .  

All o f  th e  commonly used  te c h n iq u e s  (1U) w ere c o n s id e re d , b u t  none was 

found t h a t  could  be  adap ted  to  t h i s  p u rp o se . A l l  o f th e  e x i s t in g  te c h n iq u e s
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w ere e i t h e r  to o  s p e c i f i c  f o r  one p a r t i c u l a r  k in d  of s o lu t e ,  o r  to o  i n - ’ 

s e n s i t i v e  t o  sm a ll q u a n t i t i e s  o f solute* . The m ost p ro m is in g  o f th e  

te c h n iq u e s  c o n s id e re d  was d i f f e r e n t i a l  r e f r a c t  om etiy , b u t  i t  re q u ire d  

ex p en s iv e  and co m p lica ted  in s tru m e n ta tio n *  and i t  cou ld  be  used o n ly  b y  

e lu t in g  th e  bands o f f  th e  s t r i n g  *

One p h y s ic a l  p ro p e r ty  rem ain ing  to  be c o n s id e re d  was v ap o r p r e s s u r e .  

The te c h n iq u e s  commonly used  f o r  m easuring  vapor p r e s s u re  w ere u n s a t i s ­

f a c to r y  f o r  m easuring  th e  p re se n ce  of a s o lu te  band on s t r i n g ,  s in c e  th e y  

would r e q u ir e  in te r r u p t io n  o f th e  developm ent o f th e  chrom atogram . The 

id e a  f o r  u se  o f th e rm is to r s  as  d e te c to r s  o f v ap o r p re s s u re  was th e  r e s u l t  

o f  th e  o b s e rv a tio n  t h a t  c o lo red  s o lu te  bands on a  s t r i n g  suspended in  a  

v a p o r - s a tu ra te d  chamber appeared  to  sp read  more th a n  m ight be  expected  

from  th e  n a tu r a l  sp re ad in g  due to  th e  a d s o rp tio n  o f th e  components on th e  

s t r i n g .  I f  p a r t  o f th e  observed  sp re ad in g  w ere due t o  th e  n e t  co n d en sa tio n  

o f s o lv e n t  v ap o r from  th e  s a tu r a te d  atm osphere su rro u n d in g  th e  s t r i n g ,  

th e n  th e  r e g io n  o f th e  s t r i n g  occupied  by  th e  s o lu te  band sh o u ld  be 

s l i g h t l y  warmer th a n  th e  cham ber. The prob lem , th e n ,  was to  f in d  th e  

p ro p e r  chamber c o n d it io n s  and th e  p ro p e r  d e te c to r  f o r  t h i s  te m p e ra tu re  

r i s e .  T h e rm isto r and therm ocouple s e n s in g  d e v ic e s  w ere c o n s id e re d , and 

th e  th e r m is to r  was chosen  b ecau se  of i t s  much g r e a te r  s e n s i t i v i t y .

A sim p le  th e r m is to r  d e te c to r  c i r c u i t  was d e s ig n e d , c o n s is t in g  o f two 

th e r m is to r s  as opposing  arras o f a  W heatstone b r id g e .  The th e r m is to r s  

w ere clamped onto  g. s t r i n g  suspended on a  w ire  fram e w i th in  a  b e l l  j a r  

s a tu r a te d  w ith  w a te r .  The s o lv e n t  (w a te r)  was s u p p lie d  t o  th e  s t r i n g  

b y  c a p i l l a r y  s ip h o n  from  a  b e a k e r  a t  th e  to p  o f th e  s t r i n g .  The u n b a lan ce
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of th e  b r id g e  was observed w ith  a  galvanom eter <> The s ig n a l  observed  on 

th e  g a lvanom eter was co m p le te ly  in c o n c lu s iv e  u n t i l  th e  b e l l  j a r  was 

covered  w ith  a  l a r g e ,  i n s u la t in g  c lo th .  The c lo th  se rv ed  b o th  a s  a  

te m p e ra tu re  b a f f l e  a n d , as  a  l i g h t  s h i e l d . The sam ples w ere p la c e d  on 

th e  s t r i n g  w ith  a  lo n g  c a p i l l a r y  and m e d ic in e -d ro p p e r . T his d e te c to r  

a rrangem en t gave a  b a re ly -o b s e rv a b le  re sp o n se  to  a  d rop  o f s a tu r a te d  NaCl. 

T h is  r e s u l t ,  a lth o u g h  n o t e n t i r e l y  s a t i s f y in g ,  was p o s i t iv e  enough to  

in d ic a te  t h a t  a  d e te c to r  m ight be d esig n ed  u s in g  t h i s  b a s ic  p r in c ip l e .

The d e te c to r ,  s t r i n g ,  and s o lv e n t r e s e r v o i r  w ere removed from  th e  

b e l l  j a r  and p la c e d  in to  a  s i lv e r e d  Dewar f l a s k  covered  w ith  a  cork  

a rra n g ed  w ith  a  h o le  s u i t a b le  f o r  sample i n j e c t i o n .  T h is  system  a ffo rd e d  

a  re a so n a b ly  a d ia b a t ic  c o n ta in e r  f o r  th e  d e te c to r ;  how ever, i t  had s e v e ra l  

u n d e s ir a b le  f e a t u r e s .  S am ples, when in j e c t e d ,  would d is tu r b  th e  e q u il ib r iu m  

of th e  d e te c to r  f o r  h o u rs ; th e  system  re q u ire d  h o u rs  t o  s t a b i l i z e ,  b u t  was 

e a s i l y  d is tu rb e d  w ith  room te m p e ra tu re  f l u c tu a t i o n s ,  and sam ple i n j e c t i o n  

was a t  b e s t  u n c e r ta in  and u n p re d ic ta b le .

In  s p i t e  o f  th e s e  d i f f i c u l t i e s ,  th e  d e te c to r  showed prom ise  in  th e  

s e n s i t i v i t y  of i t s  re sp o n se  and in  i t s  a p p a ren t l i n e a r i t y  w ith in  th e  l i m i t s  

o f sam ple i n j e c t i o n .  T ab le  I  i s  r e p r e s e n ta t iv e  o f th e  re sp o n se  which was 

o b ta in e d  f o r  s u c c e s s iv e  d i lu t io n s  o f  a  s a tu r a te d  NaCl s o lu t io n .  The 

in c r e a s in g  d e v ia t io n  from  l i n e a r i t y  can be ex p la in e d  b y  th e  f a c t  t h a t  th e  

flo w  r a t e  d e c re a se d  d u r in g  th e  tim e th e  sam ples w ere ru n . The flow  r a t e  

was observed  to  d e c re a se  w ith o u t a p p a re n t re a so n , even w ith  a  c o n s ta n t-  

head d e v ic e .  The s o lv e n t  flo w  on s t r i n g  d e c re a se d  over a  p e r io d  o f 

s e v e r a l  weeks and f i n a l l y  s to p p e d . A d d itio n  o f d e te rg e n ts  o r a lc o h o ls
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TABLE I

REPRESENTATIVE RESPONSE FOR EARLY DETECTOR

S u c c e s s iv e  D i lu t io n s R ecorder Response
Of S a tu ra te d  NaCl ( C e n tim e te r-m in u te s )

0 .1 28U
0 .0 1 30 .2
Q .001 3*2

would r e s t o r e  th e  flow  te m p o ra r i ly ,  b u t  th e  s o lv e n t  flo w  would d e c re a se  

a g a in  u n t i l  f i n a l l y  i t  cou ld  n o t be r e s to r e d .  T h is  c h a r a c t e r i s t i c  o f 

s t r i n g  columns fo rc e d  abandonment o f t h e i r  u se  w ith  a  d e te c to r .  The 

d e te c to r  was a ls o  reco g n ized  as  b e in g  p o t e n t i a l l y  more u s e f u l  f o r  column 

o r p a p e r  chrom atography th a n  s t r i n g ,  b ecau se  s e p a ra t io n s  on s t r i n g  were 

v e ry  l im i t e d .

Up to  t h i s  s ta g e  in  th e  developm ent o f a  d e te c to r ,  b o th  o f th e  

th e r m is to r s  had b een  lo c a te d  on th e  same s t r i n g .  T his arrangem ent was 

adop ted  t o  g iv e  an i n i t i a l  d e f l e c t io n  co rre sp o n d in g  to  th e  t o t a l  sam ple , 

w hich was in je c te d  j u s t  above th e  to p  th e r m is to r ,  and a  second p o s i t i v e  

peak o r s e r i e s  o f peaks c o rre sp o n d in g  to  th e  s o lu te  bands s e p a ra te d  by  th e  

colum n. The to p  th e r m is to r  was u s e le s s  e x c e p t f o r  a  b a la n c e  e lem en t, 

s in c e  sam ple i n j e c t i o n  d is tu rb e d  th e  e q u il ib r iu m  d u rin g  th e  tim e  t h a t  

th e  sam ple p assed  i t .  The th e r m is to r  was th e r e f o r e  su b se q u e n tly  p la c e d  

on a  s e p a ra te  s t r i n g ,  w hich a c te d  as  a  re fe re n c e  w ick o n ly  and more 

e f f e c t i v e l y  se rv ed  as  a  b a la n c e  e le m e n t.
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S in ce  th e  s t r i n g  had t o  be abandoned as a column, th e  em phasis of 

th e  p r o je c t  was s h i f t e d  to  d e s ig n in g  a d e te c to r  f o r  l iq u id  column chroma­

to g ra p h y  • The s t r i n g  d e te c to r  d id  n o t r e q u ir e  much m o d if ic a t io n  f o r  

a d a p ta t io n  t o  column chrom atography, s in c e  th e  s t r i n g s  were s t i l l  used as 

w icks to  c a r iy  th e  e f f l u e n t  o f th e  columns over th e  th e r m is to r s .  Two 

ch rom atog raph ic  columns w ere mounted over th e  d e te c to r  by b o r in g  h o le s  

i n  th e  cork co v e rin g  th e  Dewar f l a s k  and a t ta c h in g  th e  s t r i n g s  to  th e  

bo ttom s o f th e  colum ns. The s ig n a l  from  t h i s  d e te c to r  was found to  be  v e ry  

u n s a t i s f a c to r y  because  o f a  g r e a t ly  in c re a se d  n o is e  l e v e l .  The so u rces  o f 

d i f f i c u l t y  w ere i d e n t i f i e d  as b e in g  a s s o c ia te d  w ith  th e  flow  r a t e  and 

th e  te m p e ra tu re  f l u c t a t i o n  of th e  s o lv e n t . The w hole a p p a ra tu s  was moved 

to  a  c o n s ta n t—te m p e ra tu re  room and th e  s o lv e n t p re s s u re  was c o n tro l le d  

w ith  a  C a r te s ia n  m a n o s ta t. These changes improved th e  s t a b i l i t y  o f th e  

d e te c to r ,  b u t  th e  o n -o ff  r e g u la t io n  o f th e  room te m p e ra tu re  was observed  

a s  a  s in e  wave on th e  background t r a c e .

The background was s t a b i l i z e d  by  th e rm o s ta tin g  th e  d e te c to r  chamber 

and th e  columns w ith  w a te r  from  a  c o n s ta n t tem p e ra tu re  b a th  c o n t r o l le d  to  

± GoGG80C. The columns and th e  d e te c to r  w ere immersed in to  th e  b a th ,  

p r o te c te d  by a  p l a s t i c  b a g . I t  was observed th a t  th e  system  e q u i l ib r a te d  

much more r e a d i ly  when th e  Dewar f la s k  around th e  d e te c to r  was re p la c e d  

by  a  g la s s  c o n ta in e r  covered w ith  aluminum f o i l .  B e t t e r  e q u i l i b r a t i o n  

w ith  th e  b a th  te m p e ra tu re  was o b ta in ed  by u s in g  a  co n d en ser ja c k e t  around 

th e  colum ns. The p l a s t i c  bag  was e v e n tu a l ly  re p la c e d  w ith  a lo n g  g la s s  

c y l in d e r  w eigh ted  w ith  le a d  and in s u la te d  around th e  to p  w ith  g la s s  w oo l.
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These s te p s  f i n a l l y  s u f f i c i e n t l y  s ta b i l i z e d  th e  d e te c to r  t h a t  a  

s u i t a b l e  background was o b ta ined ., However, th e  d e te c to r  s e n s i t i v i t y  had 

d ec re a se d  so  much as t o  make th e  d e te c to r  a lm ost u s e le s s ,  s in c e  i t  was 

found t h a t  l a r g e  c o n c e n tra te d  sam ples w ere re q u ire d  to  o b ta in  a p p re c ia b le  

s i g n a l s . T h is low ered s e n s i t i v i t y  was f i n a l l y  t r a c e d  to  th e  la r g e  s o lv e n t  

f lo w  r a t e s  usedo The columns (8 nun. i . d . )  r e q u ire d  flow  r a t e s  o f s e v e r a l  

mil l i l i t e r s  p e r  hou r t o  e lu t e  sam ples w ith in  a  re a so n a b le  le n g th  o f t im e . 

These la rg e -d ia m e te r  columns were re p la c e d  by c a p i l l a r y  columns (2 mm. i . d . ) ,  

so  t h a t  th e  flo w  r a t e  cou ld  be reduced to  l e s s  th a n  10 m i l l i l i t e r s  p e r  

d a y . Sam ple s iz e s  w ere reduced  t o  a  fesw h u n d red th s  of a  m i l l i l i t e r  o f 

s o lu t io n .

These changes b r in g  th e  d e te c to r  up to  e s s e n t i a l l y  i t s  p r e s e n t  fo rm .

The n a tu re  and p r o p e r t i e s  of each of th e  in d iv id u a l  components o f  th e  

p r e s e n t  ch rom atograph ic  system  w i l l  now be co n s id e red  in  more d e t a i l .

Do Components o f th e  P re s e n t  C hrom atographic A pparatus

1 . Columns

F undam en ta lly  th e  d iam e te r  and le n g th , o f  th e  column employed w ith  

t h i s  d e te c to r  a re  n o t  l im i t e d .  S ince  th e  flow  r a t e  o f s o lv e n t  in to  th e  

d e te c to r  must be l im i te d ,  how ever, th e  columns m ust be o f sm a ll d iam e te r  

i f  a l l  of th e  e lu e n t  s tream  i s  to  flow  th ro u g h  th e  d e t e c to r .  I f  u se  of 

l a r g e  columns i s  d e s i r e d ,  a  d ev ice  f o r  d iv e r t in g  a  p a r t  o f th e  e f f lu e n t  

s tre am  m ust be  em ployed. The sm a ll c a p i l l a r y  columns employed in  th e  

developm ent o f th e  d e te c to r  a r e  v e ry  co n v en ien t f o r  a n a l y t i c a l  p u rp o se s , 

s in c e  th e y  r e q u ir e  o n ly  v e ry  sm a ll amounts o f sam ple. These sm a ll columns
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a re  d i f f i c u l t  t o  p ack , b u t i f  hand led  p ro p e r ly  th e y  may be used  i n d e f in i t e l y  

w ith  l i t t l e  change in  p r o p e r t i e s .

The columns packed in  2 mm® i . d t h i c k - w a l l e d  c a p i l l a r y  tu b in g  w ere 

p la c e d  j u s t  above th e  d e te c to r  chamber as  shown in  F ig u re  1® The bottom  

o f th e  column ex ten d s  j u s t  below  th e  cork  cover in s id e  o f th e  d e te c to r  

cham ber, so  t h a t  th e  w ick does n o t touch  th e  cork® The th e rm o s ta tin g  

j a c k e t  must be  lo n g  enough so t h a t  th e  s o lv e n t  p a s s in g  down th e  columns 

becomes e q u i l ib r a te d  w ith  th e  b a th  te m p e ra tu re . The in ta k e  f o r  th e  therm o- 

s t a t i n g  ja c k e t  shou ld  be  lo c a te d  a t  th e  r e g u la to r  f o r  th e  b a th ,  so t h a t  

th e  j a c k e t  te m p e ra tu re  does n o t v a ry  a p p re c ia b ly .

The column p ack in g  i s ,  o f c o u rse , s e le c te d  f o r  th e  p a r t i c u l a r  ty p e  

o f s e p a r a t io n  which i s  to  be made.

2 . M icks

G otton  s t r i n g  o r th re a d  w icks have been  used th ro u g h o u t most o f  t h i s  

w ork . The s iz e  and th e  weave o f th e  w ick a re  d ic ta te d  by  th e  flow  r a t e  

o f th e  s o lv e n t ,  th e  d e s ig n  o f th e  d e te c to r ,  and, th e  v o l a t i l i t y  o f th e  

s o lv e n t .  Maximum s e n s i t i v i t y  i s  a t ta in e d  w ith  minimum w ick s iz e  and 

maximum s u r fa c e  a r e a .  The w ick must be la r g e  enough, i n  r e l a t i o n  to  th e  

flow  r a t e ,  f o r  th e  s o lv e n t  to  flo w  w ith o u t fo rm ing  d r o p le ts  o r s u rg e s ,  and 

t o  cover as much o f th e  th e r m is to r  s u rfa c e  as  p o s s ib le ^  how ever, s in c e  th e  

s e n s i t i v i t y  i s  d ec re a se d  as w ick s iz e  i s  in c re a s e d , th e  optimum s e n s i t i v i t y  

i s  o b ta in e d  w ith  th e  minimum w ick s iz e  w hich w i l l  g iv e  a  smooth s o lv e n t  

f lo w .

The id e a l  s i t u a t i o n  m ight be to  have th e  d e te c to r  th e r m is to r  in  

c o n ta c t  w ith  a  la r g e -a r e a ,u n i-m o le c u la r  la y e r  o f s o lv e n t .  T h is  should
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FIGURE 1 . COLUMNS SHOWN MOUNTED IN THERMOS TAT ING JACKET 
ABOVE DETECTOR CHAMBER.
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a llo w  com plete  e q u i l i b r a t i o n  o f s o lv e n t  w ith  th e  v ap o r phase  and should  

g iv e  th e  maximum te m p e ra tu re  change f o r  a  g iven  amount o f s o lu te *  I t  i s  

im p ra c t ic a l  t o  ach iev e  t h i s  s i t u a t i o n  e x p e r im e n ta lly  f o r  two reasons*

I*  th e  flow  r a t e  would n e c e s s a r i ly  be  to o  sm a ll ,  and

2 . th e  th e r m is to r  te m p e ra tu re  i s  s l i g h t l y  above th e  te m p e ra tu re  

o f th e  s a tu r a te d  chamberj t h i s  in c re a se d  te m p e ra tu re  would 

cause  th e  s o lv e n t  t o  d ry  and cause e r r a t i c  flow*

An a tte m p t was made to  c o n s tru c t  a  d e te c to r  t o  approach  t h i s  t t id e a l11 

s i t u a t i o n  as n e a r ly  as  p o s s ib le *  The w ick was e l im in a te d , and th e  s o lv e n t  

flow ed  down th e  th e r m is to r  in  a  s te a d y  (though  n o t u n im o le cu la r)  s tre am . 

T h is  d e te c to r  arrangem ent was s e n s i t i v e ,  b u t  i t  was n o t s t a b l e ,  b ecau se  

th e  s o lv e n t  s tre am  was e r r a t i c .  The p re sen ce  of th e  w ick seems to  

s t a b i l i z e  th e  s o lv e n t  flow  th ro u g h  th e  d e te c to r ,  and i t  p o s s ib ly  g iv es  

added s t a b i l i z a t i o n  b ecau se  ,o f i t s  l a r g e r  h e a t  c a p a c i ty .

The p re se n c e  o f a  c o t to n  w ick was a t  one tim e fe a re d  t o  i n t e r f e r e  

w ith  th e  s e p a ra t io n s  on alum ina and cause  undue sp re a d in g  o f component 

b a n d s . A g la ss -w o o l w ick was s u b s t i tu te d  f o r  th e  c e l lu lo s e  w ick , b u t  i t  

d id  n o t p rove  as s a t i s f a c t o i y ,  p o s s ib ly  b ecau se  th e  l a r g e r  s u r fa c e  a r e a  

o f  th e  c o t to n  w ick p e rm its  much more r a p id  c o n d en sa tio n  and v a p o r iz a t io n  

o f th e  s o lv e n t  v a p o r , g iv in g  g r e a te r  re sp o n se  to  th e  s o lu te  b an d s . The 

flo w  c h a r a c t e r i s t i c s  may a ls o  have been  l e s s  s ta b le  w ith  th e  g la ss -w o o l 

w ic k .

The m ost d e s ir a b le  lo c a t io n  of th e  th e rm is to r s  on th e  w ick seems to  

b e  3-U c e n tim e te r s  from  th e  mouth of th e  colum n. P lacem ent o f  th e  

th e r m is to r  to o  n e a r  th e  column does n o t a llo w  tim e f o r  e q u i l i b r a t i o n  o f



2 0

t h e  s o lv e n t  w ith  th e  chamber a tm o sp h ere« I f  th e  th e rm is to r s  a r e  p la ce d  

to o  f a r  from  th e  columns, th e  s o lu te  bands may be sp read , due t o  th e  n e t  

c o n d e n sa tio n  o f th e  s o lv e n t  on th e  w ick a t  th e  s o lu te  band®

The end o f  t h e  w ick must be to u c h in g  th e  bo ttom  o f th e  d e te c to r  

chamber o r  some a u x i l i a r y  c o n ta in e r ,  s in c e  any drop fo rm a tio n  on th e  w ick 

d i s tu r b s  th e  flctw r a t e  o f th e  s o lv e n t  a c ro s s  th e  th e r m is to r ,  c a u s in g  

background i n s t a b i l i t y  „ M ien s ip h o n s w ere used  to  ex h au s t th e  d e te c to r  

chamber o f ex cess  s o lv e n t ,  th e y  had t o  be  a rran g ed  so t h a t  no d rops would 

form  even on th e  e x te r n a l  o u t l e t ,  s in c e  t h i s  a l s o  was found to  d i s tu r b  

th e  d e te c to ro

The optimum flo w  r a t e  f o r  a  g iv e n  w ick may b e  found by  p la c in g  th e  

w ick  in  a  t r a n s p a r e n t  chamber s a tu r a te d  w ith  s o lv e n t v ap o rj th e  s o lv e n t 

flo w  i s  th e n  d e c re a se d  down th e  w ick u n t i l  th e  w ick c o n tin u o u s ly  ap p ears  

t o  b e  s l i g h t l y  damp w ith  s o lv e n t*

3* T h e rm is to rs

The r e s i s ta n c e  o f a  th e rm is to r  as  a  f u n c t io n  o f te m p e ra tu re  may be  

ex p ressed  b y  th e  e q u a tio n ,

r  -  r 0 e -b <T- T°>

Where r  i s  th e  r e s i s ta n c e  in  ohms, r 0 i s  th e  r e s i s ta n c e  a t  te n p e r a tu re  T0, 

b i s  th e  te m p e ra tu re  c o e f f i c i e n t ,  and T i s  th e  te m p e ra tu re .

The th e r m is to r s  s e le c te d  f o r  a  d e te c to r  shou ld  be  a s  n e a r ly  matched 

as  p o s s ib l e ,  to  m inim ize th e  i n s t a b i l i t y  caused b y  th e  f lu c tu a t io n s  in  

th e  am bient te m p e ra tu re  o f th e  th e rra o s ta te d  chamber and o f th e  f lo w in g  

s o lv e tito  The v a lu e s  o f b sh o u ld  be w i th in  one p e r  c e n t and th e  v a lu e s



of r 0 w i th in  f iv e  p e r  c e n t f o r  th e  two th e r m is to r s .  The th e rm is to rs  used  

had a  r e s i s ta n c e  of betw een 2 ,000  and U,000 ohms a t  th e  te m p e ra tu re  o f 

th e  th e r m o s ta t .  H igher r e s i s ta n c e  th e rm is to r s  a re  l e s s  s e n s i t i v e ,  and 

low er r e s i s ta n c e  th e rm is to r s  cause  to o  much e l e c t r i c a l  h e a t in g  a t  th e  

v o l ta g e s  re q u ire d  f o r  s e n s i t i v e  o p e ra t io n .  S in ce  o v e rh e a tin g  o f th e  

th e r m is to r  w i l l  cau se  i t s  r e s i s ta n c e  to  d ro p , which in c re a s e s  th e  c u r re n t  

and cau ses  s t i l l  more h e a t in g ,  low er r e s i s ta n c e  th e rm is to r s  wi.11 be more 

in c l in e d  to  d e g e n e ra te  and b u rn  o u t .

Two d e s ig n s  o f th e rm is to r s  have been  u se d , depending  on th e  s o lv e n t 

and w ick d e s i r e d .

a .  T h e rm isto r s e a le d  in  th e  m iddle o f a  g la s s  envelope ( s e e  F ig u re  2 ) .  

T h is  ty p e  o f elem ent was used in  n o n -c o rro s iv e , n o n -co n d u c tin g  s o lv e n ts .

I t s  m ajor ad van tage  i s  th e  f a c t  t h a t  th e  w ick can be a tta c h e d  to. th e  

th e r m is to r  v e ry  s e c u re ly ,  w ith  a  la r g e  s u rfa c e  a r e a  of th e  w ick sp read  

t h i n l y  over th e  s u r fa c e  o f th e  th e r m is to r .  T h is  arrangem ent i s  v e ry  c lo s e  

t o  th e  i d e a l  th e rm is to r-w ic k  r e l a t io n s h ip ,  w ith  a  maximum exposed s u r fa c e  

a re a  o f w ick in  c o n ta c t  w ith  th e  th e r m is to r .  The te c h n iq u e  f o r  s e c u rin g  

th e  th e r m is to r  to  th e  w ick i s  to  u n ra v e l th e  w ick up to  th e  th e rm is to r

and a llo w  i t  t o  rew ind around th e  g la s s  en v e lo p e . The s tr a n d s  o f th e  

w ick a re  sp re ad  o v er th e  s u r fa c e  o f th e  th e rm is to r  and t i e d  w ith  a  f i n e ,  

c o a rse  th re a d ,  so  t h a t  s l i g h t  j a r r i n g  w i l l  n o t a l t e r  th e  j u x t a - p o s i t i o n .

Care m ust be e x e rc is e d  to  p re v e n t c o n s t r ic t io n  o f th e  w ick by th e  t h r e a d .

b .  G lass p ro b e  th e r m is to r  ( th e rm is to r  s e a le d  in  th e  end of a  g la s s  

b e a d - - s e e  F ig u re  3)« The th e rm is to r s  f o r  t h i s  d e te c to r  w ere su p p o rted  by  

a  wooden l a t h ,  w hich was suspended i n  th e  th e rm o s ta te d  chamber from  th e
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FIGURE 2 . DETECTOR DESIGN USING THERMISTORS SEALED 
IN GLASS ENVELOPES.
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fig u r e  3
DBTBGTOR DESIGN FOR GUSS-BSAD

ihebmistobs
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cork  cover 0 The w ick was u n rav e le d  and re-wound around th e  bead o f th e  

th e r m is to r ,  t o  g iv e  a  maximum exposed w ick s u rfa c e  in  c o n ta c t  w ith  th e  

th e r m is to r  <, P robe th e rm is to r s  a re  more s e n s i t iv e  i n  t h e i r  re sp o n se  th a n  

a re  g la s s -e n v e lo p e  th e r m is to r s ,  s in c e  th e  probe th e rm is to r s  a re  in  c lo s e r  

c o n ta c t  w ith  t h e i r  th in n e r  g la s s  s u p p o r ts . The th e rm is to r s  shou ld  be 

in c l in e d  s l i g h t l y  upward to  p re v e n t any im p u r i t ie s  d is s o lv e d  from  th e  

wooden l a t h  from  coming i n  c o n ta c t  w ith  th e  wick* I f  th e  w ick i s  im p ro p erly  

se c u re d  t o  th e  th e r m is to r ,  th e  s o lv e n t may ru n  backward down th e  th e r m is to r  

and s h o r t  th e  co n n ec tin g  le a d s  .

U. S o lv e n t Flow C o n tro l and Out-Gas D evice

S o lv e n t flow  m ust be c o n tro l le d  v e ry  c a r e f u l ly  in  o rd e r  to  m a in ta in  

th e  s t a b i l i t y  re q u ire d  f o r  q u a n t i t a t iv e  d e te c t io n  o f sm a ll sam ples. Changes 

in  flo w  r a t e  o f l e s s  th a n  0*1 m i l l i l i t e r s  a  day may cau se  f u l l - s c a l e  

d e f l e c t i o n .  A ttem pts  t o  c o n t r o l  so lv e n t flo w  w ith  gas p re s s u re  and a 

C a r te s ia n -d iv e r  m an o sta t were n o t  s u c c e s s fu l ,  s in c e  th e  p re s s u re  c o n tr o l  

was n o t s u f f i c i e n t l y  s e n s i t i v e ,  "Where p o s s ib le ,  g r a v i ty  fu rn is h e s  th e  

m ost c o n s ta n t so u rc e  o f s o lv e n t  p r e s s u re .  The s o lv e n t  su p p ly  f o r  th e  

columns was a  3 - l i t e r ,  round-bottom ed f l a s k ,  which was su p p o rted  b y  an 

a d ju s ta b le  l a b o r a to r y - ja c k .  B ecause of th e  la r g e  r e s e r v o i r  volume and th e  

slow  f lo w - r a te  of s o lv e n t ,  th e  l e v e l  in  th e  f l a s k  rem ained e s s e n t i a l l y  

c o n s ta n t o v er a  p e r io d  of s e v e r a l  d a y s . S l ig h t  ad ju s tm en ts  o f th e  s o lv e n t  

l e v e l  w ere made p e r io d ic a l ly  w ith  th e  ja c k ,  r e f e r r in g  th e  l e v e l  t o  a 

f i d u c i a l  mark w ith  th e  a id  o f an  e y e -p ie c e  a tta c h e d  to  th e  o u t-g a s s in g  

t u b e .
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The o u t-g a s  d e v ic e  i s  shown in  F ig u re  i ;0 O u t-g a ss in g  i s  even  more 

e s s e n t i a l  w ith  c a p i l l a r y  columns th a n  w ith  l a r g e r  colum ns, b ecau se  even 

v e ry  sm a ll  b u b b le s  cause  s o lv e n t  flow  in te r r u p t io n  i n  s m a ll-d ia m e te r  

co lum ns*>

D e te c to r  s e n s i t i v i t y  was found to  in c r e a s e  a lm ost l i n e a r l y  as  th e  

flo w  r a t e  was d e c re a se d  down t o  3 -5  m i l l i l i t e r s  a  day*, The flow  r a t e  

s e le c te d  f o r  most o f th e  l a t e r  work was 5 m i l l i l i t e r s  a  day*, A f lo w  r a t e  

o f 2o5 mil l  .11,i t e r s  p e r  day in c re a se d  th e  s e n s i t i v i t y  by a  f a c t o r  o f 1*7> 

b u t  th e  e lu t i o n  tim e  became p r o h ib i t iv e  f o r  th e  s iz e  column employed*

More n o is e  was a ls o  observed a t  t h i s  flow  r a t e ,  b ecau se  th e  w ick seemed 

t o  d ry  p e r io d ic a lly * ,

5« Sam ple I n j  e c t io n

One o f th e  m ajor problem s encoun tered  in  t h i s  s tu d y  i s  th e  rep ro d u c­

i b l e  i n j e c t i o n  o f a  l iq u id  sample in to  a  moving l iq u id  e lu e n t*  I f  th e  

s o lv e n t  flo w  i s  in t e r r u p te d ,  th e  e q u ilib r iu m  in  th e  d e te c to r  chamber i s  

d is tu rb ed * . I f ,  on th e  o th e r  hand , th e  sample i s  in tro d u c e d  d i r e c t l y ,  

c o n s id e ra b le  sp re a d in g  of th e  s o lu te  band may r e s u l t  becau se  o f tu rb u le n c e  

and d if fu s io n *

The in j e c t i o n  arrangem en t used i s  shown in  F ig u re  5* I f  th e  u s u a l  

l i q u id  chrom atography te c h n iq u e  i s  used  f o r  sample i n j e c t i o n ,  th e  t h r e e -  

way s to p co ck  i s  opened so as  to  c u t  th e  flow  from  th e  s o lv e n t  r e s e r v o i r  

and a llo w  a  long  hypoderm ic n e e d le  to  be in s e r te d  in to  th e  space j u s t  

abxjve th e  column* The excess  s o lv e n t  i s  removed from  th e  column and th e  

sam ple in je c te d  in to  th e  to p  o f th e  c a p i l la r y *  The sam ple m ust be pushed
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FIGURE h°  OUT-GAS DEVICE, LOCATED IN SOLVENT LINE BETWEEN RESERVOIR AND 
SAMPLE INJECTION FQRT. HEAT OF LAMP DISPLACES DISSOLVED AIR, 
WHICH IS VENTED THROUGH STOPCOCK AND DRYING TUBE.



FIGURE 5 .  ARRANGEMENT FOR SAMPLE INJECTION.
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in to  th e  c a p i l l a r y  so  as to  avo id  w e tt in g  th e  o u ts id e  of th e  n eed le  

w ith  sam p le . The n e e d le  i s  w ithdraw n as th e  sam ple f i l l s  th e  c a p i l l a r y ,  

b u t i t  m ust be w ithdraw n s lo w ly  to  avoid  tr a p p in g  a i r  b u b b le s  w hich would 

s to p  s o lv e n t  flowo O rd in a r i ly  i n  column chrom atography th e  sam ple i s  

a llow ed  t o  flow  down in to  th e  to p  o f th e  column u n t i l  th e  to p  m eniscus o f 

th e  sam ple j u s t  s t a r t s  onto  th e  column, b u t w ith  a  c a p i l l a r y  column th e  

s o lv e n t  l e v e l  may be r e s to r e d  im m ed ia te ly , s in c e  th e  s o lu te  band i s  n o t 

sp read  b y  m ixing in  th e  c a p i l la ry *  I t  i s  b e s t  to  r e s to r e  th e  norm al 

s o lv e n t  p r e s s u re  as  soon as p o s s ib le ,  s in c e  th e  d e te c to r  i s  d is tu rb e d  by  

th e  sam ple i n j e c t i o n *

S u r p r i s in g ly  l i t t l e  sp re ad in g  r e s u l t s  from  in je c t io n  o f  th e  sample 

d i r e c t l y  in to  th e  s o lv e n t s tre a m , p ro v id in g  th e  n e ed le  used i s  v e ry  sm a ll 

and th e  sam ple i s  Q o Q l- m il l i l i t e r  o r le s s *  T his s iz e  sample can be  in je c te d  

in to  th e  s tream  re p ro d u c ib ly  by  means o f a  hypoderm ic m ic ro -sy rin g e  w ith  

a  Chaney ad ap to r*

6* T h e rm o sta tin g  and Tem perature C o n tro l

Tem perature c o n t r o l  i s  one o f th e  m ajor l im i ta t io n s  to  s e n s i t i v i t y *

The th e rm o s ta t  f o r  a  l iq u id  chrom atography d e te c to r  shou ld  be  c o n s tru c te d  

c a r e f u l l y  w ith  th e  b e s t  a v a i la b le  equipm ent! how ever, a  b a th  which r e g u la te s  

t o  ± G«01°G* i s  ad eq u a te  f o r  d e te c t io n  o f sam ples of l a r g e r  c o n c e n tra t io n
Q —3

th a n  lC f moles in  0*01 m i l l i l i t e r s  (10 M) e The r e g u la t in g  e lem en ts  f o r  

th e  b a th  must be i s o la te d  from  th e  b r id g e  c i r c u i t  t o  p re v e n t any e l e c t r i c a l  

p ic k -u p  from  th e  r e la y s  o r h e a te r s  *
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The o n -o f f  h e a te r  used  was a  1 5 0 -w a tt I n f r a - r e d  bulb* o p e ra ted  by  a 

m ercury  r e l a y  sw itch  * The r e la y  was a c t iv a te d  w ith  a  F is h e r - S e r f  a ss  

E le c tr o n ic  R e la y , c o n tr o l le d  b y  a  m ercury m ic ro -s e t  th e rm o re g u la to r .  The 

s te a d y  h e a te r  and c o o le r  ( 125-w a tt  k n if e  h e a te r9 and copper c o i l  coo led  

w ith  ta p  w a te r ,  r e s p e c t iv e ly )  w ere a d ju s te d  so t h a t  th e  o n -o f f  tim e  was 

35 seconds* The d e te c to r  system  was in s u la te d  so  t h a t  i t  r e q u ire d  195 

seconds to  respond  to  b a th  te m p e ra tu re  ch an g es.

The b a th  i t s e l f  was in s u la te d  and co v e red , w ith  th e  e x c e p tio n  o f a  

sm a ll  opening f o r  th e  in f r a - r e d  lam p, w hich was set 5 in ch es  from  th e  

w a te r  le v e l*  The w a te r  was c i r c u la te d  w ith  a  sm a ll c e n t r i f u g a l  pump, 

w hich was shock-m ounted to  red u ce  v i b r a t i o n .  The w a te r  l e v e l  in  th e  b a th  

was m ain ta in ed  w ith  a  siphon*

The d e te c to r  chamber was p laced  in  th e  c e n te r  o f th e  b a th  in s id e  a  

l a r g e  g la s s  c y lin d e r*  The chamber and th e rm o s ta tin g  ja c k e t  f o r  th e  columns 

w ere in s u la te d  w ith  g la s s  wool* The g la ss -w o o l i n s u la t io n  a ls o  a c te d  as 

a  cu sh io n  t o  i s o l a t e  th e  d e te c to r  chamber from  v ib r a t io n  and shock , s in c e  

t h e  su sp e n s io n  f o r  th e  c y l in d e r  c o n ta in in g  th e  chamber i s  su p p o rted  by  

th e  wool*

7 * W heatstone B ridge

The W heatstone b r id g e  which i s  used  to  d e te c t  th e  change in  r e s i s ta n c e

r e s u l t i n g  from  th e  d if f e r e n c e  in  tem p e ra tu re  o f th e  th e rm is to r s  need no t 

be  d es ig n e d  to  m easure th e  a b s o lu te  r e s i s t a n c e .  T h is  a s p e c t o f  th e  

re q u ire m e n t s im p l i f i e s  th e  d e s ig n  of th e  b r id g e  co n s id e rab ly ^  how ever, 

th e  s m a ll s ig n a l s  which m ust be m easured do r e q u ir e  c a r e f u l  s h ie ld in g
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and g ro u n d in g . Mich o f th e  random n o is e  in  th e  c i r c u i t  can be e lim in a te d  

by  dam ping, s in c e  th e  s ig n a ls  of i n t e r e s t  a re  lo n g  in  d u r a t io n ,  a llo w in g  

u se  o f  tim e  c o n s ta n ts  as lo n g  as 30 seconds to  f iv e  m inutes *

A sch em atic  d iagram  o f th e  d e te c to r  i s  shown in  F ig u re  6 . The 

th e r m is to r s  ( r s and r r ) were s e le c te d  as d e sc r ib e d  in  th e  th e r m is to r  

s e c t io n  o The v a r ia b le  e x te r n a l  r e s i s ta n c e s  ( r °  and r ° )  w ere matched
«L S

decade r e s i s ta n c e  boxes * The p o t e n t i a l  so u rc e  (B) was a  6 -v o lt  s to ra g e  

b a t t e r y  w hich had been  charged in  a  s tep w ise  manner, shaken  to  red u ce  

p o l a r i z a t io n ,  and allow ed to  s ta n d  two o r th r e e  days b e fo re  in c o rp o ra t io n  

in to  th e  b r id g e  „ The s to ra g e  b a t t e r y ,  when t r e a te d  in  t h i s  manner, i s  a  

v e ry  s t a b l e  p o t e n t i a l  so u rce  f o r  p e r io d s  o f tim e as lo n g  as  a  month, 

p ro v id ed  t h a t  th e  to p  o f th e  b a t t e r y  i s  c a r e f u l ly  c lean ed  o f a l l  a c id  

and k e p t d r y « The unbalance  o f th e  b r id g e  was d e te c te d  w ith  a  1 .0 -  

m i l l i v o l t  f u l l - s c a l e  e l e c t r o n ic  re c o rd e r  (V)j th e  re c o rd e r  used  was a 

Brcwn E le c tro n lk  re c o rd e r  w ith  a d ju s ta b le  ze ro  and v a r ia b le  span  from 0 -1  

rav <► t o  Q -£ l mv. f u l l - s c a l e )  . A change of one ohm on th e  b r id g e  caused a 

d e f l e c t i o n  co rresp o n d in g  t o  60 p e r  c e n t o f f u l l  s c a le  on th e  maximum 

s e n s i t i v i t y  s c a le  (0 -1  mv») » Thus, w ith  2000-ohm th e rm is to r s  hav ing  

te m p e ra tu re  c o e f f i c i e n t s  of abou t f iv e  p e r  cen t p e r  d e g re e , a  te m p e ra tu re  

d ifT e re n c e  o f 0o001°Go betw een  th e  th e rm is to rs  cou ld  e a s i ly  b e  d isc e rn e d  

on th e  re c o rd e ro

T his s e n s i t i v i t y  i s  by  no means th e  l i m i t  o f th e  s e n s i t i v i t y  con­

c e iv a b le  f o r  t h i s  ty p e  o f d e t e c t o r . I t  i s ,  how ever, s u f f i c i e n t  f o r  
_,a -9

d e te c t io n  o f 10 -1 0  moles o f sample in  0*01 m i l l i l i t e r s  of s o lu t io n .



F I G U R E  6 .  B R I D G E  C I R C U I T
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8 . T rea tm en t o f S o lv en t and P re p a ra t io n  o f Columns

One o f th e  conven iences o f gas chrom atography i s  th e  f a c t  t h a t  th e  

same column may be used f o r  re p e a te d  s e p a ra t io n s  w ith o u t s ig n i f i c a n t  

changes in  i t s  r e t e n t io n  tim es  f o r  p a r t i c u l a r  components * This a llo w s 

th e  o p e ra to r  t o  make re p e a te d  runs^ u s in g  th e  tim e re q u ire d  f o r  e lu t io n  

o f a  p a r t i c u l a r  component band f o r  i d e n t i f i c a t i o n  o f th e  com ponent.

I n  l i q u id  chrom atography a g iven  column i s  u s u a l ly  packed f o r  a  s e p a ra t io n  

and th e n  d isca rd ed *  s in c e  i t  may become p a r t i a l l y  d e a c t iv a te d  * This 

p ro c e s s  i s  v e ry  in co n v en ien t*  ^nd i t  i s  p a r t i c u l a r l y  so f o r  th e  new 

d e te c to r*  s in c e  s t a b i l i z a t i o n  o f te n  r e q u ire s  s e v e ra l  hours o r lo n g e r  

f o r  a  new colum n.

The tim e re q u ire d  f o r  s t a b i l i z a t i o n  of new ly-packed columns was 

reduced  c o n s id e ra b ly  by e q u i l ib r a t in g  th e  s o lv e n t used  w ith  an ex cess  o f 

a d s o rb e n t .  T h is  tre a tm e n t  o f th e  s o lv e n t  was found to  be more co n v en ien t 

and e f f e c t iv e  th a n  d i s t i l l a t i o n  and o th e r  means of p u r i f i c a t i o n .  When th e  

s o lv e n t  was p re p a re d  in  t h i s  manner* th e  columns d id  n o t become d e a c t iv a te d  

o v er i n d e f in i t e  p e r io d s  o f t im e . One s e t  of a lum ina columns was used f o r  

s e p a ra t io n s  o f e r g o s te r o l  and c a l c i f e r o l  f o r  a  p e r io d  o f f iv e  months w ith  

no a p p a re n t d e a c t iv a t io n .  D uring  t h a t  tim e  th e  columns w ere exposed to  

s e v e r a l  d i f f e r e n t  k in d s  o f sam ples o f q u e s tio n a b le  p u r i ty  and became 

d is c o lo re d  to  a  d u l l  y e llo w  brown* b u t  th e  r e t e n t io n  tim e rem ained a p p ro x i­

m a te ly  th e  sam e.

T w o -m illim eter i . d .  c a p i l l a r y  columns were packed w ith  an alum ina 

s lu r r y  i n  th e  s o lv e n t  used and s e a le d  a t  th e  to p  and bo ttom  w ith  c o t to n  

p lu g s .  The c o t to n  p lu g s  se rv ed  two e s s e n t i a l  fu n c t io n s ;  t o  p re v e n t
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th e  column from  b e in g  d is tu rb e d  by sample i n j e c t i o n ,  and t o  s to p  s o lv e n t 

flo w  i f  a i r  o r d is s o lv e d  gas became tra p p ed  in  th e  c a p i l l a r y . These 

t i g h t  c o t to n  p lu g s  p ro te c te d  th e  columns from  c e r t a in  d e a c t iv a t io n  on two 

s e p a ra te  o c cas io n s  when th e  so lv e n t l e v e l  ra n  down in to  th e  c a p i l l a r y .

9 » P u r i f i c a t i o n  o f R eagents and P re p a ra t io n  o f S o lu tio n s

The cyclohexane (95 p e r  c e n t ,  v o /v .) - a c e to n e  (5 p e r  c e n t ,  v . / v . )  

s o lv e n t  used f o r  th e  s o lu t io n s  employed f o r  m o lecu la r w eig h t and concen­

t r a t io n - r e s p o n s e  d e te rm in a tio n s  was p re p a re d  by tre a tm e n t w ith  an  excess  

o f a d s o rb e n t .  Samples o f th e  s o lv e n t w ere chrom atographed t o  d e te rm in e  

w h eth er th e  background was a l t e r e d  by  th e  s o lv e n t .

Eastman ¥ h i te -L a b e l  Grade s o lu te s  w ere used  d i r e c t l y  w ith , no f u r t h e r  

p u r i f i c a t i o n .  The s o lu t io n s  w ere p rep a red  by  d i r e c t  w eigh ing  o f  th e  s o lu te  

and a d d i t io n  o f th e  s o lv e n t  from  a  g rad u a ted  hypoderm ic s y r in g e .
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I I I .  QUALITATIVE APPLICATIONS OF THE DETECTOR

Ao G enera l

Most o f th e  re s e a rc h  in  th e  developm ent o f t h i s  d e te c to r  has b een  

d i r e c te d  tow ards d e v is in g  a  t o o l  s u i t a b le  f o r  g e n e ra l  use  in  l iq u id  

chrom atography * The i n i t i a l  g o a l was to  d em o n stra te  i t s  a p p l i c a b i l i t y  t o  

v a r io u s  s o lv e n t system s and to  a  la rg e  v a r i e t y  o f s o lu te s  in  th e s e  system s.. 

The g e n e ra l  e x p lo ra to ry  r e s u l t s  w i l l  be p re se n te d  in  th e  f i r s t  th r e e  

p a r t s  o f  th e  q u a l i t a t i v e  a p p l ic a t io n s  s e c t io n .

Once th e  p o t e n t i a l  was c l e a r l y  d em o n stra ted , th e  i n t e r e s t  s h i f t e d  to  

two s p e c i f i c  a p p l ic a t io n s  o f th e  d e te c to r .  B ecause of i t s  im portance to  

o th e r  s tu d ie s  b e in g  c a r r ie d  out in  th e s e  l a b o r a to r ie s ,  th e  a n a ly s is  o f 

th e  e r g o s te r o l  i r r a d i a t i o n  m ix tu re  re c e iv e d  s p e c ia l  a t t e n t i o n .  For work 

w ith  f a i r l y  d i l u t e  s o lu t io n s  of th e s e  h ig h  m o lecu la r w e ig h t com ponents, 

i t  was found n e c e s sa ry  t o  in c re a s e  th e  s e n s i t i v i t y  of th e  d e te c to r  hy  a 

f a c t o r  o f 100 above i t s  l e v e l  a t  th e  tim e o f i n i t i a t i o n  o f t h i s  s p e c i f i c  

s tu d y .  T h is new g o a l sparked  f u r th e r  in s tru m e n ta t io n  to  o b ta in  th e  

d e s ir e d  s e n s i t i v i t y .

The second o f th e  s p e c i f i c  a p p l ic a t io n s  ex p lo red  has b een  th e  p o s s ib le  

u se  o f th e  d e te c to r  f o r  m o lecu la r w e ig h t d e te rm in a tio n s .  T h is  le d  to  th e  

m a th em a tica l and q u a n t i t a t iv e  s tu d ie s  p re se n te d  in  S e c tio n s  IV and V.
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Bo W ater (S o lv e n t) -C e l lu lo s e  (A dso rben t) System

T h is  s o lv e n t- s o r b e n t  system  was employed in  th e  e a r ly  s ta g e s  o f th e  

developm ent o f t h i s  d e te c to r .  S in ce  i t  i s  n o t v e ry  u s e f u l  ch ro m ato g rap h ic-

j Up s e p a ra t io n s  w ere observed,} how ever, t h e  g e n e ra l  n a tu re  o f th e  t l e t e c t -  

o r  re sp o n se  w hich  was c l e a r ly  e s ta b l is h e d  h e lp ed  in  mapping ou t th e  su b se­

q u en t d ev e lo p m en ts . The p a t t e r n  of p o s i t iv e  d e f le c t io n  (h e a tin g  o f th e  

^sample th e r m is to r )  f o r  s o lu te s  g iv in g  s o lu t io n s  l e s s  v o l a t i l e  th a n  th e  

s o lv e n t ,  and n e g a tiv e  d e f le c t io n  (c o o lin g  o f  th e  sam ple th e rm is to r )  f o r  

s o lu te s  g iv in g  s o lu t io n s  more v o l a t i l e  th a n  th e  s o lv e n t was o b se rv ed .

T ab le  I I  g iv e s  a  l i s t  o f  th e  s o lu te s  used in  t h i s  sy stem , to g e th e r  w ith  

t h e i r  d i r e c t io n s  o f  d e f l e c t i o n .

TABLE I I

SOLUTES OBSERVED WITH WATER-CELLULOSE SISTEM

S o lu te B o ilin g  P o in t  
°C.

D ir e c t io n  o f 
D e f le c t io n

G ly c e ro l 290 p o s i t iv e
E th y le n e  G lyco l 197 p o s i t iv e
B u ta n o l-1 117 n e g a tiv e
P ro p a n o l-2 82. k n e g a tiv e

E th a n o l 78 *h' n e g a tiv e
S u g ars n o n - v o la t i le pos i t i v e

P a rk e r  B lu e -b la c k  Ink p o s i t iv e

S a l t s  (N ac l, NaBr, N al, KOI, KBr, L iC l, CuCl2) p o s i t iv e
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The p a t t e r n  o f p o s i t i v e  and n e g a tiv e  d e f l e c t io n  i s  c l e a r l y  e s ta b l i s h e d  

in  T ab le  11^ ex c e p t p o s s ib ly  f o r  b u ta n o l-1 ,  w hich has a  b o i l i n g  p o in t  

h ig h e r  th a n  t h a t  o f w a te r .  The vap o r p re s s u re  o f a  b u tano  1 -w a te r m ix tu re , 

how ever, i s  g r e a te r  th a n  t h a t  of p u re  w a te r  a t  25°£« I t  i s  n o t p o s s ib le  

t o  make q u a n t i t a t i v e  e s tim a tio n s  o f th e  vap o r p r e s s u r e ,  b ecau se  th e  concen­

t r a t i o n  o f th e  s o lu t io n  as  i t  p a s se s  th e  th e rm is to r  i s  n o t known,

A s t r i n g  column was used  in  t h i s  p re l im in a ry  work* T his f i r s t  d e te c to r  

was s e n s i t i v e  t o  m o d e ra te ly  sm a ll sam p les , b u t ,  u n f o r tu n a te ly ,  th e  re a so n  

f o r  t h i s  s e n s i t i v i t y  was n o t reco g n ized  u n t i l  much l a t e r .  The s t r i n g  

column by i t s  n a tu r e  re q u ire d  v e ry  slew  flow  r a t e s ,  so  th e  q u a s i- e q u i l ib r iu m  

re q u ire d  f o r  a  te m p e ra tu re  r i s e  could  be  ap p roached . A f te r  th e  s t r i n g  

column was re p la c e d  w ith  packed colum ns, s e v e r a l  months o f f r u i t l e s s  i n v e s t i ­

g a t io n  w ere re q u ire d  to  r e g a in  t h i s  s e n s i t i v i t y ,  b ecau se  o f th e  h ig h e r  

f lo w  r a t e s  w hich r e s u l t e d .

C. B u ta n o l S a tu ra te d  w ith  W ater—C e llu lo s e  System

When packed columns w ere f i r s t  used w ith  t h i s  sy stem , i t  was p o s s ib le  

t o  o b serve  ch ro m atog raph ic  s e p a ra t io n s  f o r  th e  f i r s t  tim e  w ith  th e  new 

d e t e c to r .  The s e n s i t i v i t y  of th e  d e te c to r  was reduced  b ecau se  o f la r g e  

flow  r a t e s ,  so  t h a t  i t  was n o t p o s s ib le  to  observe sm a ll sam ples; how ever, 

i t  was p o s s ib le  to  o b ta in  some s e m i-q u a n t i ta t iv e  r e s u l t s  t o  d em o n stra te  

p o s s ib le  u se  o f th e  d e te c to r  a s  an  a n a ly t i c a l  t o o l .

The m ost i n t e r e s t i n g ,  and perhaps th e  m ost im p o rta n t ,  o f th e  o b serv a­

t i o n s  made w ith  th e  b u ta n o l-w a te r  system  i s  th e  n e g a tiv e -p e a k  e f f e c t  due 

t o  th e  changes in  th e  s o lv e n t  c o n c e n tra t io n  upon th e  in t ro d u c t io n  o f a
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s o lu te - c o n ta in in g  sample on a  ch rom atograph ic  colum n«> B ecause o f i t s  

im p o rtan ce ,  t h i s  e f f e c t  w i l l  be d isc u s s e d  in  d e t a i l  in  a l a t e r  s e c t io n  

(S e c t io n  VT-A)o

T ab le  I I I  g iv es  a  l i s t  o f th e  s o lu te s  used w ith  t h i s  s o lv e n t- s o rb e n t  

sy stem , to g e th e r  w ith  t h e i r  d e f l e c t io n  d i r e c t i o n s „

TABLE I I I

SOLUTES OBSERVED IN BUTANOL-CELLULOSE SI5TEM

S o lu te B o ilin g  P o in t
° C o

D ir e c t io n  o f 
D e f le c t io n

G ly c e ro l 290 p o s i t iv e
E th y len e  G lyco l 197 p o s i t iv e

M in era l O i l n o n - v o la t l i e p o s i t iv e

A cetone 5 6 .5 n e g a tiv e

Benzene 80 e l n e g a tiv e

A c e tic  Acid 118 e l n e g a tiv e

P a r t i a l  s e p a ra t io n  o f a  m ix tu re  of e th y le n e  g ly c o l  and g ly c e ro l  was 

o b se rv e d . The r e l a t i v e  peak h e ig h ts  could be  c a l ib r a te d  t o  g iv e  t h e i r  

r e l a t i v e  c o n c e n tra t io n s  w i th in  f iv e  p e r  cento  Complete s e p a ra t io n s  would 

have been  p o s s ib le  u s in g  l e s s  c o n c e n tra te d  sam ples o r  lo n g e r  columns * 

S in c e  th e  system  d id  n o t a f fo rd  com plete s e p a ra t io n ,  th e  in d iv id u a l  peaks 

could  be d is t in g u is h e d  o n ly  when any one s o lu te  c o n s t i tu te d  no more th a n  

70  p e r  c e n t o f th e  t o t a l  s o lu te  in  th e  sam ple.
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Bo Cyclohexane (95 p e r  c e n t ,  v . /v , . )  and A cetone (5* p e r  c e n t ,  v . / v . )
(S o lv e n t)— Alumina (S o rb e n t)

( C a p i l la r y  Column— 2 mm. iodo x  23 cm*)

T his s o lv e n t” so rb e n t system  was s e le c te d  b ecau se  i t  was s u i t a b l e  f o r  

th e  s e p a ra t io n  of th e  e r g o s te r o l  i r r a d i a t i o n  m ix tu re . When t h i s  s o lv e n t-  

s o rb e n t  system  was f i r s t  employed, th e  d e te c to r  was n o t s u f f i c i e n t l y  

s e n s i t i v e  f o r  d i r e c t  a n a ly s is  of th e  i r r a d i a t i o n  m ix tu re . A la r g e  v a r i e t y  

o f d i f f e r e n t  s o lu te s ,  in c lu d in g  e r g o s te r o l  and c a l c i f e r o l ,  w ere chrom ato­

graphed d u rin g  th e  p e rio d  o f developm ent o f th e  d e te c to r  s e n s i t i v i t y .

T able IV i s  a  l i s t  o f th e  n o n - v o la t i le  s o lu te s  ru n  w ith  t h i s  s o lv e n t-  

s o rb e n t sy stem .

TABLE IV

SOLUTES OBSERVED IN CICLOHEZANE-ALUMINA SYSTEM

M in era l o i l A ro c lo r
P a r a f f in P o ly s ty re n e
p-D ic h  l o r  ob enz ene A nthracene
N aphthalene A cridene

Camphor B enaoic a c id
T r ip h e n y l m ethane Hexamethyl benzene

'Sudan red E r g o s te ro l

Sudan y e llo w C a lc i f e r o l

The s a tu r a te d  h ydrocarbon  sam ples ( p a r a f f in ,  m in e ra l o i l ,  and 

p e tro le u m  e th e r )  w hich were chrom atographed showed sp rea d in g  due to  t h e i r  

ra o le c u la r-w e ig h t d i s t r i b u t i o n ,  b u t  no c le a r  sp re ad in g  o f com ponents,
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b ecau se  th e  a lum ina column employed was to o  s h o r t  t o  r e s o lv e  th e s e  s o lu te s .  

W ith  lo n g e r  colum ns, how ever, t h i s  system  shou ld  be u s e f u l  i n  hydrocarbon  

a n a ly s is  f o r  th e  n o n - v o la t i l e s .

A rom atic -h y d ro carb o n  c o a l - t a r  d e r iv a t iv e s ,  such as a n th ra c e n e , a re  

c l e a r l y  s e p a ra te d  from  c o a l - t a r  h e te r o c y c l ic s  on th e  s h o r t  a lum ina column 

u s e d . A sp h a lt sam ples w ere s e p a ra te d  in to  two m ajor com ponents, each  o f 

w hich i t s e l f  showed some r e s o lu t io n .  Longer columns shou ld  r e s o lv e  th e s e  

sam ples i n t o  s e v e ra l  peaks which would be s u i t a b le  f o r  c h a r a c te r iz a t io n  

o f a s p h a l t  sam p les .

Some s o lu te s  hav ing  s o lu t io n s  more v o l a t i l e  th a n  th e  s o lv e n t  w ere 

a l s o  chrom atographed f o r  com parison o f  th e  s e n s i t i v i t y  o f th e  d e te c to r  

f o r  v o l a t i l e s  and n o n - v o la t i l e s . The s e n s i t i v i t y  o f th e  d e te c to r  f o r  

v o l a t i l e  components in c re a s e s  as th e  v ap o r p re s s u re  in c r e a s e s ,  u n t i l  th e  

v a p o r p re s s u re  o f  th e  s o lu te  i s  so la rg e  t h a t  th e  s o lu te  e v a p o ra te s  from 

th e  w ick b e fo re  th e  sam ple reach es  th e  th e r m is to r .  The maximum d e f le c t io n  

observed  showed t h a t  th e  d e te c to r  was as much as 100 tim es more s e n s i t iv e  

t o  v o l a t i l e  sam ples th a n  t o  n o n - v o la t i le  sam ples. The maximum observed  

s e n s i t i v i t y  o ccu rred  w ith  p e tro leu m  e th e r  as a  s o lu te  in  cy c lo h ex an e .

T h is s o lv e n t- s o rb e n t  system  was employed in  th e  l a t e r  q u a n t i t a t iv e  

s tu d ie s  o f d e te c to r  re sp o n se  as fu n c tio n s  of c o n c e n tra t io n  and sam ple 

volum e. These r e s u l t s  a re  ta b u la te d  in  th e  Appendix and d isc u s se d  in  

S e c t io n  V.
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E . The E rg o s te ro l  I r r a d i a t i o n  M ixture

T his p a r t i c u l a r  a p p l ic a t io n  was chosen becau se  o f i t s  im portance

and b ecau se  i t  r e p re s e n te d  a  t y p i c a l  ca se  o f a  b io ch em ica l o r n a tu r a l -

p ro d u c t a n a ly s is  ap p ro ach in g  th e  l im i t s  of d e te c to r  s e n s i t i v i t y .  The

ch ro m ato g rap h ic  r e s u l t s  cou ld  be compared w ith  r e s u l t s  o b ta in ed  by

s p e c tro p h o to m e tr ic  te c h n iq u e s  r e c e n t ly  developed in  t h i s  la b o r a to ry  (15) >

i f  th e  d e te c to r  could  be  s u f f i c i e n t l y  developed to  be a b le  t o  d e te c t  v e ry

sm a ll sam ples o f d i l u t e  s o lu t io n s .  I n t e r e s t  in  t h i s  problem  sparked  new

e f f o r t s  t o  in c re a s e  th e  s e n s i t i v i t y  o f th e  d e te c to r .  In  o rd e r  f o r  a

ch ro raa t© g rap h ica lly  o b se rv ab le  change in  e r g o s te r o l  to  be induced  b y

r a d i a t i o n ,  w ith  th e  l i g h t  so u rce  and monochromator a v a i la b le ,  th e  i r r a d i -
- 3  -4

a t  io n  s o lu t io n  must be 10 -1 0  m o la r. I f  th e  sam ple s iz e  to  be  analyzed

i s  t o  be  0 .0 2  m l. ,  and i f  d i r e c t  sam pling , w ith o u t p re v io u s ly  c o n c e n tra t in g
_s _9

th e  s o lu t io n  i s  to  be p o s s ib l e ) ,  th e  d e te c to r  m ust be s e n s i t iv e  to  10 -10

m oles o f s o lu te  in  a  sam ple .

The r e f in e d  in s tru m e n ta t io n  re q u ire d  to  g e t th e  d e s ir e d  s e n s i t i v i t y  

was com pleted o n ly  s h o r t l y  b e fo re  th e  t h e s i s  was w r i t t e n .  U n fo r tu n a te ly , 

q u a n t i t a t i v e  r e s u l t s  have n o t y e t  been  o b ta in ed  f o r  t h i s  a n a ly s is .;  how ever, 

q u a l i t a t i v e  s e p a ra t io n s  o f p re p a re d  m ix tu res  o f c a l c i f e r o l  and e r g o s te r o l  

have b een  ru n , and changes in  e r g o s te r o l  s o lu t io n s  s u b je c te d  to  s u n l ig h t  

have b een  o b se rv e d .

The a lu m in a  ch rom atog raph ic  columns used w ere checked f o r  a c t i v i t y  

w ith  a  m ix tu re  o f Sudan red  and Sudan ye llow  dyes (1 6 ) .  The Sudan y e llo w  

was e lu te d  from  th e  column and d e te c te d  as a  sym m etrica l band w ith  a  peak



h i

a t  215 m inu tes  o The Sudan re d  was observed  as a b road  d iffh .se  band , 

f i r s t  d e te c te d  a t  260 m inu tes . I t  was f i n a l l y  e lu te d  co m p le te ly  a f t e r  

U20 m inu tes  o T his s e p a ra t io n  in d ic a te d  ad eq u a te  a c t i v i t y  o f th e  alum ina 

f o r  s e p a ra t io n  o f th e  e r g o s te r o l  i r r a d i a t i o n  m ix tu re .

P u re  sam ples o f e r g o s te r o l  and c a l c i f e r o l  s o lu t io n s  w ere chrom ato­

graphed to  e s t a b l i s h  th e  r e t e n t io n  tim es and p u r i t i e s . C a lc i f e r o l  had 

one peak  a t  2Q5 m in*, w h ile  e r g o s te r o l  had two p eak s , one m ajor peak a t  

280 rain*, and a  m inor one co rre sp o n d in g  to  th e  c a lc i f e r o l*

A 0pQ2-mlo sample o f a  1 :5  d i l u t i o n  o f a  s a tu r a te d  e r g o s te r o l  s o lu ­

t i o n  i r r a d i a t e d  w ith  i n d i r e c t  s u n l ig h t  f o r  f iv e  days was chrom atographed, 

showing a  s u b s t a n t i a l  d e c re a se  in  th e  e r g o s te r o l  peak and an in c re a s e  in  

th e  c a l c i f e r o l  peak* S ubsequent i r r a d i a t i o n  reduced th e  e r g o s te r o l  u n t i l  

i t  was in d is t in g u is h a b le  from  th e  background t r a c e .  Two o th e r  sm all 

peaks ap p eared  betw een th e  e r g o s te r o l  and c a l c i f e r o l  d u r in g  th e  p ro g re s s  

o f th e  i r r a d i a t i o n .  These peaks w ere n o t i d e n t i f i e d ,  b u t  th e y  may be 

t a c h y s te r o l ,  p r e c a l c i f e r o l ,  o r o x id a tio n  p ro d u c ts ,  s in c e  in  t h i s  p r e l im i­

n a ry  ex p erim en t no e f f o r t  was made to  exclude oxygen. F ig u re  7 shows 

a  r e p r e s e n ta t iv e  d e te c t io n  of th e  s e p a ra t io n  o f an  i r r a d i a t i o n  m ix tu re .

W hile o n ly  v e ry  p re l im in a ry  r e s u l t s  have been  o b ta in ed  w ith  t h i s  

sy stem , th e r e  seems to  be l i t t l e  re a so n  to  doubt t h a t  th e  d e te c to r  can 

be  a p p lie d  to  t h i s  and many o th e r  system s of b io lo g ic a l  i n t e r e s t .
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IV  . MATHEMATICAL ANALYSIS OF THE DETECTOR RESPONSE

A . G eneral

I t  i s  p o s s ib le  a t  th e  p r e s e n t  tim e to  p ro p o se  a q u a n t i t a t iv e  

m a th em a tic a l d e s c r ip t io n  o f th e  d e te c to r  r e s p o n s e . S e v e ra l  s im p lify in g  

assu m p tio n s  a re  made to  c a s t  th e  e q u a tio n s  i n t o  u s e f u l  form j most o f 

th e s e  assu m p tio n s  can be j u s t i f i e d  becau se  o f th e  v e ry  sm a ll  te m p e ra tu re  

u n b a lan ce  in v o lv ed  in  a c tu a l  m easurem ents. I t  i s  n e c e s sa ry , how ever, to  

r e s t r i c t  p r e s e n t  c o n s id e ra t io n s  to  th e  s im p le s t  case  o f a  s in g le -co m p o n en t 

s o lv e n t  .

In  th e  a n a ly s is  w i l l  be c o n s id e re d , in  t h a t  o rd e r ,  th e  e l e c t r i c a l  

b a la n c e  c o n d i t io n ,  th e  th e r m is to r  te m p e r a tu re - re s is ta n c e  r e l a t io n s h i p s ,  

th e  th e rm a l b a la n c e  c o n d it io n  f o r  c e r t a i n  s p e c ia l  c a s e s ,  and t h e  shape 

and s i z e  o f th e  component peaks in  th e  re co rd e d  chrom atogram .

B. E l e c t r i c a l  B alance  C o n d itio n

The b r id g e  c i r c u i t  employed i s  shown in  F ig u re  5>. The b a t t e r y ,  B, 

s u p p lie s  a  f ix e d  v o l ta g e ,  E , t o  th e  b r id g e .  The t o t a l  c u r r e n t ,  i ,  i s  

d iv id e d  In to  th e  two p a th s  i s and i r  th ro u g h  th e  sample and r e fe r e n c e  

th e r m is to r s ,  r e s p e c t iv e ly .  These th e rm is to r s  have r e s i s ta n c e s  r g and r  , 

and a r e  in  s e r i e s  w ith  e x te r n a l  r e s i s ta n c e s  r °  and r ° ,  r e s p e c t iv e ly .

Then



w i t h

(3 )  i_  = E

(10

s o
r 3 * r 5

and

Ei r  or r  * r r

S in c e  th e  r e fe r e n c e  arm i s  n o rm a lly  u n a l te re d  in  a d e te rm in a tio n , i t  i s  

c o n v en ien t to  d e f in e

(5 )  R = r  * r °v '  r  r  r

The re c o rd in g  p o te n tio m e te r ,  V, m easures th e  p o t e n t i a l  d i f f e r e n c e ,  

e ,  betw een p o in ts  a  and b ,  under such c o n d itio n s  t h a t  c u r r e n t  does n o t 

flo w  from  a  to  b th ro u g h  th e  m easuring  c i r c u i t .  Then

(6} e * i  r  -  i  rv J r  r  s s

o r

(7 )  e = s l  -  k ' 5R or  r  + rs s

and

(8 )
r  r  e r  s

E R or  r  + rs s

S o lv in g  f o r  r  in  te rm s o f e g iv es  s



"When e  as 0 9

( 10)( 10) r r  *

I f  » r ° ,  and e = 0 , th e n  r g ® r  * T his i s  th e  c o n d it io n  w hich would r
i d e a l l y  o b ta in  f o r  m atched th e rm is to r s  w ith  p u re  s o lv e n t  on each  w ick , 

e q u a l flow  r a t e s ,  and i d e n t i c a l  w icks*

The r e s i s t a n c e  o f th e  th e rm is to r  i s ,  o f c o u rse , s t r o n g ly  dependent 

upon tem p e ra tu re*  The norm al e x p re s s io n  f o r  th e rm is to r  r e s i s ta n c e  as a 

f u n c t io n  o f  te m p e ra tu re  over a  ran g e  of te m p e ra tu re  i s

-b(T~TQ)(1 1 ) r  = r Q e v

Over a  v e ry  s m a ll te m p e ra tu re  range t h i s  may be approxim ated  by th e  l i n e a r  

e x p re s s io n

w here r 0 i s  th e  r e s i s t a n c e  a t  T0 and a  i s  th e  te m p e ra tu re  c o e f f i c i e n t  o f  

r e s i s ta n c e *  The r e s i s t a n c e  o f th e  sam ple th e rm is to r  may th e n  be e x p ressed  

in  te rm s o f  th e  r e s i s t a n c e  of th e  r e fe re n c e  th e rm is to r  as

C * T h e rm is to r  T em peratur e*t|te$is t  ance R e la tio n s h ip s

( 1 2 ) r  -  r 0 — a(T -T 0 ) ,

(13) -  a  (T -  T ) .'  s r '

I t  i s  co n v en ie n t to  r e a r ra n g e  t h i s  e x p re s s io n  to  o b ta in  T in  te rras  o f r  .s s
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Do Therm al B alance C o n d itio n s

At each th e r m is to r  i n  th e  d e te c to r  c i r c u i ty  th e  c o n d it io n  o f  th e rm a l 

b a la n c e  can be  ex p ressed  in  term s of th e  h e a t  in p u t and h e a t  rem oval 

f a c t o r s  w hich have been  co n s id e re d  in  S e c tio n  I I - A .  Heat in p u t r e s u l t s  

from  e l e c t r i c a l  h e a t in g  o f th e  th e rm is to r  and from  s o lv e n t  c o n d e n sa tio n . 

S in c e  th e  th e r m is to r  te m p e ra tu re  i s  alw ays h ig h e r  th a n  t h a t  o f i t s  su rro u n d ­

in g s ,  a l l  o th e r  f a c to r s  le a d  t o  h e a t  rem oval. Most im p o rtan t o f th e s e  

i s  v a p o r iz a t io n  o f th e  s o lv e n t ;  n ex t most Im p o rtan t i s  p ro b a b ly  co n d u c tio n  

o f  h e a t  away b y  th e  f lo w in g  l i q u i d .  Less im p o rta n t, and p ro b a b ly  n e g l ig ib l e ,  

h e a t  rem oval o ccu rs  th ro u g h  r a d i a t io n  lo s s e s  from  th e  th e rm is to r  to  th e  

s u rro u n d in g s , and by th e rm a l co n d u c tio n  and co n v ec tio n  lo s s e s  to  th e  a i r ,  

N o n -v o la t i le  s o lu te s  have been  assum ed.

1 .  R a tes  o f H eat In p u t.

a .  E l e c t r i c a l  h e a t in g  of th e  th e rm is to r ;

( i ? ) qE “

R eferen ce  th e r m is to r ,

(1 6 ) qgy -
r r  .

Sam ple th e rm is to r .

( u )  qEs -

b .  C o n d en sa tio n  o f v a p o r ;

(18) A AHvap



k l

w here k^  » r a t e  c o n s ta n t f o r  co n d en sa tio n , in  moles p e r  u n i t  a r e a  p e r  u n i t
o

p r e s s u re  p e r  seco n d ; P x « v ap o r p r e s s u re  o f p u re  s o lv e n t  a t  th e  therm o­

s t a t e d  tem p era tu re*  T0; A » e f f e c t iv e  a r e a  of w ick in  c o n ta c t  w ith  

th e r m is to r ;  and AH v = h e a t  o f v a p o r iz a t io n  o f s o lv e n t  a t  T0 (assumed 

te m p e ra tu re  in d e p e n d e n t) . The h e a t in g  due to  co n d en sa tio n  o f v ap o r 

i s  assumed to  be i d e n t i c a l  f o r  b o th  sam ple and r e fe r e n c e  th e rm is to rs *  

p ro v id e d  t h a t  A i s  th e  same f o r  b o th  w icks* s in c e  b o th  a re  in  c o n ta c t  

w ith  th e  same v ap o r r e s e rv o ir*

2 . R a te s  o f H eat Removal.

a .  V a p o r iz a tio n  cf s o lv e n t ;

(1 9 ) = Bv e_AHv a p /RT A A H ^ - X ^

w here * p re* -ex p o n en tia l f a c t o r  f o r  r a t e  c o n s ta n t f o r  v a p o r iz a tio n *  

i n  m oles o f s o lv e n t  v a p o r iz in g  p e r  u n i t  a r e a  o f w ick p e r  second* and 

AHv a p i s  assumed to  be th e  a c t i v a t io n  en ergy  f o r  th e  v a p o r iz a t io n  p ro c e s s .

i s  th e  mole f r a c t i o n  o f s o lv e n t  a t  th e  th e r m is to r .  I t  has been  assumed 

h e re  t h a t  th e  s o lu t io n  i s  id e a l ;  o th e rw ise  i t  i s  n e c e s sa ry  t o  r e p la c e  

by a x = Xx y; . S in c e  sam ple and r e fe re n c e  th e rm is to r s  may be a t  d i f f e r e n t

te m p e ra tu re s*  th e  te m p e ra tu re  T may be e i t h e r  Tg or T .

b .  C onduction  o f h e a t  by f lo w in g  l i q u id :

(2 0 ) qF = kpF (T -  T0 ) ,

w here k i s  th e  r a t e  c o n s ta n t f o r  th e  h e a t  rem oval, in  c a lo r i e s  p e r  second
F

p e r  u n i t  flow  r a t e  p e r  u n i t  te m p e ra tu re  d i f f e r e n t i a l  betw een so lv en t*  a t



U8

T0 , and w ick , a t  T . F i s  th e  volume flo w  r a t e  of th e  s o lv e n t down th e  

w ick  (hence th e  flo w  r a t e  of th e  column) 0 F and T may d i f f e r  f o r  sam ple 

and r e f e r e n c e  th e r m is to r s ,  b u t k^ and T0 a re  assumed in v a r ia n t .

Co R a d ia tio n  o f h e a t  to  su rro u n d in g s^

(21)  = k^ (T -  T q )  a

T his  te rm " is  c o n s id e re d  n e g l ig ib le  a t  th e  sm a ll te m p e ra tu re  d i f f e r e n c e s  

em ployed.

d .  C onduction  and c o n v e c tio n  o f h e a t  to  th e  su rro u n d in g s  th ro u g h  th e  

gas p h a se :

(22) qQ « k Q A(T -  T0 ) ,

w here k„ i s  t h e  r a t e  c o n s ta n t  f o r  th e  h e a t  rem oval, in  c a lo r ie s  p e r  secondCjr
p e r  u n i t  a r e a  p e r  u n i t  te m p e ra tu re  d i f f e r e n t i a l .  T h is term  w i l l  p ro b ab ly  

be  n e g l ig ib l e ,  b u t  i s  in c lu d e d  f o r  co m p le ten ess.

3 . The B alan ce  C o n d itio n s

A ll  te rm s ex ce p t r a d i a t io n  lo s s  from  th e  th e rm is to r  a re  in c lu d e d , 

a .  R efe ren ce  th e r m is to r :

R ate o f h e a t  in p u t » r a t e  of h e a t  rem oval.

(22) qgr  + ! c “ %jrT * + * ^Gr’

( 2 3 )----- —-----on r  .  k P i 0 A„ AH “ B e "  AHv a p /RTr  A AH +'  ° 2, r  c r  vap v r  van( r  «■ r  ) ^\ r  r 7

kFFr (Tr - T° ) + k GAr ^ r ' To)-

S in c e  p u re  s o lv e n t  i s  used  as th e  r e f e r e n c e ,  Xi r  =* 1 . D uring  a  ru n , th e  

c o n d it io n s  a t  th e  r e fe r e n c e  th e r m is to r  a r e  assumed c o n s ta n t .
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bo Sample th e r m is to r ;

(21*) 4Es ♦ 40 -  4^3 ♦ qFs ♦ 4Rs * qGs-

2

(2 ^  TZ~\  V U'P  r s  + k 0P l ° As  AHvap -  AIW RTs Ag A H vap. Xx
s s

* W V T<>> * W Ts -  To)

S in c e  th e  r e s i s t a n c e  r  and te m p e ra tu re  T a re  i n t e r s  r e l a t e d  b y  e q u a tio ns s
(13)., e q u a tio n  (25) may be  co n s id e red  to  be th e  r e l a t io n s h ip  betw een  Ts
( o r  r  ) and c o n c e n tr a t io n  (e x p re sse d  as  X-jJ a t  f ix e d  b r id g e  v o l ta g e ,  

th e rm o s ta t  te m p e ra tu re , and column flow  r a t e .  C om bination o f t h i s  

e x p re s s io n  w ith  e q u a tio n  (9 ) f u rn is h e s  th e  d e s ire d  r e l a t io n s h ip  o f observed  

r e c o r d e r  v o l ta g e ,  e ,  to  c o n c e n tra tio n ,, Thus th e  problem  has been  so lv ed  

in  p r i n c i p l e ,  b u t th e  e q u a tio n s  o b ta in ed  a re  n o t in  r e a d i ly  u s e f u l  form . 

C o n s id e ra b le  s im p l i f i c a t i o n  can  be e f f e c te d  by c o n s id e r in g  th e  e q u a tio n s  

s u b je c t  t o  th e  r e s t r i c t i o n  o f v e ry  sm a ll te m p e ra tu re  d if f e r e n c e  betw een 

sam ple and r e fe r e n c e  th e r m is to r s ,  and by  making o th e r  h ig h ly  p la u s ib le  

a s su m p tio n s .

E„ D e r iv a t io n  o f R esponse-C oncent r a t  io n  R e la t io n s h ip s  
f o r  I d e a l  S o lu t io n s  o f N o n -V o la tile  S o lu te s

The s t a r t i n g  e q u a tio n s  i n  t h i s  tre a tm e n t a re  th e  th e rm a l b a la n c e  

e q u a tio n s  (2 3 ) and (25)* S u b tra c t io n  o f e q u a tio n  (23) from  e q u a tio n  (25) 

g iv e s
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(26 ) E2 \  ---------2— ---------  -   — [ * k P i 0 A H -an (A -A ) =

L < r B * - # a Rr  j  S

By . AHyap [AsXi e '  AHvap/RTs _ AHyap/RTr  j +

♦ kp [F s (Ts-T 0 ) -  Fr (Tr -T 0 ) ]  ♦ kGU s (Ts -T 0) -  V l j - I , ) ] .

I t  w i l l  be  assumed t h a t  th e  w icks a r e  e q u iv a le n t ,  so t h a t  As » Ar  ■ A. 

Then

(27)  E2 [ --------------— -  - H  ] = Bv - OJlvar) -A[X1e ~ * HvaP/i,Ts -
- ( r S * r s  3* V  -

e ' ^ a j / ^ r ]  ♦ kF (Fs (Ts -T 0 ) -  Fr (Tr -T 0 ) ]  +

kcA (Ts -T r ).

I t  i s  co n v en ien t n ex t to  s im p l i f y  e q u a tio n  (27) te rra  by te rm .

The te rm  on th e  le f t - h a n d  s id e  o f th e  e q u a tio n  i s  th e  d i f f e r e n c e  in  

e l e c t r i c a l  h e a t in g  o f sam ple and r e fe re n c e  th e r m is to r s .  I t  may be 

s im p l i f ie d  by  ta k in g  advan tage  o f th e  r e l a t i v e l y  sm a ll d i f f e r e n c e  in  

r e s i s t a n c e  o f th e  two arms o f th e  b r id g e .

r  ♦ r  ° ( r  ♦ r  ° )  -  ( r  ♦ r  G)
(28 ) — ------ —  * U  — §----------   - -—

r  ♦ r  G r  ♦ r  °r  r  r  r

T h is  i s  o f t h e  form  1 * x  w ith  sm a ll x ,  and

2
(2 9 )  (X ♦ x )  = X ♦ 2x ^ x  X ^ 2x f  op sjuclUl. x •

Hence

( /  r  ♦ r  0 ^  n 2 rs 2 r  °  -  2 ( r  + r  ° )( 3 0 ) [ s s \ aj 1 ♦ a_____  + s_______v r  r  J
\ o j o o\  r  ♦ r  /  r  + r  r  + r' r  r  /  r  r  r  r



and* t o  t h i s  a p p ro x im a tio n ,

(3 1 ) ( r  *  r  G) 2 » 2 ( r  * r  ° ) r  ♦ ( r  + r  ° )  ( 2 r  °  -  r  -  r  ° )s s  r  r  s r  r  s r  r

Thus
r  r

(3 2 )  §----- - ----  a------------------
( r  + r  ° ) 2 ( 2 r  ♦ 2 r  °  -  H )Rs s v s s r  r

From e q u a tio n  (1 3 ) ,

(3 3 ) r  « ( r  -  oT ) ♦ aTs v r  r '  s

Combining e q u a tio n s  (32) and (33)>

r  r  *  a « a  T
(3U)

r
( r  + r  ° ) 2 [2a® AT + 2 ( r  * r  ° )  -  R JRx s s '  v r  s '  r  r

The e l e c t r i c a l  h e a t in g  d i f f e r e n c e  term  th e n  becomes

E2 C  - r l  e2
(33) n  , n ,

r  ( [ 2 ( r  ♦  r ° )  -  R ] ♦  2 a ° A T  B_ I R 2v- v r  s r  r

« 2r ^ r r ° ~ r s G) * ( r r °~r r ) ° '  A T

R -  2 ( r  r  ° )  + 2 «  A Tr  r  s '

I t  i s  r e a d i l y  seen  t h a t  t h i s  term  i s  sm a ll and can  be made e s s e n t i a l l y

z e ro  i f  r  ° » r  ° and r  ° » r  i b o th  of th e s e  c o n d itio n s  can b e  met r  s r  r
e x p e r im e n ta l ly .  Two c a se s  w i l l  be c o n s id e red  s e p a r a te ly .  I n  th e  f i r s t

c a s e ,  r  °  « r  ° and r  ° « r  ,  so  th e  e l e c t r i c a l  h e a t in g  te rm  d rops o u t .  r  s x*

I n  th e  second c a s e , r  0 « r  ° ,  and th e  term  becomesr  s
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w here th e  ap p ro x im a tio n  i s  based  on th e  f a c t  t h a t  2 a  < < Rp.

(F o r 0 .1  M .b ip h en y l, 2 a . ^ T ^  1*0 ohms, Rr  ^  1*000 ohms, -  ■

CzL OoOlj even a  0 .1  M s o lu t io n  i s  co n s id e re d  to  be  a  h ig h  c o n c e n tra t io n ,  

p ro b a b ly  h ig h e r  th a n  would n o rm a lly  be  en co u n te red  in  ch rom atog raph ic  w o rk ) .

The f i r s t  te rm  on th e  r ig h t-h a n d  s id e  of e q u a tio n  (27) r e p re s e n ts  

th e  h e a t  ab so rb ed  b y  v ap o riza tio n * . I t  can be c o n s id e ra b ly  s im p l i f ie d  by 

th e  fo llo w in g  a ssu m p tio n .

( 3 7 ) - i ^ E T ‘» A. Hvao/RT-r, R s r  r se iv ap/
A  RVap ^  rp

-A ^vap
The ex p o n en t, ■■■■■ ■ 1 . Z^T, can be e v a lu a te d  f o r  a  case  s tu d ie d .  F or 0 .1  M, 

R±r
b ip h e n y l  i n  cyclohexane (95 c e n t ,  v . / v . ) — ace to n e  (5  p©** c e n t ,  v . / v . ^  

w ith  Tr  ^  300°K a  d e f l e c t i o n  of ap p ro x im a te ly  20 ohms was o b ta in ed  $ s in c e  

th e  th e r m is to r  r e s i s ta n c e  changes abou t 100 ohms p e r  d e g re e , / \ T  —  0 .2 ° .

F o r cy c lo h ex an e , Z^Hvap » 6620 a t  25°C. (17)*  Hence • A T
3

—  7 x  10” , f o r  a  c o n c e n tra t io n  c o n s id e red  to  be  in  th e  h ig h  ra n g e . The 

e x p o n e n tia l  te rm  in  e q u a tio n  (37) may b e  c o n s id e re d , th e r e f o r e ,  t o  be  o f 

th e  form  eX w ith  s m a ll x ,  so t h a t

( 3 8 )  e - R ^ -  T r

Thus th e  v a p o r iz a t io n  te rm  i n  e q u a tio n  (27) becomes

(3 9 ) By . Z i H __ . A [x x e ~ ^ Hv a p /RTs _ e -A H vap/RTr  j

-  AHyap/RTs ^*Vap o A t  ^  ^ v a p   ̂ A T
2.

vap

By •AH v a p  A e " ^ HvaP/RTr  [xx ♦ x j£ 5 z aE_ * 2  -  l j
R T 2 1r
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In tro d u c in g  th e  mole f r a c t i o n  of s o lu t e ,  x 2 ■ 1 -  x 2,

(1*0) By Hyap ■>Atx1e“^ a p /RTs- e ' 4 H v aP/,RTl']

-  Bv ^ H v ap  -A .e " ^ aP/RTr  [ ^ k a p .  0  _ x a ( l  ♦

I t  i s  a ls o  co n v en ien t t o  r e w r i te  th e  second term  on th e  r ig h t-h a n d  s id e  

o f  e q u a tio n  (2 7 ) t o  in c lu d e  s p e c i f i c a l l y  th e  q u a n t i ty  ® Tg -  Tr .

(1*1) kF (FS(TS-T 0 ) -  Fr (Tr -T 0 )J -  kF [Fs »AT + (F s -F r )(T r -T 0 ) J .

F or e q u a l flow  r a t e s ,  Fg = Fp « F , and

(1*2) kj. [FS(TS-T 0 > -  Fr (Tr -T 0 )]  -  kF -F « ^ T -

The e x p re s s io n s  in  e q u a tio n s  (3 6 ) ,  (UO), and (U l) can now be

in tro d u c e d  in to  e q u a tio n  ( 27 ) t o  o b ta in

(1*3) —  (r r ° - r r ) a -^ T  -  By-/*Hvap*A e " ^ V RTr [^ % ap .
Rj.3 - . H i r

^ ^ v a p
E!r J* 2 (1  ♦ — R —  * fT 5 )J

*  kf [Fs 'A T  ♦ (F s -F r )(T r -T 0)J  + k(jA-xiT.

Recombining te rm s , g ro u p in g  th o s e  l i n e a r  in  /A  T, and s o lv in g  f o r  x 2 

g iv e s

(UU) X 2  “ -  ;___________   (Tr -T 0)

B y  ^ H y ap A e -^ v a p /R T r  (1  * ^ L .  J f c )
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F or f ix e d  flo w  r a t e s ,  th e rm o s ta t  te m p e ra tu re , and b r id g e  v o l ta g e ,  t h i s  i s  

©f th e  form

I t  w i l l  g e n e r a l ly  be  t r u e  t h a t  c* A  T < < 1 , as  was shown i n  th e  d is c u s s io n

b ip h e n y l ,  w hich i s  co n s id e red  to  be in  th e  h ig h  ran g e  of c o n c e n tra tio n *  

Hence an  e r r o r  ©f l e s s  th a n  one p e r  c en t w i l l  g e n e ra l ly  r e s u l t  from  n e g le c t  

o f  th e  c * AT te rm , and

(^ 0 ) x 3 m a* AT * b

E q u a tio n  (50 ) can be ex p ressed  in  te rm s of th e  observed  v o l ta g e ,  e ,  

by  u se  ©f e q u a tio n s  (5?) and ( l i t ) *  Then

0*5) a  o A T  ♦ b 

(1  + c o A T )

w here

A  ^vap
RT 2 rBy- A H ^p-A e" AHvap/EiTr  .

kp (F -F _ ) (Tr -T )
(1*8) b -  .S .r ------- — 2----------------

By- *4H -A-e” AHvap /HTr
9

and

_3
betw een  e q u a tio n s  (37 ) and (3 8 ) ,  where c* A t —  7 x  10 f o r  0 .1  M.
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S e t t i n g  th e  e x te r n a l  r e s i s ta n c e s  e q u a l ( r r °» r s ° ) ,

a ( r  ♦ r  ° )  ©
(5 2 )  x 2 -  - 1 ^ — ^   1 -----

(£e_ ♦ 1)
'‘Rr E '

S o lv in g  f o r  th e  m easured v o l ta g e ,  e ,
r r °

- I T —  E (x 2 -  b )
(5 3 )  e  -  ■ ®P

♦ b

a ( r r  ♦ r q° )  _ (Xs _b ) 
a

When x 2 » 0 (p u re  s o lv e n t  on sam ple th e r m is to r ) ,  e * e0 , and

-  r r °
(5U ) ©o 88 Rr

a ( r r  + r g°)

E q u a tio n  (53 ) shows a  n e a r ly  l i n e a r  v a r i a t io n  o f observed  v o lta g e

w ith  th e  mole f r a c t i o n ,  x 2, o f s o lu t e .  D e v ia tio n s  from  l i n e a r i t y  m ight

be  ex p ec ted  a t  h ig h e r  c o n c e n tra t io n s ,  b ecau se  o f th e  x 2 term  i n  th e

d en o m in a to r ,of e q u a tio n  (53 )s t h i s  should  cause  a  m ore-rap  id - th a n - l i n e a r

in c r e a s e  ©f e w ith  x 2 a t  h ig h e r  c o n c e n tra tio n s  ♦ The o r ig in  o f t h i s  te rm

can be  t r a c e d  back to  th e  rs term  in  th e  denom inator of e q u a tio n  (5 2 ) •

S in c e  r r ° ,  Rp, e ,  and E have a l l  been  m easured, th e  im portance  o f t h i s
r r

te rm  can be  e s t im a te d .  The v a lu e  o f g —  i s  abou t 0 .5 .  The b r id g e

v o l ta g e ,  E , i s  6 v o l t s .  O bserved v a lu e s  o f  e range from  l e s s  th a n  one

m i l l i v o l t  to  p e rh ap s  20  m i l l i v o l t s  a t  th e  h ig h e s t  c o n c e n tra tio n s  employed
- 3Hence §  i s  i n  g e n e ra l  l e s s  th a n  3  x  10 , w hich i s  l e s s  th a n  one p e r

r  °
c e n t o f  — Thus ,  e x cep t f o r  c o n c e n tra t io n s  h ig h e r  th a n  0 .1  M.,

" r
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e q u a tio n  (5 2 ) becomes

(5 5 ) x 2 •
a ( r  ♦ r  ° )  R ' v  s '  r

and e q u a tio n  (53) becomes

a  r r °  E
(5 6 )  e -    ( x ,  -  b ) .

a ( r r  + r s °)E r

When x 2 = 0 ,  e .  e0 , g iv e n  by

(5 7 )
a ( r r  ♦ r s ° )Hr

b ,  so t h a t

(5 8 )  e ~ e 0 ■
a ( r r  *

E q u a tio n  (5 6 )  ©r (5 8 ) may be  ta k e n  as th e  fu n d am en ta l e q u a tio n  f o r  

d e s c r ib in g  th e  d e te c to r  re sp o n s e . F u r th e r  j u s t i f i c a t i o n  f o r  th e

in f e r r e d  from  th e  a v a i la b le  d a ta .  I n  th e  q u a n t i t a t iv e  s tu d y  o f b ip h e n y l 

i n  cy c lo h ex an e -ace to n e  s o lv e n t ,  a  re sp o n se  o f  U*l5 mv. was o b ta in ed  f o r  

a  0 .022  M. s o lu t io n ,  i n  a  range w here th e  r e s p o n s e -c o n c e n tra t io n  dependence

i s  found t o  be 5*25 i n  t h i s  s o lu t io n  w ith  x 2 o n ly  2.U x  10 . Thus th e

x 2 term  in  th e  denom inator o f  eq u a tio n  (5 3 ) should  be n e g l ig ib l e  up t o  

perhaps *1 M. s o lu t io n s ,  so  th a t  u se  o f  th e  l in e a r  eq u a tio n  (5 6 ) i s  

c l e a r ly  j u s t i f i e d  in  most o f  th e  c a se s  o f  i n t e r e s t .

I t  h a s ,  th e n ,  been  shown th a t ,  w i th in  th e  fram ework o f th e  assum ptions 

made, th e  re sp o n se  o f th e  d e te c to r  shou ld  be a  c o l l i g a t i v e  p ro p e r ty ,

s im p l i f i c a t i o n  o f e q u a tio n  (53) t o  th e  form  o f e q u a tio n  (56 ) can be

was found t o  be l i n e a r .  U sing
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d ep en d en t o n ly  upon th e  m ole f r a c t i o n  o f s o lu te  in  th e  s o lv e n t .  S ince  

d i l u t e  s o lu t io n s  a r e  u se d , th e  re sp o n se  i s  a ls o  a  l i n e a r  f u n c t io n  o f 

th e  c o n c e n tr a t io n  ex p ressed  i n  m o la l i ty  o r m o la r i ty .  Thus

(5 9 )  m2 ^  -x *

and

(60 ) c 2—  m2 d x

w here m2 = m o la l i ty  o f s o lu t e ,  c 2 » m olar c o n c e n tra tio n  of s o lu t e ,

Mx « s o lv e n t  m o lec u la r  w e ig h t,  and d^ « s o lv e n t d e n s i ty .

The assum ptions which have been  made a re s  

1) th e rm a l b a la n c e  a t  each th e r m is to r ,

2} e q u iv a le n t  w ick s ,

3 ) c o n s ta n t r a t e  o f c o n d e n sa tio n , de term ined  by  th e  s o lv e n t  vap o r 

p r e s s u re  a t  th e rm o s ta t  te m p e ra tu re ,

U) n e g l ig ib le  r a d ia t io n  h e a t  lo s s  from  th e  th e r m is to r s ,

5 ) no change in  co m position  o r te m p e ra tu re  of th e  s o lu t io n  as i t  

descends th e  w ick p r i o r  to  re a c h in g  th e  th e r m is to r ,

6) no h e a t  c a p a c i ty  f o r  th e  w ick o r th e  th e r m is to r ,

7) sm a ll p e rc e n ta g e  changes in  a b s o lu te  te m p e ra tu re  and r e s i s ta n c e  

a t  th e  sam ple th e rm is to r  i n  com parison to  th e  r e fe r e n c e  

th e r m is to r ,  and

8) id e a l  s o lu t io n s  o f n o n - v o la t i le  s o lu t e s .

Each o f th e  assum ptions shou ld  a lm o st c e r t a i n l y  be v a l id  ex cep t f o r  th e  

n e g le c t  o f  te m p e ra tu re  changes in  th e  s o lu t io n  as  i t  descends th e  w ick , 

qriH th e  n e g le c t  o f th e  h e a t  c a p a c i t i e s  o f th e  w ick and th e  th e r m is to r .
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The h e a t  c a p a c i t ie s  o f th e  w ick  and th er m is to r  are p rob ab ly  e f f e c t i v e l y  

in co rp o ra ted  in t o  th e  term  kQA° £^T, b u t th e  s o lu t io n  tem perature  

assu m p tion  i s  p ro b a b ly  l e s s  v a l i d .  However, as shown b e lo w , th e  form  o f  

e q u a tio n s  (5 6 )  and (5 8 )  i s  u n a lte re d  by t h i s  assuiqptionj o n ly  th e  

d e f i n i t i o n s  o f  some o f  th e  param eters are  changed.

Perhaps th e  most p la u s ib le  assum ption  fo r  th e  d escen d in g  s o lu t io n  

i s  th a t  i t  e q u i l ib r a t e s  th er m a lly  w ith  i t s  surroundings through th e  

c ondens a t  io n -v a p  o r iz  a t  io n  e q u ilib r iu m . Then, eq u a tin g  co n d en sa tio n  and 

v a p o r iz a t io n  r a t e s ,

(6 1 )  k ^ 0 « By e~ AHvap/RT ^

where T i s  th e  tem perature on th e  sample w ick  j u s t  b e fo r e  th e  th e r m is to r .  

For th e  r e fe r e n c e  w ic k , x x ** 1 and T = T0 , so

(6 2 ) kcPx0 -  Bv e" ^ Hvap/HT0

Hence

( 63) x  = ^  (T -  Ip )
(63J 1 -^ H vap/RT -1 R T0 2

e

or

(6U) x3 -

and

^ Hvap (T -  Tnl 
R T° 2

(6 5 )  T -    x s  + To
^ ^ v a p

The tem p erature T0 i n  eq u a tio n  ( 2 5 ) ,  in  th e  second term on th e  r ig h t-  

hand s id e  shou ld  be rep la ced  by T . Hence
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2
(6 6 ) k jF s (Ts -T 0 ) ------->  kf Fs (Ts-T ) .  kFFs (Ts -T 0 ) -  kFFs - Xs

“̂ ^ v a p

The o n ly  change in  th e  d e r iv a t io n  i s ,  th e n , th e  a d d it io n  o f  th e  term  
HT 2

k-F^s 0 __ — ° x 2 t o  th e  r ig h t-h a n d  s id e  o f eq u a tio n s  ( 2 5 ) ,  ( 2 6 ) ,  ( 27) ,

and (U 3)« In tr o d u c t io n  o f  t h i s  terra would m od ify  eq u a tio n  (UU) t o

read

[kpF U J *  ( r - r ° ) |  a  + Bv ~.A Ae~AHvap /R T r]& T 
r J J s  GF r  r  l y a

(6 7 )  * 2 = ♦ kF (Fs -F r ) (Tr -T 0 )

Bv -AH vap A e- * IW Hrr ( i  * kp F s. _ | |n
2

r * ~ “ iAvap

E q u ation  (U5) would th en  become

a - &T #  b(6 8 )  x 2
1 * C« ^ T  + W  RT0.

- Bv AHyap A e “ ^ Hv a p ^ r  

S in c e  c .  < < 1 , as has been d is c u s s e d ,

{ Aq  ̂ -v — ^ T ■» b a« ^ b(6 9 ) 2 “ 2 = d >
1 + hpFg. RTq ______

. Bv *A j4 p A e ^ W KTr

w here
2

kpFq » BTq

(7 0 )  P -  1 ♦ . Ae - * Hvap/RTr .

Thus

(7 1 ) x 2 “ a * * ^  T ♦ b »

w here
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( ? 2 ) a* m -p and b* = ^  *

The form o f  eq u a tio n  (7 1 ) i s  id e n t ic a l  to  th a t  o f  eq u a tio n  ( 5 0 ) ,  

and e q u a tio n s  p a r a l l e l  t o  ( 5 1 ) through ( 5 8 ) can now be w r it t e n  by  

r e p la c in g  a and b b y  a 1 and b* r e s p e c t iv e ly . ,

I t  has b een  e s t a b lis h e d  th a t  th e  resp o n se  o f  th e  d e te c to r  shou ld  be  

a c o l l i g a t i v e  p r o p e r ty , v a r y in g  l in e a r ly  w ith  mole f r a c t io n  (o r  concen­

t r a t io n )  o f  s o lu t e  in  th e  s o lv e n t  f o r  id e a l  s o lu t io n s .  The c o l l i g a t i v e  

n a tu re  o f  th e  resp o n se  le a d s  to  a h igh  g e n e r a l i ty  o f  a p p l i c a b i l i t y  o f  th e  

d e te c to r  f o r  chrom atographic p u rp o ses , and s u g g e s ts  i t s  u s e fu ln e s s  fo r  

th e  d e te r m in a tio n  o f  m o lecu la r  w e ig h ts  and thermodynamic p r o p e r t ie s .

I t  i s  p o s s ib le  through u se  o f known c o n c en tr a tio n s  o f  sam ples o f  

known m olecu la r  w e ig h t to  determ ine th e  co n sta n t ~ ( * Y  + r s ) ,  and i t  may 

th en  be assumed th a t  t h i s  param eter i s  th e  same f o r  d i f f e r e n t  s o lu t e s ,  

p ro v id ed  th e  th erm o sta t tem p eratu re , s o lv e n t ,  column f lo w  r a t e s ,  and 

b r id g e  v o lta g e  are unchanged. As w i l l  be shown in  th e  n ex t s e c t io n ,  th e  

l in e a r  r e la t io n s h ip  betw een resp on se  and c o n c e n tr a tio n  makes p o s s ib le  

q u a n t it a t iv e  chrom atographic a n a ly s is  u t i l i z i n g  in te g r a te d  area s  o f  th e  

component p ea k s .

The m athem atica l developm ent has been  based on a r ea so n a b le  s e t  o f  

a ssu m p tio n s , and i t  le a d s  t o  c o n c lu s io n s  e n t ir e ly  c o n s is t e n t  w ith  

o b se r v a t io n s  th u s f a r  made.

The resp o n se  per u n it  c o n c en tr a tio n  can be seen  from eq u a tio n  (56 )  

t o  In c r e a se  w ith  b r id g e  v o l t a g e ,  E, and w ith  th e  tem perature c o e f f i c i e n t  

o f  r e s i s t a n c e ,  a ,  o f th e  th e r m is to r s  u se d . The e f f e c t  o f  f lo w  r a te  can
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b e s e e n  in  th e  c o n sta n t b ! ,  w hich i s  p r o p o r t io n a l to (F  -  and produces  

an un b alan ce s ig n a l  w ith  pure s o lv e n t  on th e  sample th e r m is to r . The f lo w  

r a t e  a ls o  a i i e c t s  a 1, where i t s  prim ary c o n tr ib u tio n  e n te r s  in t o  th e  

n u m era to r in  a  way w hich le a d s  to  an e s s e n t i a l l y  in v e r se  dependence o f  

r e sp o n se  on f lo w  r a t e ,  as was so  s t r ik in g l y  apparent durin g  th e  e v o lu t io n  

o f  th e  d e te c to r  in t o  i t s  p r e se n t  form ( s e e  S e c t io n  I I - C ) .  The e f f e c t  o f  

th e  h e a t  o f v a p o r iz a t io n  o f  th e  s o lv e n t  i s  q u ite  com plex, s in c e  a h igh  

v a lu e  red u ces th e  r a te  o f  v a p o r iz a t io n , b u t in c r e a s e s  th e  h ea t e f f e c t  per  

m ole v a p o r iz e d ; a  v e r y  h igh  h ea t o f  v a p o r iz a t io n  would tend t o  d im in ish  

r e s p o n s e . The term  kp», w hich in c lu d e s  h ea t c a p a c ity  and th erm al c o n d u c t iv ity  

o f  th e  l iq u i d ,  p rob ab ly  d oes n ot v a ry  a p p re c ia b ly  from  one s o lv e n t  t o  

a n o th e r . The e f f e c t i v e  a r e a , A, i s  im p ortant in  in c r e a s in g  th e  r e sp o n se , 

so  w ick  d e s ig n  i s  o f  obviou s im p ortance.

F . C o n cen tra tio n  P r o f i l e  o f S o lu te  Bands

"When a sample i s  in j e c te d  onto a chrom atographic colum n, th e  sam ple  

i n i t i a l l y  may be co n s id ered  t o  have ap p rox im ately  a  r e c ta n g u la r  concen­

t r a t i o n  p r o f i l e ,  w ith  a  w id th  p r o p o r tio n a l t o  th e  volum e, V0,  o f th e  

sam p le , and a h e ig h t  eq u a l t o  th e  i n i t i a l  c o n c e n tr a t io n , CQ. When th e  

band p a s s e s  through th e  column, i t s  sp read in g  w i l l  tend t o  g iv e  i t  a  

G aussian  sh a p e , p rov id ed  no ch e m i-so r p tio n  o c cu rs . Depending upon th e  

r e la t io n s h ip  betw een  V0 and th e  sp rea d in g , th r e e  d i s t i n c t  s i t u a t io n s  can  

a r i s e ,  as r ep resen ted  in  F igu re  8 . F igu re 8-A shows a c a se  in  w hich th e  

sp rea d in g  le a d s  t o  a c o n c e n tr a t io n  a t  th e  c en te r  o f th e  band a p p r e c ia b ly  

low er th an  th e  c o n c e n tr a t io n , CQ,  in  th e  i n i t i a l  sam ple. F igu re  8-B
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^represents th e  s p e c ia l  c a se  in  which th e  sp read in g  and V0 are so  r e la te d  

th a t  th e  peak h e ig h t  i s  j u s t  Go, but th e  shape i s  G au ssian . In  F igu re  8-C 

I s  shown ih e  c a s e ,  f o r  s u f f i c i e n t l y  la r g e  sam ple vo lu m es, where th e  

le a d in g  and t a i l i n g  edges o f th e  band are G aussian , b u t where th e  c e n tr a l  

p o r t io n  has l e v e l l e d  o f f  t o  g iv e  a  f la t t e n e d  peak w ith  h e ig h t  C0 .

F ig u r e  8-A p ro b a b ly  r e p r e se n ts  th e  s i t u a t io n  most f r e q u e n t ly  encountered  

in  chrom atographic work, where sm all sample volum es are employed t o  p ro v id e  

maximum r e s o lu t io n  o f  component p e a k s . F igu re  8-C r e p r e se n ts  th e  ca se  o f  

g r e a t e s t  i n t e r e s t  fo r  m o lecu lar  w eig h t and thermodynamic s t u d ie s ,  where 

i t  i s  d e s ir a b le  th a t  th e  d e te c to r  resp o n se  be d i r e c t ly  a s s o c ia te d  w ith  a  

m easured con cen tra tion ^  t h i s  ca se  i s  a l s o  most u s e f u l  in  a s s e s s in g  th e  

r esp o n se  c h a r a c t e r i s t ic s  o f th e  d e te c to r  i t s e l f .  I t  i s  w o r th -w h ile  t o  

lo o k  in t o  th e  m athem atics o f  th e  c o n c en tr a tio n  p r o f i l e  to  s e e  what can be  

in fe r r e d  from m easurable p r o p e r t ie s  o f th e  component p ea k s .

S in c e  th e  recorded  chromatogram i s  p resen ted  in  term s o f  m i l l i v o l t s  

o f r esp o n se  v s .  tim e in  m in u tes , th e  m athem atical trea tm en t o f  th e  concen­

t r a t io n  p r o f i l e  w i l l  be s e t  up on t h i s  b a s i s . Assuming a G aussian shape  

f o r  th e  c o n c e n tr a tio n  p r o f i l e ,

(7 3 ) Ct  -  V W 2

r\
w here « m olar c o n c e n tr a t io n  o f  s o lu t e  a t  tim e t ,  C «= m olar concen­

t r a t io n  o f  s o lu t e  a t  th e  band p eak , ?  « tim e to  reach  peak (from  sample 

in j e c t i o n  t im e ) ,  and p i s  th e  broaden in g f a c t o r ,  such th a t  a h ig h  p 

in d ic a t e s  much sp rea d in g , w h ile  a low  p in d ic a te s  a sh arp , narrow p eak . 

I f  an i n i t i a l  volum e, V0 , o f  sample o f  c o n c en tr a tio n  G0 i s  o r ig in a l ly
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I n j e c t e d ,  th e  t o t a l  number o f  m oles o f sam ple, n0 ,  i s  g iv e n  by

(7U ) n 0 « C0V0 o

T h is  t o t a l  number o f  m oles must a ls o  be o b ta in ed  by add ing up th e  numbers 

o f  m oles a c r o ss  th e  s o lu t e  band— i . e . ,  by  in t e g r a t io n  o f  th e  band. For 

in t e g r a t io n ,  th e  c o n c e n tr a tio n  e x p r e ss io n  in  eq u ation  ( 7 3 ) must be  

m u lt ip l ie d  by th e  volum e flo w  r a t e ,  F , in  l i t e r s  per m in u te , and th en  

in te g r a te d  over a tim e  in t e r v a l  w hich in c lu d e s  th e  e n t ir e  band.

t« o

The d e f i n i t e  in t e g r a l  can be ev a lu a ted  from a  ta b le  o f in t e g r a l s ,  r e w r it in g  

i t  in  th e  form

The p a ra m e te r  P may b e  r e l a t e d  t o  th e  band w id th , ex p ressed  as  th e  h a l f —

Then th e  peak c o n c e n tr a tio n  i s  g iv e n  by

( 7 6 ) G -  C0
CSO

F

(7 7 )

Hence

w id th , A ta ,  a t  th e  h a l f - h e ig h t ,  Ct  = ' c ,  from  eq u a tio n  ( 7 3 ) .
2
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Thus

(80) p =
Vln~2

and

(8 1 ) 'G = G0 . V
CL

F * \Zff / i n  2 
2

o r

C F • ^ t , V  t f /  In  2
(8 2 )  0 o -    2l

V0

so  t h a t  th e  i n i t i a l  sam ple c o n c e n tr a tio n  can be determ ined from th e  peak

h e ig h t ,  C, th e  h a lf -w id th  a t  h a l f - h e ig h t ,  ^ ie volum e f lo w  r a te  o f
2

th e  colum n, F , and th e  sample volume in j e c t e d ,  V0 .

S in c e  i t  has h e e n  shewn in  th e  p reced in g  s e c t io n  th a t  th e  r e sp o n se , 

e -e Q, i s  p r o p o r tio n a l t o  c o n c e n tr a tio n  (e q u a tio n  ( 5 8 ) ) ,  c o n c e n tr a tio n  

can be c a lc u la te d  from th e  observed r e sp o n se , i f  th e  peak i s  G aussian . 

Furtherm ore, even fo r  non-G aussian  p ea k s , th e  in te g r a te d  a rea  w i l l  b e  a 

m easure o f  number o f  m oles in tro d u ced , and t h i s  in  com bination  w ith  th e  

in j e c te d  sam ple volum e, V0,  i s  s u f f i c i e n t  t o  determ ine c o n c e n tr a t io n .  

Thus

(8 3 ) e_e = « r r °  B x 2 -  S - S t - 5   •   c ae eo ------------------------  n m nn h
a * (r r  + r g 0 )!^  a l ( r r * r s )^r 1

or
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(81*) e - e 0 -  a  • C2 -  <r . "c e ' ( t  “ ~ )2 /fi2

where
a r r ° B_______ M, m i l l i v o l t s  *

(8 5 )  <r « a t ( r  +  ̂ ' 1000 d-L m o le / l i t e r
x1 S

a  c o n sta n t c h a r a c t e r i s t ic  o f  th e  s o lv e n t  system  and d e te c to r  under p a r t ic u ­

l a r  o p e r a tin g  c o n d it io n s .  The maximum response* ( e  -  e 0 )* i s  th en

( 8 6 ) ( e  -  e 0 ) = <? C » O ' •  -—Q   0o
F . A tj, V  f f / ln  2

or

( 8 7 ) Gq = ~~ e o) ^ 2

cr . VQ

The a rea  under a G aussian  resp o n se  curve i s  g iv e n  by

^00 00
( 8 8 ) C L =  f  ( e - e 0 )d t  = cr S' f  e " ( t

t= o  o

VnGn _  nn
w  ^  S 3  w J mL m *

F F

Thus th e  number o f  m oles in trod u ced  i s

(89) no - f . -CL,

and th e  i n i t i a l  c o n c e n tra t io n  is

( 9 0 ) C0 « Yo • C l*

The c o n c lu s io n s  reg a rd in g  area  are  n o t r e s t r i c t e d  t o  G aussian  curve 

shapes* but a re  a consequence o f th e  l i n e a r i t y  o f resp o n se  o f  th e  d e te c to r  

A g e n e r a l resp o n se  curve can be form u lated  as
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(91)  e - e 0 = Cr 'g * s ( t )

w here S ( t )  i s  th e  cu rv e -sh ap e  fu n c t io n ,  which was e “ ( t ” t ) 2/ P 2 f o r  th e  

G aussian  shape* Then

ca  /nQ°
(92)  no = = f r  J  ( e - e 0)d t  = F C J S ( t ) d t  = C0V0

t= o t= o

The r e l a t io n s h i p  betw een  C and C0 i s ,  o f c o u rse , dependent upon th e  curve

s h a p e .

(93) 'O = C0  2 aCO
F J S ( t ) d t

I t  i s  of i n t e r e s t  t o  d e te rm in e  th e  sam ple volum es, V0, which w i l l  

g iv e  each of th e  th r e e  curve shapes shown in  F ig u re  8 . T his i s  con­

v e n ie n t ly  found b y  s e t t i n g ^  * C0 in  e q u a tio n  (8 1 ) .  Then

(9U) V0 = F* V t f / ln  2
2

< » s

i s  th e  volume which w i l l  j u s t  g iv e  th e  maximum, C, e q u a l t o  th e  i n i t i a l

c o n c e n tr a t io n ,  C0 . T h is i s  case  B in  F ig u re  8* Case A co rresp o n d s

to  Vn < F* A't’j .  Vff / in ~ 2 ,  and Case C co rresp o n d s to  VG '> F* A  t / i n  2 . 
2 "2

G. F a c to rs  C ausing N on-Linear Response

I n  th e  m a th em a tica l developm ent o f th e  d e te c to r  re sp o n se  r e l a t io n s h ip s ,

i t  was found t h a t  l i n e a r  re sp o n se  i s  t o  be  ex p e c ted , a t  l e a s t  up to  concen­

t r a t i o n s  o f  p e rh ap s  0 . 1 - 1  M., in s o f a r  as th e  th e rm a l and e l e c t r i c a l  

c h a r a c t e r i s t i c s  o f th e  d e te c to r  a re  co n cern ed . I t  i s  p o s s ib le ,  how ever,
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f o r  a p p re c ia b le  d e v ia t io n s  from  l i n e a r i t y ,  o r a p p a re n t d e v ia t io n s ,  to  

o ccu r a t  much low er c o n c e n tra tio n s  th ro u g h  f a i l u r e  o f th e  s o lu t io n s  to  

obey i d e a l  s o lu t io n  law s, o r  th rough  s p e c i f i c  s o lu te - s o lv e n t  or s o lu te -  

s o lu t e  i n t e r a c t io n s  which can be c la s se d  as  m olecu lar-com plex  fo rm a tio n .

I n  a p p l ic a t io n  o f th e  d e te c to r  to  system s of o rg an ic  s o lu te s  and 

s o lv e n t s ,  i n  th e  c o n c e n tra t io n  ran g e  below  0 .1  M, a c t i v i t y  e f f e c t s  would 

n o t be ex p ec ted  to  be pronounced * However, i t  must be re co g n iz ed  t h a t  

n o n - l i n e a r i t y  can r e s u l t  from th e s e  e f f e c t s ,  and i t  should  be p o in te d  

ou t t h a t  th e  d e te c to r  does indeed  o f f e r  a  p o s s ib le  t o o l  f o r  s tu d y  o f 

th e s e  e f f e c t s  *

Of more a p p a re n t concern  to  th e  p r e s e n t  s tu d y  i s  th e  p o s s i b i l i t y  o f 

m olecular-com pound ( o r  complex) fo rm a tio n , p a r t i c u l a r l y  th ro u g h  s o lu te -  

s o lu t e  in te r a c t io n . .  I t  i s  p o s s ib le  f o r  complexes to  form  from  i n t e r -
'V

a c t io n  betw een d i f f e r e n t  s o lu te  s p e c ie s ,  o r from  s o lu te - s o lv e n t  i n t e r ­

a c t io n ,  b u t th e  ca se  of d i r e c t  i n t e r e s t  to  th e  p r e s e n t  s tu d y  i s  

d im e r iz a t io n  o f a  p a r t i c u l a r  s o lu te  s p e c ie s ,  and o n ly  t h i s  case  w i l l  be 

t r e a t e d  in  any d e t a i l .

I f  a  s o lu te  s p e c ie s ,  A, undergoes d im e r iz a tio n  

C
"(95)  2A i z z z r  A2 ,

C-2x X

an  o r ig i n a l  c o n c e n tr a t io n ,  C, w i l l  ap p ear as  a  t o t a l  m olar c o n c e n tra t io n  

o f G -  2x ♦ x  « G -  x  a t  eq u ilib riu m ., The c o n c e n tra t io n , G, and hence 

th e  d im er c o n c e n tr a t io n ,  x ,  w i l l  v a ry  a c ro s s  a  band w ith  th e  nom inal shape 

shown i n  F ig u re  8 A o r B, and th e  r e s u l t a n t  shape w i l l  be co m p lica ted  by 

th e  d im e r iz a t io n .  I n  th e  case  shown in  F ig u re  8 C, how ever, i n  th e
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f l a t t e n e d  peak C =2 co, and th e  peak h e ig h t  w i l l  co rresp o n d  to  C0 - 

t h i s  s i t u a t i o n ,  th e n ,  i s  th e  d e s i r a b l e ‘one f o r  s tu d y  o f th e  d im e r iz a tio n  

e q u il ib r iu m  c o n s ta n t ,  K^, which i s  g iv en  by

(96) Kd -  =  2---
(A ) 2 (C0 - 2 x ) 2

T his e q u il ib r iu m  c o n s ta n t can be  o b ta in ed  r e a d i ly  from  a re sp o n se  v s .  

c o n c e n tr a t io n  c u rv e , w hich should  approach l i n e a r i t y  a t  low er concen­

t r a t i o n s  o I f  th e  l i n e a r  p o r t io n  i s  e x tr a p o la te d  to  a  c o n c e n tr a t io n , C0, 

w here d im e r iz a t io n  o c c u rs , th e  v e r t i c a l  d e p re s s io n  o f th e  a c tu a l  re sp o n se  

compared t o  th e  e x tr a p o la te d  re sp o n se  i s  a  d i r e c t  m easure of c rx , and a 

h o r iz o n ta l  l i n e  drawn from  th e  p o in t  o b ta in ed  a t  C0 to  th e  e x tr a p o la te d  

l i n e a r  re sp o n se  l i n e  w i l l  i n t e r s e c t  th e  re sp o n se  l i n e  a t  a c o n c e n tra t io n  

o f C0 -  x .  This method i s  i l l u s t r a t e d  In  th e  n ex t s e c t io n ,  where i t  i s  

a p p lie d  to  an e x p e r im e n ta l c a s e .  I t  must be re c o g n iz e d , how ever, t h a t  

th e  v a l i d i t y  of th e  method r e s t s  upon th e  assum ption  t h a t  th e  d im e r iz a tio n  

i s  w h o lly  r e s p o n s ib le  f o r  th e  observed  n o n - l i n e a r i t y .  T h is  assum ption  

r e q u i r e s  more e x p e r im e n ta l d a ta  t o  become j u s t i f i e d .
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V o QUANTITATIVE OBSERVATIONS— CORRELATION WITH THEORY

A* G eneral

Q u a n t i ta t iv e  d a ta  became o b ta in a b le  o n ly  a t  a v e ry  l a t e  s ta g e  o f 

th e  I n v e s t ig a t io n ,  a f t e r  e v o lu t io n  o f  th e  d e te c to r  t o  i t s  p r e s e n t  fo rm . 

E a r l i e r  q u a l i t a t i v e  o r c ru d e ly  s e m i-q u a n t i ta t iv e  s tu d ie s  had in d ic a te d  

a  rough p r o p o r t i o n a l i t y  betw een c o n c e n tra t io n  and re sp o n se , and a  

q u a n t i t a t i v e  s tu d y  was u n d e rta k e n  to  b e t t e r  d e f in e  t h i s  r e l a t io n s h ip  f o r  

v a r io u s  sam ple s u b s ta n c e s ,

The q u a n t i t a t i v e  d a ta  o b ta in e d  a re  ta b u la te d  in  com plete form  in  

A ppendices I  and I I j  a l l  d a ta  w ere o b ta in ed  w ith  th e  cyclohexane (95> 

p e r  c e n t  v » /v o )  and ace to n e  (5 p e r  c e n t ,  v „ /v „ )  s o lv e n t-a lu m in a  s o rb e n t 

system  o The d a ta  o b ta in ed  f a l l  in to  two d i s t i n c t  groups z d a ta  o b ta in ed  

f o r  s m a ll sam ple volum es w ith  C < C0 (c o rre sp o n d in g  to  F ig u re  8 -A ), and 

d a ta  o b ta in e d  f o r  l a r g e r  sample volum es, g iv in g  f la t t e n e d  peaks w ith  

'd « c 0 (c o rre sp o n d in g  to  F ig u re  8-C)» The second group o f d a ta  i s  more 

c o n v e n ie n tly  t r e a t e d  from  th e  s ta n d p o in t  o f d e te c to r  re sp o n se  th e o ry  

and f a c to r s  c au s in g  n o n - l i n e a r i t y  of re sp o n se , w h ile  th e  f i r s t  group o f 

d a ta  r e q u i r e s  in  a d d i t io n  th e  a p p l ic a t io n  o f  th e  c o n c e n tra t io n  p r o f i l e  

a n a l y s i s .  I t  i s  more co n v en ien t to  t r e a t  th e  f l a t t e n e d  peaks f i r s t ,  and 

th e n  t o  examine th e  sm all-sam ple-vo lum e d a ta  in  l i g h t  o f  th e  r e s u l t s  

o b ta in e d  w ith  l a r g e r  sam p les ,
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Bo L arge Sample Volumes* F la t te n e d  Peaks (2  => C0 )

Only one s o lu te *  b ip h en y l*  has been  s tu d ie d  e x te n s iv e ly *  w ith  

s u f f i c i e n t l y  la r g e  volumes o f sample (V0 — 0o05 m lc) a t  d i f f e r e n t  s o lu te  

c o n c e n tra t io n s  to  make p o s s ib le  th e  m apping-out o f  th e  c o n c e n tra t io n -  

re sp o n se  curveo A few s c a t te r e d  o b se rv a tio n s  w ith  hexam ethylbenzene and 

w ith  tr ip h e n y lm e th a n e  s o lu t io n s  have a ls o  been  o b ta in e d « The d a ta  o b ta in ed  

a re  p re se n te d  i n  Appendix I* and th e  re sp o n se  i s  p lo t t e d  as a fu n c t io n  o f  

c o n c e n tr a t io n  f o r  b ip h e n y l in  F ig u re  9 c

The d a ta  p lo t t e d  in  F ig u re  9 w ere n o t o b ta in ed  u n d er th e  c o n d itio n s  

o f th e  m a th em atica l d e r iv a t io n *  w ith  r s ° = r r ° c However* e s s e n t i a l l y  no 

change i n  re sp o n se  to  sample was found to  r e s u l t  when i d e n t i c a l  sam ples 

w ere in je c te d  w ith  r  ° sa r  ° » 2000 ohms* e 0 = -28 d  mv0* as compared
j y

O Ow ith  Ty, *3 2000 ohms* r  19U9 ohms* e0 0 nw«1 u

L a te r  d a ta  w ere o b ta in e d  a f t e r  th e  d e te c to r  was opened and th e  

p o s i t io n s  o f th e  w icks w ere a l te re d *  and th e s e  l a t e r  r e s u l t s  show a  low ered 

re sp o n se  a t  h ig h e r  c o n c e n tra tio n s*  a lth o u g h  n e a r ly  th e  same resp o n se  

was o b ta in ed  in  th e  low er c o n c e n tra t io n  range  (GoOl-O.OU H .) .

S in ce  th e  d e v ia t io n s  from  l i n e a r i t y  a t  h ig h e r  c o n c e n tra tio n s  d i f f e r  

from  s o lu te  t o  so lu te *  i t  ap p ea rs  l i k e l y  t h a t  th e s e  a re  a  f u n c t io n  o f th e  

sam ples them selves*  r a t h e r  th a n  o f th e  d e te c to r .  I n  p a r t ic u la r *  i t  would 

a p p e a r  t h a t  d im e r iz a tio n  o r h ig h e r  a g g re g a tio n  o f th e  s o lu te  sp e c ie s  

s tu d ie s  cou ld  occur th rough  fr™ comp le x  ing  o f th e  ty p e  review ed by 

Andrews ( l8 )«  The n o n - l i n e a r i t y  i s  th e n  a sc r ib e d  to  th e  r e s u l t a n t  h ig h e r  

av e rag e  m o le cu la r  w eig h t and low ered r e l a t i v e  m olar c o n c e n tra t io n  a t
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( 5  % ,  V / V )  S O L V E N T .
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h ig h e r  sam ple c o n c e n t r a t io n s . A ttem pted q u a n t i t a t iv e  tre a tm e n t of th e  

a s s o c ia t io n  would be p rem atu re  on such l im ite d  d a ta .

The th r e e  most im p o rta n t c o n c lu s io n s  w hich can be drawn from th e s e  

p re l im in a ry  q u a n t i t a t iv e  s tu d ie s  a re  as fo llo w s .

1) The re sp o n se  app ears  to  be v e ry  n e a r ly  l i n e a r  w ith  c o n c e n tra t io n  

f o r  c o n c e n tra t io n s  below  0 .0 1  M* and re sp o n se  to  d i f f e r e n t  s o lu te s  

ap p ea rs  e q u iv a le n t  in  t h i s  r a n g e e This su g g e s ts  th e  p re d ic te d  

a p p l i c a b i l i t y  o f th e  d e te c to r  to  o b ta in  q u a n t i t a t iv e  a n a ly t ic a l*  

m o lec u la r  w eight*  and thermodynamic d a ta .

2) D e v ia tio n s  a t  h ig h e r  c o n c e n tra tio n s  appear to  be dependent on 

th e  n a tu re  of th e  so lu te*  and p ro b ab ly  a re  a m easure o f complex- 

ing  o r a s s o c ia t io n  phenomena.

3 ) From th e  re sp o n se  to  low c o n c e n tra tio n s*  of b ipheny l*  th e  in h e re n t  

s e n s i t i v i t y  o f th e  d e te c to r  i s  e s tim a ted  to  be 188.5  mv./M.* w ith

a p e a k - to -p e a k  n o is e  l e v e l  in  th e  p re s e n t  d e te c to r  of abou t 0 .1  mv. 

Thus th e  p r e s e n t  s e n s i t i v i t y  i s  such t h a t  a 0 .0 0 1  M. s o lu t io n  i s  

d e te c ta b le  a t  s ig n a l - to - n o i s e  of 2 s i .  T h is has been  v e r i f i e d  f o r  

an e r g o s te r o l  s o lu t io n .

Co Sm all Sample Volumes (C < C0)

S o lu t io n s  of v a r io u s  m o la r i t ie s  of b ipheny l*  t r ip h e n y l  methane* 

hexam ethylbenzene* and a c r id e n e  have been  in je c te d  w ith  V0 e q u a l to  0 .0 1  

and 0 .0 2  m l. Peak h e ig h ts*  h a lf -w id th s *  and a re a s  have been  e v a lu a te d  

f o r  th e s e  sam ples£ th e  d a ta  a re  p re se n te d  in  Appendix I I .
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Ttijo a s p e c ts  o f th e s e  d a ta  a re  p a r t i c u l a r l y  s t r i k i n g .  F i r s t ,  th e  

r e p r o d u c i b i l i t y  o f in te g ra te d  a re a s  i s  e x c e l le n t ,  even when sam ples w ere 

in tro d u c e d  w ith o u t f i r s t  w ithdraw ing  th e  s o l v e n t - - i . e . ,  w ith  sim ple  

i n j e c t i o n  below  th e  s u r fa c e  of th e  s o lv e n t  onto  th e  column w ith o u t d i s tu r b ­

in g  th e  s o lv e n t  f lo w . A reas a re  re p ro d u c ib le  to  ± 2 p e r  c e n t .  The 

in te g r a te d  a r e a  shou ld  be a  d i r e c t  m easure o f th e  number o f moles of 

s o lu te  in  th e  l i n e a r  ran g e  o f re sp o n s e . U n fo rtu n a te ly , i t  was found l a t e r  

t h a t  th e s e  sam ples w ere ru n  i n  th e  n o n - l in e a r  range  of th e  re sp o n se -  

c o n c e n tr a t io n  cu rv e ; t h i s  caused a n o n - l i n e a r i t y  o f a re a  as a  fu n c t io n  o f  

th e  sam ple volum e, V0 , a l s o ,  s in c e  th e  peak c o n c e n tra t io n  depends upon V0 . 

F u rth e rm o re , th e  n o n - l i n e a r i t y  le d  to  n o n -e q u iv a le n t a re a s  f o r  e q u iv a le n t 

c o n c e n tra t io n s  and sample s iz e s  of d i f f e r e n t  s o lu te s ,  so t h a t  m o lecu la r 

w e ig h ts  w ere n o t o b ta in a b le  from  th e s e  d a ta .

S econd , th e  dependence of G/G0 on V0 f o r  b ip h e n y l s o lu t io n s  c o r r e la t e s  

w e l l  w ith  th e  p r e d ic t io n s  o f th e  G aussian  c o n c e n t r a t io n - p r o f i le  t re a tm e n t 

and makes p o s s ib le  th e  c a lc u la t io n  of th e  b ro ad en in g  f a c t o r ,  p, in  

e q u a tio n  (7 3 ) ;  v a lu e s  of ^ /G 0 were o b ta in e d  from F ig u re  9 .  W ith sam ple 

i n j e c t i o n  b e n e a th  th e  s o lv e n t ,  G/C0 i s  ap p ro x im a te ly  0 .3  f o r  0 .0 1  m l. 

sam ples and 0.1*5 f o r  0 .0 2  m l. sam ples; th e s e  g iv e  v a lu e s  of p o f 6.1* 

and 8 .5  m in ., r e s p e c t iv e ly .  A gain th e  n o n - l in e a r i ty  o f re sp o n se  i s  

r e f l e c t e d  in  th e  v a lu e s  of p , where th e  h a l f - h e ig h t  i s  low er th a n  i t  

sh o u ld  b e , g iv in g  h ig h e r  v a lu e s  o f P , f o r  th e  0 .0 2  m l. sam ples as  compared 

t o  th e  0 .0 1  m l. sam p les . For 0 .02  m l. sam ples in tro d u c e d  onto  th e  column 

a f t e r  w ithd raw ing  th e  s o lv e n t ,  (?/C0 i s  about 0 .5 7 , in d ic a t in g  t h a t  th e  

s p re a d in g  f a c t o r ,  P , i s  reduced  to  abou t 7 °k m in. by  t h i s  te c h n iq u e  of
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sam ple i n j e c t i o n » These r e s u l t s  p r e d ic t  a  f l a t t e n i n g  of peaks t o  occur

f ° r  V0 g r e a te r  th a n  0 oQU5 m l.,  and t h i s  was v e r i f i e d  e x p e r im e n ta lly  in

o b ta in in g  th e  d a ta  d isc u s se d  in  S e c tio n  V-B and ta b u la te d  in  Appendix I .

The flo w  r a t e ,  F , was 5 .J day



76

V I„ DISCUSSION AND CONCLUSIONS 

Ac The P re -P eak  E f f e c t

The m ost i n t e r e s t i n g  and u s e f u l  a s p e c t  o f  th e  r e s u l t s  o b ta in ed  w ith  

th e  b u ta n o l  and w a te r  s o lv e n t - c e l lu lo s e  so rb e n t system  is*  perhaps* th e  

o bserved  p re -p e a k  e f f e c t » The p re -p eak  e f f e c t  ap p ears  a t  th e  flo w ­

th ro u g h  tim e o f  th e  so lv e n t*  and has been  observed on ly  in  th o se  s o lv e n t-  

s o rb e n t  system s t h a t  have a  s ta t io n a r y  phase which c o n s t i tu t e s  one o f th e  

s o lv e n t  components o This o ccu rs  w ith  a  c e l lu lo s e  a d so rb en t and a  w a te r-  

c o n ta in in g  so lv e n t*  s in c e  a  l a y e r  of w a te r  i s  h e ld  on th e  c e l l u lo s e .

T h is  la y e r*  w hich may be many m olecu les deep* a c ts  as th e  a d so rb in g  sub­

s ta n c e  b in d in g  a  th in *  p erhaps mono-m olecular* la y e r  of b u tan o l*  th e  

o th e r  corapbnent o f th e  s o lv e n t .

The p re -p e a k  h as  two p a r ts s  a n e g a tiv e  d e f le c t io n  o c c u rr in g  f i r s t  

a t  th e  f lo w -th ro u g h  tim e co rresp o n d in g  to  th e  tim e  re q u ire d  f o r  a s o lv e n t  

sam ple r i c h  i n  b u ta n o l  t o  be d e te c te d ,  and a  p o s i t iv e  peak a t  th e  tim e 

c o rre sp o n d in g  to  th e  f lo w -th ro u g h  tim e  of a  s o lv e n t sam ple r i c h  in  w a te r .  

F ig u re  10 shows a  r e p r e s e n ta t iv e  p re -p e a k .

R a t io n a l iz a t io n  of th e  p re -p e ak  may fo llo w  two co u rse s  which a t  f i r s t  

a p p e a r  to  be e n t i r e l y  d i f f e r e n t  b u t a re  a c tu a l ly  th e  same e x p la n a tio n  

from  two d i f f e r e n t  v ie w p o in ts .

The f i r s t *  and perhaps th e  m ost s tra ig h t- fo rw a rd *  approach i s  t o  

c o n s id e r  th e  le n g th  of th e  a d so rb e n t w hich i s  occupied  by th e  s o lu te  

sam ple when i t  h as  j u s t  c o m p le te ly  ru n  in to  th e  column. The s o lu te  sam ple
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w i l l  i n i t i a l l y  d is p la c e  th e  a lc o h o l  w hich i s  h e ld  on th e  w a te r  l a y e r * 

so  t h a t  an a lc o h o l - r i c h  band w i l l  flow  down th e  column a t  i t s  n a tu r a l  

flo w  r a t e j  s in c e  th e  s o lu te  must now be in  e q u il ib r iu m  w ith  th e  w a te r  

l a y e r  adsorbed  on th e  s ta t io n a r y  phase* some o f th e  w a te r  w i l l  be d isp la c e d  

and flo w  down th e  column a t  i t s  n a tu r a l  flow  ra te *  The w a te r  peak 

p a r t i a l l y  o v e r la p s  th e  a lc o h o l  peak* so  t h a t  i t  i s  c a n c e lle d  to  a  c e r t a in  

e x te n t  o

The a l t e r n a t i v e  e x p la n a tio n  i s  by analogy  to  gas chrom atography.

The phenomenon h as  b een  observed  in  th e  d e te rm in a tio n  o f im p u r i t ie s  in  

c e r t a i n  o f  th e  g ases  u s u a l ly  used as  c a r r i e r s  in  gas chrom atography. The 

phenomenon h as  been  observed by J .  P . M ickel (19) and E . Erb (20) 

in d e p e n d e n tly  i n  th e  d e te rm in a tio n  of oxygen and n i tro g e n  in  hydrogen o r 

helium * u s in g  Go lay-” ty p e  c a p i l l a r y  colum ns.

The n e g a tiv e -p e a k  e f f e c t * as i t  i s  named in  gas chrom atography* 

ap p ea rs  when a  p u re  hydrogen sample i s  in je c te d  in to  a s tream  o f impure 

hydrogen* w hich s e rv e s  as  th e  e lu e n t s tream  f o r  a c a p i l l a r y  colum n.

N e g a tiv e  oxygen and n i t r o g e n  peaks ap p ear a t  th e  tim es  re q u ire d  f o r  e lu t io n  

o f oxygen and n itro g e n *  r e s p e c t iv e ly *  i f  th e s e  gases a re  ru n  in  th e  same 

column w ith  a  p u re  hydrogen  e lu e n t .  T h is e f f e c t  can be r a t io n a l i s e d *  if* 

one p ic tu r e s  bands o f oxygen o r n i t ro g e n  d e f ic ie n c y  moving th ro u g h  th e  

column w ith  th e  same r e t e n t io n  tim es  as th e s e  g ases  would have as  sam ples 

in  a  s tream  o f p u re  hydrogen .

I n  l iq u id  chrom atography* one may c o n s id e r  th e  e lu e n t  as a  non- 

c o m p re ss ib le  g a s . The p o r t io n  of th e  s o lv e n t  which c o n ta in s  th e  s o lu te  

cou ld  th e n  be c o n s id e re d  as a band w hich i s  reduced  in  s o lv e n t
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c o n c e n t r a t io n .  T h is s o lv e n t  band should  move th rough  th e  column a t  th e  

r a t e  o f flow  o f th e  components of th e  s o lv e n t .

T h is phenomenon has a ls o  been  observed  by  Bo F« Meyers (2 1 ) in  th e  

io n -ex ch an g e  chrom atography o f amino a c id s ,  u s in g  a  c o n tin u o u s ly - re c o rd ­

in g  r e f r a c to m e te r  f o r  a  d e te c to r ,,  The p re -p e a k , o r com pensation peak 

(a s  Meyers named i t ) ,  was n o t r a t io n a l i z e d  to  ag re e  w ith  th e  e x p e rim e n ta l 

d a ta  he o b ta in e d , and th e 'i s ig n i f ic a n c e  o f i t s  p re sen ce  was n o t re c o g n iz e d . 

The e x p la n a tio n  he p o s tu la te d  r e q u ir e s  th e  m o re - t ig h t ly -h e ld  component of 

th e  s o lv e n t  to  ap p ear a t  th e  bottom  o f th e  column, j u s t  b e fo re  th e  s o lu te  

band a p p e a r s . H is re c o rd e r  t r a c e s  show, how ever, t h a t  b o th  th e  components 

o f th e  p re -p e a k  ap p ear a t  th e  r e t e n t io n  tim e of th e  s o lv e n t .  M oreover, 

h e  d id  n o t d e te c t  th e  amino a c id s  a t  t h e i r  r e t e n t io n  tim es  w ith  th e  

r e f r a c t  ©meter |  he a t t r i b u t e d  t h i s  f a i l u r e  to  th e  com pensation of th e  

r e f r a c t i v e  in d ex  by th e  changes in  th e  s o lv e n t co m p o sitio n . The amino a c id s  

w ere , how ever, d e te c te d  by n in h y d rin  re a g e n t as  much as s ix  h o u rs  a f t e r  

th e  ap p earan ce  o f th e  p re -p e a k ; th u s ,  th e  p re -p e a k  com pensation  o f th e  

r e f r a c t i v e  in d e x  by th e  changes i n  th e  s o lv e n t c o n c e n tra t io n  could  n o t 

have b een  due to  th e  p re sen c e  o f th e  amino a c id ,  b u t  must have been  caused 

by a  s o lv e n t - d e f i c i e n t  band moving th ro u g h  th e  column w ith  th e  r e t e n t io n  

tim e  of th e  s o lv e n t .  H is r e f r a c t iv e - in d e x  d e te c to r  a p p a re n tly  was n o t 

s u f f i c i e n t l y  s e n s i t i v e  to  d e te c t  th e  r e f r a c t iv e - in d e x  changes due to  th e  

amino a c id ,  a t  th e  c o n c e n tra t io n s  p r e s e n t  in  th e  s o lu te  bands, sp read  by

p a ssa g e  th ro u g h  th e  colum n.

The n e g a tiv e  peak e f f e c t ,  com pensation  e f f e c t ,  and p re —peak e f f e c t

a p p e a r  t o  be th e  same phenomenon, even though th e y  occur i n  d i f f e r e n t
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b ra n c h e s  o f ch rom atog raphy0 The p re -p e ak  may p o s s ib ly  be c a lc u la te d  f o r

l i q u id  chrom atography to  g iv e  q u a n t i t a t iv e  d a ta  as t o  th e  s iz e  o f th e

sam ple in je c te d  in to  th e  column, and i t  can be used to  c a lc u la te  th e  R„f
v a lu e ,  w hich i s  u s e f u l  in  i d e n t i f i c a t i o n  of component b a n d s .

Bo The U ltim a te  S e n s i t i v i t y  o f th e  D e te c to r  

The d e t e c to r ,  in  i t s  p re s e n t  s t a t e  o f developm ent, i s  cap ab le  o f
„9

d e te c t in g  above th e  background U x  10 moles o f n o n - v o la t i le  s o lu t e .

T h is  i s  by no means th e  u l t im a te  in  s e n s i t i v i t y  which t h i s  d e te c to r  can 

c o n c e iv a b ly  r e a c h .  The minimum r e s i s ta n c e  change o r un b a lan ce  w hich can  

be  o b serv ed  w ith  a  W heatstone b r id g e  i s  l im i te d  by th e  fo llo w in g s  

th e rm a l n o is e s  in  th e  th e r m is to r s ,  l e a d s ,  c o n n e c tio n s , and r e s i s ta n c e s ;  

c o n ta c t  p o t e n t i a l s  i n  th e  c o n n e c tio n s ; r e s i s ta n c e  f lu c tu a t io n s  due to  

e x te r n a l  te m p e ra tu re  changes o f th e  b r id g e  e lem en ts  n o t th e rm o s ta te d ; 

n o is e s  w hich a r i s e  i n  th e  p rim ary  s ta g e s  o f a m p lif ic a t io n ;  v o lta g e  f l u c t u ­

a t io n s  i n  th e  p o t e n t i a l  so u rce ; and th e  th e rm o s ta tin g  of th e  d e te c to r .

I f  a  W heatstone b r id g e  w ere employed u s in g  th e rm a lly -co m p en sa tin g  

e le m e n ts , and i f  th e  whole b r id g e  w ere th e rm o s ta te d , n o is e s  due t o  changes 

i n  th e  r e s i s ta n c e  o f th e  b r id g e  e lem en ts  could be reduced  below  th e  d e te c t ­

a b le  ra n g e .

S in c e  i n  th e  developm ent o f a  chromatogram s e v e ra l  m inu tes a re  

r e q u ire d  f o r  one s o lu te  band to  p a ss  a th e r m is to r ,  th e rm a l n o is e s  can be 

e l im in a te d ,  b ecau se  th e y  a re  r e l a t i v e l y  of h ig h  f re q u e n c y . I f  a  tim e  

c o n s ta n t  o f  30 seconds i s  em ployed, th e  h ig h e s t  freq u en c y  passed  w i l l  be  

l / 3 0  c y c le s  p e r  seco n d . The v o l ta g e  from  th e rm a l n o ise  th e n  would be
910“ v o l t s ,  which may be  d is r e g a rd e d ,  even f o r  v e ry  h ig h  a m p l i f ic a t io n .
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N oises due to  c o n ta c t  p o t e n t i a l s  a r is in g .f r o m  b i - m e ta l l i c  ju n c t io n s  

in  th e  c i r c u i t  may be reduced by  use  of s p e c ia l  s o ld e r  and le a d s -  The 

rem a in in g  ju n c t io n  p o t e n t i a l s * i f  p re se n t*  can be  m ain ta in ed  c o n s ta n t 

w ith  th e rm o s ta t in g  o f th e  c o n ta c t s .

C a r e f u l ly  s e le c te d  c i r c u i t  components may be used in  th e  f i r s t  s ta g e s  

o f a m p lif ic a t io n o . S in c e  most o f th e  n o ise  a r i s i n g  i n  th e  a m p l i f ie r  i s  o f  

h ig h  frequency*  as  i s  t h a t  a r i s i n g  from  th e rm a l no ise*  th e s e  may a ls o  be 

red u ced  by damping.. W ith p ro p e r  damping and s h ie ld in g *  a  d .c #  a m p lif ie r
3

may be d es ig n e d  w hich w i l l  have a g a in  o f 10 w ith  l e s s  th a n  3 p e r  c e n t

n o iseo  Thus* a  o n e - m il l iv o l t  f u l l - s c a l e  reco rd e r*  coupled w ith  a  d . c .
—  s

a m p lif ie r*  cou ld  d e te c t  a  s ig n a l  o f 10 v o l t s  w ith  a  n o ise  l e v e l  o f l e s s
-7

th a n  5 x  10 v o l t s .

N oise a r i s i n g  from p o t e n t i a l  changes in  th e  v o lta g e  so u rce  may be 

e l im in a te d  by p a r a l l e l i n g  s e v e ra l  s to ra g e  b a t t e r i e s  w hich have been  

d e s ig n e d  f o r  n o i s e - f r e e  o p e ra tio n  and w hich have b een  charged s lo w ly  and 

c a r e f u l l y .

F in a l ly *  b a th  te m p e ra tu re  f lu c tu a t io n s  could  be  reduced  to  ± Q.Q01°C

s© t h a t  w ith  th e r m is to r s  matched w i th in  ± 2 p e r  cent* b a th  te m p e ra tu re
„  6

f lu c tu a t io n s  w i l l  r e p re s e n t  ±  1 .2  x 10 v o l t s .  T h is n o is e  can  b e  reduced

s t i l l  f u r t h e r  by damping th e  d e te c to r  chamber w ith  i n s u la t io n  and re d u c in g

th e  o n -o f f  tim e of th e  r e g u la to r  u n t i l  th e  re sp o n se  tim e  f o r  th e  d e te c to r

t o  te m p e ra tu re  changes i s  lo n g e r  th a n  th e  on—o f f  r e g u la t io n .

I f  th e  c i r c u i t  now in  o p e ra tio n  w ere m od ified  as su g g ested  in  th e
-12

p re c e d in g  p a rag rap h s*  th e  d e te c to r  cou ld  sen se  10 m oles o f sam ple and
_ i i

d e te rm in e  q u a n t i t a t i v e l y  10 m o les. T h is  i s  not* however* th e
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i n - p r i n c i p l e  lim it, o f t h i s  d e te c to r ,  s in c e  s m a lle r  th e r m is to r s ,  m o d ifi­

c a t io n s  o f th e  w ick , and reduced  flow  r a t e s  could  c o n ce iv ab ly  in c re a s e
w 13 14

t h e  s e n s i t i v i t y  t o  d e te c t  as  l i t t l e  as 10 o r 10 moles o f sample*

I f  such  an e x te n s io n  i s  p o s s ib le ^  th e n  t h i s  t o o l  would become com parable 

w i th  t h e  most s e n s i t i v e  d e te c to r s  now a v a i la b le  i n  any a re a  o f c h e m is try .

I f  s e n s i t i v i t y  o f th e  d e te c to r  i s  th e  o b je c t ,  th e n  th e  p re s e n t  

d e te c to r  can  be  ex tended  s t i l l  f u r t h e r ,  s in c e  i t  i s  more s e n s i t iv e  to  

v o l a t i l e  su b s ta n c e s  th a n  to  n o n - v o la t i le  s u b s ta n c e s .  F o r s o lu te s  h av in g  

v a p o r p r e s s u re s  tw ic e  th e  vap o r p re s s u re  o f  th e  so lv e n t a t  th e  d e te c to r  

te m p e ra tu re ,  th e n  th e  d e te c to r  i s  more s e n s i t iv e  by a f a c t o r  o f  100. T his 

would p la c e  th e  l iq u id  chrom atography th e rm is to r  d e te c to r  a lre a d y  n e a r ly  

on a p a r  w ith  th e  most s e n s i t iv e  gas chrom atography d e t e c t o r s .

C o S u g g es tio n s  f o r  F u r th e r  Work

S e p a ra t io n s  in  l i q u id  chrom atography, in  p a r t i c u l a r  l i q u i d - p a r t i t i o n  

ch rom atography , a r e  o f te n  b e s t  conducted u s in g  s o lv e n ts  which change in  

C om position  d u r in g  th e  developm ent o f  a  chrom atogram . The new d e te c to r  

can be  ex tended  t© work in  th e s e  system s i f  th e  fo llo w in g  c o n d itio n s  a re  

raets th e  th e r m is to r s  m ust be  c a r e f u l ly  m atched, so  t h a t  s o lv e n t  changes 

w i l l  n o t  a f f e c t  th e  u n b a lan ce ; th e  flow  r a te s  of th e  two columns m ust be 

n e a r ly  i d e n t i c a l ;  and th e  two th e rm is to r s  should  be  a tta c h e d  in  i d e n t i c a l  

f a s h io n  t o  t h e i r  r e s p e c t iv e  w ic k s . A d ap ta tio n  o f th e  d e te c to r  t o  th e s e  

system s would g r e a t ly  in c re a s e  th e  p o t e n t i a l  u s e fu ln e s s  of th e  d e te c to r .

P a p e r  chrom atography i s  s e le c te d  in  p re fe re n c e  t o  column chrom atography 

f o r  many b io c h e m ic a l a p p l i c a t io n s ,  b ecau se  i t  i s  p o s s ib le  t o  u se  v e iy  sm a ll,
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d i l u t e  sam ple s o lu t io n s ,  and to  develop  th e  chromatogram in  more th a n  one 

d im ension* The u se  o f c a p i l l a r y  columns to  some e x te n t  o f f s e t s  th e  

f i r s t  a d v a n tag e , b u t p a p e r  chrom atography may s t i l l  be more co n v en ien t 

f o r  many a p p l ic a t io n s  o T his d e te c to r  can and should  be adap ted  f o r  th e  

d e te c t io n  and lo c a t io n  o f s o lu te  bands in  p a p e r  chrom atography* No m ajor 

m o d if ic a t io n s  need be made f o r  p ap e r s t r i p s » I t  shou ld  be m ec h a n ica lly  

p o s s ib le  t o  d e v is e  a  tw o -d im en sio n a l scaii mechanism f o r  th e  lo c a t io n  o f 

s p o ts  on p ap e r * W ithou t d is tu r b in g  th e  p ro g re s s  o f th e  chrom atogram , 

such a  d e v ic e  would a llo w  th e  o p e ra to r  to  d e te rm in e  th e  lo c a t io n ,  sh ap e , 

and s i z e  of th e  s p o ts  on paper*

The c o n t r ib u t io n  made by  t h i s  d e te c to r  would be s e v e re ly  l im ite d  i f
i

i t  w ere  n o t p o s s ib le  to  a d ap t i t  t o  m on ito r th e  p ro g re s s  o f a  p r e p a ra t iv e -  

s c a l e  chromatogram* The a d a p ta t io n  need on ly  c o n s is t  of a  s tream  d iv id e r ,  

w hich would m o n ito r o n ly  a  sm a ll p o r t io n  o f th e  e f f lu e n t  s tream  from  a 

l a r g e  column* T h is shou ld  be u s e fu l  n o t on ly  f o r  la b  o r a to ry - s c a le  

p r e p a r a t io n s ,  b u t a ls o  f o r  m o n ito rin g  s tream  c o n c e n tra tio n s  i n  l a r g e - s c a le  

i n d u s t r i a l  p ro c e sse s*  T h is  d e te c to r  shou ld  e a s i ly  be a d a p ta b le  t o  a u to ­

m a tio n  c o n t r o l ,  j u s t  as has been  done w ith  gas chrom atography*

T his d e te c to r  i s  p a r t i c u l a r l y  w e ll  s u i te d  to  e x p lo ra to ry  re s e a rc h  

in  new ch ro m ato g rap h ic  sy stem s, because  o f i t s  s im p l ic i ty  and a d a p ta b i l i ty *  

p re -p e a k  e f f e c t  a l s o  len d s  i t s e l f  to  i n t e r e s t i n g  in v e s t ig a t io n s  in to  

th e  s tu d y  o f th e  n a tu re  o f  a d s o rp tio n  and d isp lacem en t*  I t  should  be 

p o s s ib le  to  d e te rm in e  from th e  s iz e s  o f th e  p re -p ea k s  th e  r e l a t i v e  amounts 

o f  d is p la c e d  components o f th e  so lv en t*  I t  shou ld  be p o s s ib le  to  u se  th e  

tim e  o f ap p earan ce  o f th e  p re -p e a k  f o r  d e te rm in a tio n  o f th e  Rf f a c t o r s ,  

s in c e  i t  em bodies th e  s o lv e n t  f ro n t*
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A nother im p o rtan t a d a p ta t io n  of th e  d e te c to r  would be to  th e  f i e l d  

o f  io n -ex ch an g e  chrom atography . T his a d a p ta t io n  i s  p erhaps th e  l e a s t  

p ro b a b le  o f th e  su g g ested  e x te n s io n s ,  s in c e  i t  r e q u ir e s  d e te c t io n  o f 

s u b t l e  changes in  e f f l u e n t  a c t i v i t y  a t  a c o n s ta n t io n ic  s t r e n g th .

S in c e  th e  d e te c to r  re sp o n se  has been  shown to  be  a  l i n e a r  f u n c t io n  

o f  ishe mole f r a c t i o n  o f th e  s o lu t io n  p a s s in g  th e  sam ple th e r m is to r ,  i t  

may b e  u sed  f o r  d e te rm in a tio n  o f a c t i v i t y  in  d i l u t e  s o lu t io n s .  Only th e  

p r e l im in a ry  s tu d ie s  have been  com pleted tow ard t h i s  end, b u t th e  te c h n iq u e  

shows c o n s id e ra b le  p rom ise f o r  m o lecu la r-w e ig h t d e te rm in a tio n , a s s o c ia t io n -  

c o n s ta n t  d e te rm in a tio n s ,  and d e te rm in a tio n s  o f a c t i v i t y .

E s s e n t i a l l y  th e  same d e te c to r  m ight a ls o  be used  f o r  s tu d y  o f  th e  

h e a t  of r e a c t io n ,  i f  th e  sam ple th e rm is to r  w ere p la c e d  a t  th e  co n flu en ce  

o f  two w ick s , one o f w hich c a r r ie s  one r e a c ta n t  w h ile  th e  o th e r  c a r r i e s  

th e  o th e r  r e a c t a n t .  The tem pera tu re- o f th e  chamber could be v a r ie d  

g r a d u a l ly ,  and a  b rea k  in  th e  curve would in d ic a te  r e a c t io n .
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VII „ SUMMARY

A new, g e n e ra l  method h as  been developed  f o r  d e te c t in g  and re c o rd in g  

th e  p re se n c e  o f s o lu te  bands in  th e  e f f lu e n t  s tream  of a  l iq u id - e lu e n t  

ch ro m ato g rap h ic  column* S in ce  t h i s  method i s  based  upon changes in  vap o r 

p r e s s u re  ■which occu r in  th e  s o lv e n t due to  th e  p re se n c e  o f a  s o lu te  band , 

i t s  a p p l i c a b i l i t y  i s  n o t l im ite d  t o  s p e c i f i c  c la s s e s  o f s u b s ta n c e s .

The d e te c to r  developed u t i l i z e s  th e  te m p e ra tu re  d if f e r e n c e  w hich i s  

e s ta b l i s h e d  betw een a  w ick b a th ed  w ith  th e  e f f lu e n t  o f  a  ch rom atographic  

column and a  r e fe r e n c e  w ick b a th ed  w ith  p u re  s o lv e n t> th e  w icks a re  

e n c lo se d  in  a  th e rm o s ta te d  chamber t h a t  i s  s a tu r a te d  w ith  s o lv e n t vapor*

The te m p e ra tu re  change i s  d e te c te d  th rough  th e  d i f f e r e n c e  in  r e s i s ta n c e  

o f a  p a i r  o f  th e r m is to r s ,  one o f which i s  in  c o n ta c t w ith  th e  w ick b a th ed  

w ith  p u re  s o lv e n t ,  w h ile  th e  o th e r  i s  in  c o n ta c t  w ith  th e  w ick b a th e d  

w ith  th e  e f f lu e n t  s o lu tio n *  The th e rm is to r s  c o n s t i tu t e  two arms o f a 

W heatstone b r id g e ,  which can be b a lanced  when b o th  o f th e  th e rm is to r s  a re  

i n  c o n ta c t  w ith  w icks b a th ed  w ith  p u re  so lv e n t*  Any unbalance  in  th e  

b r id g e  which occu rs  as a  r e s u l t  o f s o lu te  bands p a s s in g  i s  c o n tin u o u s ly  

re c o rd e d  on a  re c o rd in g  p o te n tio m e te r*

D e te c to r  re sp o n se  i s  a  c o l l i g a t i v e  p ro p e r ty  o f th e  s o lu t io n  p a s s in g  

over th e  th e r m is to r s  * A- m a th em atica l tre a tm e n t has been  developed  and 

p r e d ic t s  a  l i n e a r  dependence of d e te c to r  re sp o n se  on mole f r a c t i o n  o f 

s o lu te *  The m a th em atica l a n a ly s is  i s  based  on a  c o n d it io n  o f th e rm a l 

b a la n c e , and r e q u ir e s  s u i t a b le  ap p ro x im a tio n s , based  on th e  sm a ll m agnitude
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o f th e  observed  changes* f o r  d e r iv a t io n  of th e  l i n e a r  r e la t io n s h ip *  The

k i n e t i c s  o f  th e  s o lv e n t  v a p o r iz a t io n  and co n d en sa tio n  p ro cesses*  as

in f lu e n c e d  by th e  p re se n c e  o f s o lu te *  a re  p o s tu la te d  t o  p la y  th e  m ajor

r o l e  i n  d e te c to r  resp o n se*

F u r th e r  m ath em atica l a n a ly s is  o f th e  c o n c e n tra tio n  p r o f i l e  fu rn is h e s

a  r e l a t io n s h i p  betw een th e  c o n c e n tra tio n  g iv in g  th e  observed  re sp o n se  and

th e  i n i t i a l  sam ple c o n c e n tra tio n *

The e v o lu tio n  o f th e  d e te c to r  and i t s  r e la t io n s h ip  to  o th e r  means of

ch ro m ato g rap h ic  d e te c tio n *  and to  r e la te d  m easuring  tech n iq u es*  a re

d e sc rib e d *  Q u a l i t a t iv e  r e s u l t s  o b ta in ed  in  d i f f e r e n t  s o lv e n t- s o rb e n t

system s f o r  a  v a r i e t y  o f s o lu te s  a re  p re se n te d !  th e  re sp o n se  to  v o l a t i l e

and n o n - v o la t i l e  s o lv e n ts  i s  d iscu ssed *  P a r t i c u l a r  a t t e n t io n  has b een

d i r e c te d  tow ards th e  a n a ly s is  o f th e  e r g o s te r o l  i r r a d i a t i o n  m ix tu re .

Some q u a n t i t a t i v e  r e s u l t s  a re  p re se n te d  and in d ic a te  th e  n a tu re  and
o

s e n s i t i v i t y  o f th e  response*  A t 33 o  w ith  a sample column flow  r a t e  o f

5 m lo/day* a  r e fe re n c e  column flow  r a t e  o f 2 ml*/day* c o tto n  th re a d  wicks*

nom inal 2000-ohm th e rm is to r s  w ith  a  te m p e ra tu re  c o e f f i c i e n t  o f U*5 p e r

c e n t p e r  degree*  f ix e d  b r id g e  r e s i s ta n c e s  of 2000 ohms* and an a p p lie d

b r id g e  v o l ta g e  o f 6 v o l ts *  th e  d e te c to r  has a s e n s i t i v i t y  o f 188*5 rav./M**

o r  th e  c a p a c i ty  to  d e te c t  s o lu te  in  0*01 ml* o f 10 M* s o lu t io n s !  t h i s
_8

co rre sp o n d s  t o  d e te c t io n  o f 10 —10 moles of m a te r ia l*

The new method shou ld  complement gas chrom atography as an a n a l y t i c a l  

method* w ith  i t s  m ost im p o rtan t a p p l ic a t io n s  in  a re a s  w here gas chrom atography 

i s  w e ak es t— a n a ly s is  of h ig h - b o i l in g  and th e rm a lly -u n s ta b le  components*
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I t  shou ld  be  o f  p a r t i c u l a r  v a lu e  in  b io c h e m ic a l, n a tu r a l  p ro d u c ts ,  and 

p h a rm a c e u tic a l  worko P h y sic o -ch em ica l a p p l ic a t io n s  o f th e  d e te c to r  

in c lu d e  i t s  u se  in  d e te rm in in g  m o lecu la r w e ig h ts , e v a lu a t in g  a c t i v i t y  

e f f e c t s ,  s tu d y in g  m o lec u la r  com plexing and d i s s o c ia t io n ,  and o b ta in in g  

fu n d am en ta l in fo rm a tio n  on th e  n a tu re  of th e  ch rom atograph ic  p ro c e ss  ®
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APPENDIX I

QUANTITATIVE CONCENTRATION-RESPONSE DATA FOR LARGE-VOLUME SAMPLES
(FLATTENED PEAKS)

Compound
C o n c e n tra t  io n  
( m o le s / l i t e r )

Peak 
H eigh t 

(mv.)

B ip h e n y l 0.02156 U*0 9
B ip h en y l 0.01+312 9 .2 0
B ip h en y l 0 .06U68 10.01;
B ip h en y l 0.08621; 13.22
B ip h en y l 0.1078 11;.26
B ip h en y l 0.1078 l l ; .9 6
B ip h en y l 0.1078 1U *95
Tr iphenylm e th a n e 0.101+2 12 .9 1
T ripheny lm ethane 0.10U2 H .8 9

D e te c to r  removed and a l t e r e d — changed re sp o n se  below  t h i s  l in e *
B ip h en y l O.OU312 6 .5U
T ripheny lm ethane  0.02081; U *09
Tr ip h  enylme th a n e  0 .  Ol;l68 6.21;
T ripheny lm ethane  0.062^2 7 *78
T ripheny lm ethane  0 .08336 7 *27
T ripheny lm ethane  0 .08336 7*98
T ripheny lm ethane  0 .08336 7*83
T ripheny lm ethane  0.1Gl;2 9*32
T ripheny lm ethane G.10l;2 8 .79
H exam ethylhenzene 0.0613 8 5*52
H exam ethylbenzene 0.1023 8.1;8

A l l  d a ta  i n  t h i s  t a b l e  w ere o b ta in ed  a t  33*5°C*> u s in g  cyclohexane (95

p e r  c e n t ,  v . / v . )  and a c e to n e  (5  p e r  c e n t ,  v . / y . )  so lv e n t-a lu m in a  s o rb e n t ,

w ith  an  a p p lie d  b r id g e  v o l ta g e  o f 6 v o l t s .  D ata w ere o b ta in ed  in  p a r t

w ith  r  °» r  °« 2000 ohms, e0 « -2 8 .6  rav., in  p a r t  w ith  r s °« 1929 ohms, s r
r r °» 1999 ohms, eG « 0 ,  and in  p a r t  w ith  r s °= 19U9 ohms, r r °=* 2000 ohms, 

ec » 0 .  The^flow  r a t e ,  F , was 5 m l./d a y  in  th e  sam ple column and abou t 

2 ml . / d a y , i n  th e  r e fe r e n c e  colum n.
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