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iv

A bstrac t

THE PRODUCTION, ANALYSIS AND APPLICATION O F  A SELF - 
GENERATING MOBILE PHASE pH GRADIENT IN THIN LAYER

CHROM ATOGRAPHY

by

A lexander R. Altman 

Advisor: Dr. David C. Locke

S e v e ra l thin layer ch ro m ato g rap h ic  sy s te m s  a re  p re s e n te d  in w hich a  

m obile  p h a s e  g rad ien t is g e n e ra te d  during d ev e lo p m en t. 

P o ten tio m etric , sp ec tro p h o to m etric , p h o to g rap h ic  a n d  g rav im etric  

a n a ly s is  of th e  p la te s  during an d  afte r d ev e lo p m en t p rov ide  ev id en ce  

for th e  m ech an ism  by which th e  g rad ien t is form ed. T h e  effec t of the  

g rad ie n t on th e  sep a ra tio n  of m etal ions is investiga ted . T h e  g rad ien t 

is em p lo y ed  in the  sep a ra tio n  of poly - L - glutam ic ac id  frac tio n s on 

th e  b a s is  of their m olecular w eights.
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1
Introduction

Shortly afte r th e  introduction of thin lay er ch ro m a to g rap h y  a s  

an  ana ly tica l te c h n iq u e , ch e m is ts  b e g a n  to  re a liz e  th a t isocra tic  

d ev e lo p m en t w as  no t sufficient to s e p a ra te  all of th e  co m p o n en ts  in 

ev e ry  m ixture. V arious g rad ien t te c h n iq u e s  h a v e  b e e n  d e v ise d . 

N ied e rw ie se r a n d  H o n e g g e r  (1 ) d is c u s s e d  te c h n iq u e s  by w hich 

a d s o rb e n t g ra d ie n ts  can  b e  p rep a red . T h e s e  inc lude  various p la te  

p re tre a tm e n ts  a s  well a s  th e  p rep a ra tio n  of co n tin u o u sly  vary ing  

a d s o rb e n t layers. N iederw ieser (2) d esc rib ed  se v e ra l w ays in which 

elution g rad ien ts  c a n  b e  p ro d u ced  in TLC. T h e s e  include polyzonal 

TLC in which a  so lven t co m p o sed  of co m p o n e n ts  of different polarity 

u n m ix e s  a s  d e v e lo p m e n t o cc u rs , m e c h a n ic a l a lte ra tio n  of th e  

deve lop ing  so lven t during  deve lopm en t, v ap o r im pregnation  w h ere  

th e  a d s o rb e n t is e x p o s e d  to th e  v ap o rs  of a  volatile so lv en t during  

developm en t, a n d  flux g rad ien t TLC w h ere  s o m e  of th e  m obile p h a s e  

is rem o v ed  during  d ev e lo p m e n t. N ied e rw ie se r a lso  c lassified  th e  

g rad ien ts  p ro d u ced . G rad ien ts  tha t a re  p erp en d icu la r to  th e  direction 

of d ev e lo p m en t a re  te rm ed  "orthogonal". T h o s e  g rad ie n ts  in w hich 

th e  g rad ien t direction is in th e  sa m e  direction a s  th e  d ev e lo p m en t, in 

w hich th e  an a ly te  is m oving into a  reg ion  of g re a te r  mobility, a re  

ca lle d  "parallel". T h o se  in w hich th e  g ra d ie n t d irec tion  is in th e  

o p p o site  direction a s  the developm ent, in w hich th e  an a ly te  is m oving 

into a  region of le s s e r  mobility a re  called  "antiparallel". T he m erits of 

antiparallel vs. parallel g rad ien ts  a re  further d isc u sse d  by



G e is s e ta l .  (3).
2

In 1949 an d  1950 G olum bic and  Orchin (4,5) sh o w ed  th a t the  

partition coeffic ients of w eak  ac id s  an d  b a s e s  a re  d e p e n d e n t on the  

pH of the  m ed ia  they  a re  in. They form ulated th e  equation : 

log k’ -  pH + log k - pKa  

w h ere  k’ is th e  o b se rv e d  partition coefficient an d  k is th e  partition 

coefficient of the  unionized su b s tan ce . This re la tionsh ip  can  be 

utilized in the  g rad ien t sep ara tio n  of closely  eluting s u b s ta n c e s  with 

slightly differing v a lu es  of pKa .

S ev era l re se a rc h e rs  h av e  exploited pH g ra d ie n ts  in thin layer 

ch rom atog raph ic  se p a ra tio n s  of w eak ac id s  a n d  b a s e s . In 1964, 

S tah l (6,7) in troduced a  tech n iq u e  for p reparing  ac id  - b a s e  g rad ien ts  

in silica gel layers. A thin layer sp re a d e r  w as  m odified by placing a  

d iagonal divider a c ro s s  the trough. An acidic silica gel slurry w as  

p laced  in o n e  half a n d  a  b asic  slurry in the other. W hen p la tes  w ere  

co a te d  with this sp re a d e r  a  gradient from pH = 0  to 1 0 w a s  p rep a red . 

T h e se  p la te s  w ere  m ost often u sed  in an  o rthogonal direction. B an d s 

of an a ly te  w ere  app lied  parallel to the direction of th e  g rad ien t a n d  th e  

p la te s  w ere  d ev e lo p ed  perpend icu lar to th e  g rad ien t. T he d ev e lo p ed  

an a ly te s  a p p e a re d  a s  cu rv es  similar to titration cu rv es . T h e  acid  - 

b a s e  p roperties of th e  co m p o u n d s could  b e  inferred  from  th e  s h a p e s  

of th e s e  curves. T h e s e  orthogonal pH g rad ien ts  w ere  u se d  by S tah l



3
an d  D um ont (8 ) to  s e p a ra te  m onobasic  an d  po lybasic  ac id s , 

am pho ly tes, organic b a s e s , alkaloids an d  pH indicators; by S tahl an d  

Muller for th e  sep a ra tio n  of fluo rescen t d y es  (9) a n d  b en z o d iaz ep in s  

(10); an d  by Quirin (11) for th e  separa tion  of p h o sp h a tid es .

M obile p h a s e  pH g rad ien ts  w ere  u se d  a s  early  a s  1949 by 

Mitchell e t al. (12) for th e  sep ara tio n  of en zy m es on a  chrom atopile . 

T h e s e  re se a rc h e rs  p laced  th e  m ixture to  b e  s e p a ra te d  on  top  of a  pile 

of 3 5 0  - 450  filter p ap e r d isks an d  allow ed a  develop ing  so lven t 

to p a s s  through th e  pile. T hey then se p a ra te d  th e  d isks a n d  a s s a y e d  

e a c h  for enzym e activity. Im proved separa tion  w a s  n o ted  w hen a  

m echanically  p rep a red  g rad ien t of pH, o rgan ic  so lv en t o r sa lt 

concen tra tion  w a s  u sed . A m echanically  p rep a red  developing  

so lven t pH g rad ien t w as  u sed  by W ieland an d  D ete rm an n  (13) in the  

sep a ra tio n  of ad en in e-n u cleo tid es on thin layers of D E A E -Sephadex .

S e lf-g en era ted  elution g rad ien ts  a re  m uch sim pler to u se . Self- 

g en e ra tin g  m obile p h a s e  polarity g rad ien ts  h av e  b e e n  em ployed  in 

th e  se p a ra tio n s  of derivatized  am ino ac id s  (14), lipids (1 ), a n d  

po lym ers (15). S e lf-g en era ted  pH g rad ien ts  w ere  first m en tioned  a s  

an  anom aly.

In 1956 P e te rso n  an d  S o b er (16) in troduced th e  u s e  of 

deriva tized  ce llu lo ses  a s  ion -ex ch an g e  ch ro m ato g rap h ic  a d so rb e n ts . 

T heir work d esc rib ed  the  p reparation  of d iethylam inoethyl- (DEAE), 

epich loro triethanolam ine- (ECTOLA), carboxym ethyl- (CM), an d  

phospho- (P) celluloses a n d  their uses in the column separations of
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pro teins. In 1968 Cozzi, D esideri & Lepri (17) first n o ted  th e  

a p p e a ra n c e  of a  se lf-g en e ra ted  m obile p h a s e  pH g rad ien t w h en  thin

lay ers  of CM cellu lose in the  N a+ form w ere  d ev e lo p ed  with so lu tions

of nitric acid . T he g rad ien ts  m easu red  w ere  sm all, 0 .25  pH unit/1 1 .4 

cm  developm ent. In a  later work (18) th e  s a m e  au th o rs  in v estig a ted  

th e  form ation of a  se lf-g en e ra ted  pH g rad ien t on thin lay ers of alginic 

acid . Solu tions of sodium  perch lo ra te  p ro d u ced  g rad ien ts  rang ing  

from 1.1 pH unit/10 cm  for 1.0 M to 0.3 pH unit/10 cm  for 0.1 M with 

th e  lower pH va lu es reported  a t the  so lven t front. They exp la ined  

th e s e  resu lts  a s  being  d u e  to  ion ex c h an g e  followed by a  “tran sfe r  of 

hydrogen  ions tow ards the  so lven t front." A ce ta te  buffer so lu tions 

w ere  a lso  u sed  a s  develop ing  so lven ts for alginic acid layers. W hen 

th e  concen tra tion  of sodium  a c e ta te  w a s  varied a n d  th e  pH of th e  

solution w as kept a t a  co n s tan t 2 .70  by th e  addition of HNO 3 , a  

g rad ien t of 0 .6  pH unit/9 cm  w as m e asu re d  in the  layer with th e  low er 

pH being  m e a su re d  a t th e  so lven t front. T he cu rv es  w ere  sim ilar bu t 

th e  0.1 M solution p roduced  th e  h ighest curve an d  th e  0 .4  M th e  

low est. This g rad ien t w as attributed to  ion -exchange. W hen  th e  

sod ium  a c e ta te  concen tra tion  w as held a t 0 . 2 0  M an d  th e  pH varied  

by the  addition of HNO 3  only a  slight pH grad ien t, (0.3 pH unit/9 cm ), 

w a s  o b se rv ed  for an  initial solvent pH of 1.40. T he pH in c re a se d  

tow ards th e  so lven t front. This g rad ien t w as a ttribu ted  to 

“absorption". T h o se  so lu tions of lower initial pH 1 .00 an d  1.22
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p ro d u ced  no  grad ien t. Similar experim en ts  w ere  carried  ou t using 

carboxym ethy l cellu lose. T he layers w ere  d ev e lo p ed  with equ tm olar 

sod ium  a c e ta te /a c e tic  acid buffer so lu tions. W hen th e  ac id  form of 

CM cellu lose  w as  u se d  the pH rem ained  co n s tan t for th e  first 7  cm  of 

d ev e lo p m en t an d  sh o w ed  a  drop off of 0 .2  pH units a t th e  so lven t front 

(9 cm ) w hen 1 . 0  M and  0.5 M solutions w ere  u sed . W hen a  0 . 1  M 

solution w a s  u se d  the pH m easu red  quickly d ro p p ed  after 5 cm  an d  

rem ain ed  constan tly  acidic to the so lvent front. W hen th e  sodium  

form w as u se d  no pH gradient w as p ro d u ced  with th e  1 . 0  M an d  0.5 M 

solu tions bu t the  0.1 M solution show ed  a  larger g rad ien t, a lm o st 2  pH 

units/9 cm , with a  pH of 6 .5  a t th e  so lvent front. They a lso  o b se rv ed  

th e  behav io r of m etal ions ch ro m a to g rap h ed  on  CM cellu lose  in the  

sod ium  form  using a c e ta te  buffers. A lthough no  o th e r ex p erim en ts  

b e s id e s  pH a n d  m etal ion Rf w ere m entioned , Cozzi, D esideri and  

Lepri a s s e r te d  tha t th e  g rad ien ts w ere  “d u e  to: [1] An io n -ex ch an g e  

p ro cess : [2] A p ro c e ss  of absorption  of acid  by th e  su b stra te ."  T h e se  

au th o rs  pub lished  no further ex p erim en ts  on  th e  p o ssib le  

m ech an ism s  of form ation of th e se  g rad ien ts  o r  on their exploitation in 

ch ro m ato g rap h ic  sep a ra tio n s . H ow ever th e  s a m e  a u th o rs  a n d  C o a s  

(19) explained  an o m alies in their se p a ra tio n s  of am ino  a c id s  on 

alginic acid  layers by stating  that “[t]he d isc rep an cy  b e tw e en  th e  

theoretical an d  experim ental v a lu e s . . .  is probably  d u e  to  a  pH 

g rad ien t a long  the  plate." Lepri, D esideri, Landini a n d  Tanturli (20) 

exp lained  an o m alie s  in their sep a ra tio n  of p h en o ls  on lay ers  of
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Dowex 50  X4 by say ing  tha t “[s]uch d isa g re e m e n t b e tw een  

theore tica l a n d  experim en ta l v a lu es  m ay b e  co rre la ted  with th e  

different pH on th e  layer with resp ec t to tha t of th e  eluent. . . .  w e h av e  

m e asu red  th e  pH on  th e  layer and  found pH v a lu es  b e tw een  9 .2  a n d  

9 .5  for sodium  hydrogen  ca rb o n a te  a n d  b e tw een  10.3 an d  9 .8  for 

sodium  carbonate ."  Similarly Lepri, D esideri a n d  C o a s  (21) 

exp la ined  an o m a lie s  in their se p a ra tio n s  of am in o p h o sp h o n ic  ac id s  

on Dowex 50  X4 by say ing  tha t “[t]he d isc rep an cy  b e tw een  th e  

theoretical a n d  experim ental va lues is probably  d u e  to a  pH g rad ien t 

along  th e  layer.”

T he M aste rs  re se a rc h  of the cu rren t writer (2 2 ) c o n c e rn e d  th e  

purposeful production of a  se lf-genera ting  pH g rad ien t in thin layer 

ch ro m ato g rap h y . T he developm ent of CM cellu lose p la te s  with a  pH 

7 p h o sp h a te  buffer did not p roduce a  con tinuous variation in pH a s  

d e te rm in ed  by spray ing  the  d eve loped  p la te  with a  un iversal pH 

indicator solution. In stead  a  d iscre te  c h a n g e  in pH w a s  o b se rv e d  a t a  

heigh t proportional to the  streng th  of th e  buffer. A continuous 

g rad ien t of 1.6 pH units/10 cm  w as m e asu red  using  a  pH m eter 

equ ipped  with a  flat su rface  com bination e lec tro d e  on C-18 silica gel 

thin layers d ev e lo p ed  with a  triethylam ine/triethylam m onium  chloride 

buffer in ethanol-w ater. T he m ore acid ic m e a su re m e n t w a s  m a d e  

tow ard th e  so lven t front. No ex p erim en ts  w ere  perfo rm ed  to  ac co u n t 

for the  m echan ism  by which the grad ien t w as form ed. It w a s  believed  

to have been due to th e  progressive neutralization of the basic mobile
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p h a s e  by th e  naturally acidic stationary p h a se . C onsidering  tha t 

triethylam ine h a s  a  h igher volatility than  its chloride salt, a  flux 

g rad ien t m ay h av e  b e e n  responsib le . T he polarity of triethylam ine is 

low er than  its sa lt so  polyzonal developm ent m ay 

h a v e  a lso  b e e n  occurring. T he gradient p ro d u ced  sh o w ed  little effect 

on  th e  se p a ra tio n s  of am ino  ac ids, sm all p ep tid es , nitroanilines or 

n itrophenols. It w a s  a b le  to se p a ra te  sa m p le s  of polyvinylalcohol on 

th e  b a s is  of their m olecu lar w eights.

T he cu rren t D octoral re se a rch  d e m o n s tra te s  se v e ra l 

reproducib le  thin layer chrom atograph ic s y s te m s  in w hich a  se lf­

g e n e ra te d  m obile p h a s e  pH grad ien t is p ro d u ced . S ev era l 

te ch n iq u es  for m easu rin g  th e  pH of thin layer p la te s  w ere  d eve loped . 

E xperim en ts w ere  perfo rm ed  on both d ev e lo p ed  a n d  develop ing  

p la te s  using  gravim etric, potentiom etric, sp e c tro sco p ic  an d  

p h o to g rap h ic  m e th o d s  to d eterm ine  th e  m an n e r a n d  m ech an ism  by 

w hich th e  g rad ien t is form ed. T he effect of the g rad ien t on the  

se p a ra tio n  of m etal ions w as investigated. T he g rad ien t w as 

em ployed  in the  fractionation of sam p les  of poly-L-glutam ic acid .
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In any  experim ent involving g rad ien t ch ro m ato g rap h ic  tech n iq u es , 

th e  m ost fundam ental question  m ust be: H as a  g rad ien t b e e n  form ed 

a n d  if so  w hat is its m agnitude an d  form ? S evera l experim ental 

te c h n iq u e s  h av e  b e e n  u se d  for m aking th e se  m e a su re m e n ts .

Cozzi, D esideri and  Lepri (18) m easu red  th e  pH of their alginic 

ac id  an d  carboxym ethyl cellu lose thin layer p la te s  using two 

tech n iq u es . "(1 ) Direct pH m easu rem e n t on the su rface  of th e  layer 

using  a  specia l com bined  e lec tro d e  (Polym etron).

(2 ) M easu rem en t of th e  pH of th e  su sp e n s io n s  o b ta in ed  by d ispersing  

eq u a l portions of th e  layer (ban d s) in 5 mL portions of distilled w ater 

after elution. A g la ss  e lec trode  w as u se d  for th e  m e asu rem e n ts , 

w hich w ere  carried  out afte r th e  su sp e n s io n s  h ad  b e e n  ag ita ted  for 2  

m inutes"

During the M a s te r’s re se a rch  by th e  cu rren t re se a rch e r , (22) 

th e  pH of a  C -18 Silica gel thin layer chrom atograph ic p la te  w as 

m e a su re d  using a  flat su rface  com bination pH e lec tro d e  (F isher 

Scientific). S ince th e  m obile p h a s e  u sed  in th o se  ex p erim en ts  w as 

volatile a t room  te m p era tu re , m e a su re m e n ts  w ere  ca rried  ou t while
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th e  plate w as  still in th e  developing tank. T h e  e lec trode , held by a  

B unsen  clam p, w as  low ered into the  tank  p erp en d icu la r to  th e  p late. 

At th e  en d  of the B un sen  clam p w as a  poin ter indicating d is tan ce  on a  

m e te r stick, th u s indicating the  vertical d is tan ce  a lo n g  th e  p la te  a t 

which the  pH m easu rem en t w as  being m ade.

In the s a m e  re se a rch , pH c h a n g e s  in carboxym ethyl ce llu lose  

p la te s  d ev e lo p ed  with non-volatile m obile p h a s e s  w ere  m e a su re d  by 

spray ing  th e  p la te s  with a  universal indicator solution, (F isher 

Scientific), and  com paring  th e  colors with a  s ta n d a rd  chart provided 

by the  m anufacturer.

In th e  cu rren t re sea rch , sev era l te ch n iq u e s  for m easu rin g  the  

pH of a  thin layer w ere em ployed. M ost com m only, a  C orning M odel 

115 pH m eter equ ipped  with a  Flat M em brane pH e lec tro d e  (Ml-404) 

an d  a  M icro-R eference E lectrode with Flexible Barrel (M I-402) from 

M icroelectrodes, Inc. (Londonderry, NH) (Figure 1 ) w as u sed . After 

deve lopm ent, the  p la te s  w ere  rem oved  from th e  c h a m b e r  a n d  th e  

portion in co n tac t with the  developing so lvent blotted. T he p la te  w as 

th en  p laced  on a  s lan ted  su rface , an d  a  specially  p rep a red  tem p la te  

(Figure 2) (fabricated by Mr. Ed K uhner of th e  P hysics D epartm en t 

of Q u e e n s  College), w as  p laced  on top of the  p la te , with th e  etch 

m ark p laced  a t the  top of the portion of th e  p la te  th a t w as  su b m e rg e d  

in developing solvent. This
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MI-402 MI-404

Ref pH

F igure  1 M icroe lec trodes. Illustrations from  o p e ra tio n s  m an u a l from 

M ic ro e lec tro d es , Inc. (Londonderry, NH)
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MADE FROM 
TRANSPARENT 
PLASTIC 
0.30 cm THICK

RUBBER 
O - RING

1 cm
12 cm

ETCH MARK 
ON
OBVERSE1 cm

5 cm

—  2 c m — 1-1 cm]— 2 cm-----

Figure 2. Tem plate fabricated for the m easurem en t of the pH of 
thin layer chrom atographic p la tes
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tem p la te  se rv e d  two functions. T he rubber o-ring se a l h e lp ed  to 

m inim ize p o ssib le  afte r-deve lopm en t pH c h a n g e s  d u e  to  ev ap o ra tio n , 

an d  th e  p recise ly  drilled ho les insured  a c c u ra te  an d  rep roducib le  

m e a su re m e n t of d is tan ce . T he pH an d  re fe ren ce  m ic ro e lec tro d es 

w ere  then  p laced  in ad jacen t ho les an d  held  a g a in s t the  thin layer, 

an d  th e  pH a t th a t d is tan ce  w as m easu red . S tab le  pH m e a su re m e n ts  

w ere  usually ob ta ined  within 1 0  sec.

M e asu rem e n ts  on  a  flat su rface  co rre la ted  well with th o se  in 

solution. T he e lec tro d e s  w ere  calibrated  ag a in s t a  pH 7 .0 0  p h o sp h a te  

buffer an d  a  pH 4 .00  ph thalate  buffer. S am p le s  of th e s e  buffers w ere  

th en  applied  to p ie c e s  of filter p ap e r an d  m e a su re d  using th e  flat 

su rface  e lec tro d es. T h ese  m e a su rem e n ts  w ere  7 .00  an d  4 .00 , 

respectively .

T he s a m e  tem pla te  w as  a lso  u sed  to m e a su re  th e  pH a t o n e  

particular d is tan ce  while the plate w as being d ev e lo p ed . Sm all ho les 

w ere  bo red  in rubber g a s  ch rom atography  se p ta , ( 1  cm  dia., cu t to 0 . 2  

cm  in th ickness) w hich w ere affixed using cy an o acry la te  g lu e  (Krazy 

G lue, Borden Inc., C olum bus, OH) to both s id e s  of the  tem p la te  over 

th e  ho les a t 1 cm  ab o v e  th e  start line. T h e se  allow ed th e  re fe ren ce  

an d  pH e lec tro d es to be  held firmly in place. A special cell w a s  

c rea ted , (Figure 3) to hold the thin layer p la te  by affixing 1 0  cm  X 2.5 

cm g la ss  p la te s  to a larger 5cm X 20 cm p la te  using  cy an o acry la te
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9.5 cm

i
20 cm

10 cm

made from glass plates
1.5 mm in thickness

1 PLATE 

1 PLATE

3 PLATES

.TLC PLATE
(layer removed 

from edges)

Figure 3. Bottom of a  Special Cell Fabricated for the 
Continuous pH M easurem ent of a  Thin Layer 
Chrom atographic PLate
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glue. T he thin layer p la te  w as  th en  a ttach ed  to th e  specia l cell using 

tran sp a re n t tap e . A pproxim ately 1 cm of the thin layer p la te  w as 

allow ed to  pro trude from the  cell. T he cell w as  co v ered  by the  

tem p la te  w hich w a s  eq u ip p ed  with flat su rface  pH a n d  re fe ren ce  

e lec tro d es. T he w hole a p p a ra tu s  w as then  held vertically on top  of a  

petri dish into which th e  thin layer plate w as allow ed to p ro trude. 

D eveloping so lven t w a s  then  ad d e d  to the petri d ish  to beg in  

developm ent. T he signal from th e  pH m eter w as fed  th rough a  level 

shifting am plifier (d es ig n ed  an d  fabricated  by Mr. Bob B unche of the 

P hysics D epartm ent of Q u e e n s  C o lle g e ) . This signal w a s  then  se n t 

to a  S h im adzu  R - 1 11  strip ch a rt recorder providing a  read  ou t of pH 

vs. tim e This plot w as then  correla ted  to pH vs. height of so lvent front.

T he pH of a  thin layer w as  a lso  de term ined  during d ev e lo p m en t 

colorim etrically. S ev era l pH indicators h ad  b e e n  d e te rm in ed  to h av e  

little or no mobility on th e  thin layers studied. Vertical b a n d s  0.3 cm  in 

width w ere  incised in the  thin layer p lates. A thin layer p la te  w as 

p laced  on a  g la ss  p la te  (5 X 20 cm ) and co v ered  with two o ther g la ss  

p la te s  to m ask  all but o n e  vertical band. T he resulting “sandw ich" w as  

held  to g e th er by binder clips and  p laced upright in a  hood. An 

approxim ately  0 .1 %  (w/v) ethanolic or m ethanolic solution of a  given 

indicator w as  applied  using a  250 mL TLC sp ray e r (PYREX No.

5000) to cover th e  ex p o sed  b and , an d  allow ed to air dry. The 

m ask ing  p la te s  w ere  rem o v ed  an d  th e  next b a n d  w as  similarly tre a ted
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with a  different indicator. Up to 6  different indicators could b e  applied 

to  a  1 0 cm  X 5 cm  plate. A special cell w as fabricated  from g la ss  

p la te s  an d  cyan o acry la te  g lue (Figure 4) A pproxim ately 0 .3  cm  of the  

sta tionary  p h a s e  w a s  rem oved  from the vertical e d g e s  of th e  thin 

layer p late to which th e  indicators had  b e e n  applied  . T he thin layer 

p la te  w as  then  affixed by tran sp aren t ta p e  to th e  bottom  half of th e  

cell, leaving approxim ately  1 cm  protruding from th e  bottom  of th e  

cell. T he top half w as  then p laced  atop  th e  bottom , an d  th e  two held 

to g e th er using binder clips. T he back  of th e  cell w a s  co v ered  with a  

layer of filter p ap e r  to a c t a s  a  light diffuser. T he cell w as held 

vertically a top  a  petri dish , and  w as back lit with light from a  GE 

photoflood bulb. D eveloping so lvent w as  p laced  in the  petri dish to 

begin  developm ent. P ho tog raphs w ere taken  a t 1 cm  in tervals of 

deve lopm en t, using a  Seagull DF-300 35m m  SLR C a m era , eq u ip p ed  

with Rolev c lose-up  le n se s  and  a  Mizco tripod.
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Figure 4. Special G lass Cell Fabricated for the Photography of a  
Developing Thin Layer C hrom atographic P late
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A lthough C-18 Silica w as u se d  to p roduce a  se lf-g en era tin g  m obile 

p h a s e  g rad ien t in prev ious work (2 2 ) ,  it w as felt tha t th e  a c id -b a se  

p ro p erties  of derivatized  silicas w ere neither well defined  nor 

co n s is ten t. T h o se  sta tionary  p h a s e s  in tended  for u s e  in ion ex c h a n g e  

thin layer ch rom atog raphy  usually  p o s s e s s  well defined  acid ic  or 

b a s ic  m oieties . T he concen tra tions of th e s e  m oie ties a re  usually  well 

controlled . T he stationary  p h a s e s  m ost often em ployed  a re  th e  

derivatized  ce llu loses. For th e  current work, carboxym ethyl an d  

diethylam inoethyl ce llu lo ses w ere u sed  (Figure 5) . P o ly este r s h e e ts  

p re -co a ted  with 1 0 0  pm  layers of th e se  ce llu lo ses  a re  com m ercially  

availab le  from W hatm an an d  a re  known a s  C ellu lose 300  CM [4410- 

223] a n d  C ellu lose 300 DEAE [4410-224], respectively . Similar 

DEAE C ellulose p la tes, known a s  Polygram  CEL 300  DEAE a re  

p ro d u ced  by M achery - Nagel.

T h e  W hatm an CM cellu lose p la tes  a s  rece iv ed  w ere  in th e  

p ro to n a ted  form. This w as ap p a re n t a s  a  C ellu lose 300  CM p late  

d ev e lo p ed  with distilled w ater an d  m e asu red  using  th e  tem p la te  an d  

pH e lec tro d e s  techn ique sh o w ed  an  av e ra g e  pH of 5 .4 , D evelopm ent 

with so lv en ts  of increasing  ionic strength  sh o w ed  low er pH v a lu es. 

But in all c a s e s ,  developm ent with aq u e o u s  NaCI so lu tions did not 

p ro d u ce  a  pH g rad ien t (Figure 6 ).
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Figure S. Curve* e l pH v*. D istant* lor CM 
C allulosa platas d*v*k>p*d with solution* 

of varying HaCI concentrations
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In o rd e r to de te rm in e  th e  sodium  ion co n cen tra tio n  n e c e ssa ry  

for th e  m axim al e x c h a n g e  of pro tons, a  titration w a s  perform ed. A 

0 .1 5 7 g  sa m p le  of CM cellu lose  w as rem oved  from th e  W hatm an p re ­

c o a te d  p la te s  an d  w as su sp e n d e d  in 20  mL of distilled w ater. Aliquots 

of 3 .0  M NaCI w ere  ad d e d  via a  buret an d  the  pH w a s  m e a su red  using 

a  C orning 115 pH m eter equ ipped  with a  g la s s  com bination  e lec trode . 

T he resu lts  sh o w ed  tha t increasing  th e  sodium  ion concen tra tion  led 

to a  d e c re a s e  in pH. But ab o v e  approxim ately 1.00 M increasing  the  

sodium  concen tra tion  yielded no further d e c re a s e  in pH. T he 

resulting cu rve  is show n in Figure 7. Following this th e  su sp e n d e d  

resin  w as then  titrated with 0 .0208  M NaOH. This titration revea led  

th a t the  concen tra tion  of carboxym ethyl g ro u p s on th e  ce llu lose  w as 

approxim ately  0 .09  m eq/g  a n d  tha t the a p p a re n t pK a of th e  titra tab le 

proton w as  approxim ately 4.8. This is very c lo se  to  th e  tabu la ted  pK a 

of acetic  acid, 4 .74 . T he resulting curve is show n in Figure 8 .

T he M achery - Nagel DEAE C ellulose p la te s  w ere  a lso  rece ived  

in th e  p ro to n a ted  form, a s  th e  av e ra g e  pH of a  p la te  d ev e lo p ed  with 

distilled w ater w as  4.75.
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Figure 7. T1 (ration of •  auspMiakm ol CM 
calluloM  from Whatman TLC p li tw  

by 3.0M NaCI4 a
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Flgura 8. Titration of CM Callulosa 
suapandad Ini .5 M NaCI by 

0.02 M NaOH
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T hroughou t th is work a  distinction is m a d e  b e tw een  th e  te rm s 

“develop ing  solvent" an d  “m obile ph ase" . T he term  develop ing  

so lven t is u se d  to d en o te  the  liquid into which a  thin layer 

ch rom atog raph ic  p la te  is p laced . T he term  m obile p h a s e  is u se d  to 

d en o te  th e  liquid w hich p a s s e s  through th e  sta tionary  p h a se . It is 

often  a s s u m e d  that th e s e  two a re  synonym ous an d  in m any  

ch rom atog raph ic  sy s tem s th e  two a re  identical. T he aim  in this work 

is to p ro d u ce  and  study chrom atograph ic sy s te m s  in w hich they  a re  

not.

S ince  o n e  of th e  s ta ted  goals is to p ro d u ce  a  m obile p h a s e  pH 

g rad ien t, a  developing  solvent cap ab le  of undergo ing  g rad u al 

c h a n g e s  in pH is required. G iven tha t th e  com m ercially availab le ion 

ex c h a n g e  thin layer p la te s  a re  supplied  in th e  p ro to n a ted  form, o n e  

m ust u s e  a  b as ic  developing solvent if any  pH altering reaction  is to 

tak e  p lace  b e tw een  th e  mobile an d  sta tionary  p h a s e s . T he u se  of 

strong b a s e  solutions, (e.g. NaOH) would involve a  com plete  

neutralization  reaction  which would p ro d u ce  a  non-g rad ien t b a s ic  pH 

th roughout th e  length of the plate. It w as  felt th a t so lu tions of the 

co n ju g ate  b a s e s  of w eak  acids, th e m se lv es  basic , w ould b e  good  

c a n d id a te s  for u s e  a s  developing so lv en ts  for th e  production of 

g rad ien ts. S evera l criteria w ere u se d  in th e  selec tion  of th e se  sa lts . 

T h e se  co m p o u n d s m ust h av e  ap p rec iab le  a q u e o u s  solubility in bo th
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their acidic a n d  basic  form s, a s  w e w ant them  to travel with th e  m obile 

p h a s e  an d  no t precip itate a s  they trav e rse  th e  p la te. G ood  solubility 

is a lso  n e c e s s a ry  since  w e n e e d  to b e  ab le  to m aintain a  fairly large 

cation  concen tra tion , approxim ately  0.5M  or g rea te r, to facilitate the  

re le a se  of p ro tons from the  stationary  p h a se . Also, th e  pK ^ of th e  

co n ju g ate  b a s e  m ust b e  sufficiently low to insure a  m eaningful 

reaction  with th e  stationary p h a se . M any sa lts  w ere  ev a lu a ted  for 

their ability to p roduce a  gradient. They a re  listed in Table 1 .
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TABLE 1 S e le c te d  p roperties  of so m e  w eak  a c id s  an d  b a s e s

MOLAR 
SOLUBILITY 
of ACID IN

MOLAR 
SOLUBILITY 

of SALT IN
ACID fiK aL

4.76

WATER SALT USED WATER

ac e tic ooL N a 5.67L

form ic 3 .75 ooL N a 14.3°
prop ion ic 4 .8 7 ooL N a

hydrofluoric 3 .18 ooC N a 1.00c

ca rb o n ic 6 .38 .033 c N a 0,82 (°>c
10.25 - N a 2 0.67  toe

o-ph thalic 2 .95 •0033t25|L K 0.50 (25)C
5.41 - k 2 3 .0 9 s

te trab o ric 4
9 N a 2 .053 <°)c

BASE pK bi

4 .7 6

MOLAR 
SOLUBILITY 
of BASE IN 

WATER SALT USED

MOLAR 
SOLUBILITY 

of SALT IN 
WATER

am m o n ia 52. 8 l Cl 5 .55<0*°

trie thy lam ine 3.28 ioo Cl 1 0 .9 <2B,L

All solubilities m e a su re d  a t 20°C, an d  pK 's m e a su re d  a t 25°C  u n le ss  
specified
L ** L ange’s  H andbook of Chem istry (23)

C -  CRC Handbook of Chemistry and Physics (24)
S  = Solubilities, Inorganic & M etal-O rgam c C o m p o u n d s (25)
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E xperim ents in Self G en era tin g  Mobile P h a se  pH G rad ien t 

P roduction

T he flexible, p reco a ted , derivatized  ce llu lose  thin layer 

ch rom atograph ic  s h e e ts  w ere  u sed  a s  rece ived  w ithout activation.

The 20 cm  X 20 cm  sh e e ts  w ere cut with a  pair of sc isso rs  into 

sm aller p la te s  m easuring  5 cm  X 10 cm . A m echan ical pencil w as 

u sed  to sc ra tch  aw ay a  thin, horizontal line of sta tionary  p h a s e  a t a  

d es ired  d is tan ce  from th e  bottom  of the plate, usually 8 .0  or 9 .0  cm . 

This p rev en ted  overdevelopm ent of th e  plate.

Approxim ately 30 mL of th e  developing so lven t w a s  p laced  in a  

400 or 1000 mL b ea k e r and  th e  plate w as  low ered  along th e  w alls of 

the b eak e r an d  p laced  into th e  developing so lven t. T he b e a k e r  w as  

then  covered  with a  w atch g la ss  and  the plate w a s  allow ed to develop  

to th e  sc ra tch  mark. T he plate w as im m ediately rem oved  an d  th e  pH 

along the  length of dev e lo p m en t w as m e a su re d  using  th e  tem p la te  

an d  m icroe lec trodes techn ique. A queous m obile p h a s e s  w ere  ab le  to 

develop  8 . 0  cm  in th e s e  cellulosic sta tionary  p h a s e s  in usually u n d er 

30 m inutes.

D eveloping so lv en ts  w ere  p rep a red  from so lu te s  u se d  a s  

received  which w ere  d isso lved  in deion ized  w ater. T he resu lts of
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th e s e  g rad ien t form ing experim en ts are  show n graphically  a s  p lots of 

th e  pH m e asu red  on th e  su rface  of th e  plate vs. th e  d is tan ce  of 

d ev e lo p m en t a t which th a t pH m easu rem en t w a s  m ad e , in F igures 

9 -20 .

As s e e n  in F igure 9, a  rep ea tab le  pH g rad ien t m ay b e  ob ta ined  

by developing DEAE cellu lose p la tes with a  developing  so lven t of 1 . 0  

M sodium  a c e ta te . A nearly linear gradient w as  o b ta in ed  with the  pH 

n e a r  the  so lven t front m easuring  on av e ra g e  5 .5  while th e  pH 

m e a su re d  a t the  point 1 cm  ab o v e  the  level of th e  deve lop ing  so lven t 

w a s  on av e ra g e  7.5. T he results of developing CM cellu lose p la tes  

with 1 .0 M solu tions of sodium  form ate, sodium  a c e ta te  a n d  sodium  

p ro p an o a te  a re  show n in F igures 1 0  through 1 2 . T he a v e ra g e  cu rv es 

for all th ree  a re  show n in Figure 13. Here, the  first 6  cm  of 

dev e lo p m en t show  a  m o d est d e c re a se  in pH of approx im ately  1 pH 

unit, while th e  last 2  cm  of developm ent show  a  m ore s te e p  d e c re a s e  

in pH, approxim ately 2 pH units. Note a lso  tha t th e  curve for 1 .0M 

sodium  form ate is significantly lower tha t th o se  of 1 .0 M sod ium  

a c e ta te  or 1 .0 M sodium  p ro p an o a te  which a re  ra th e r c lo se  together.

T he effect of varying th e  concentration  of sod ium  a c e ta te  

so lu tions u sed  to develop  of DEAE cellulose p la te s  is show n in Figure 

14. T he d e c re a s e  from 1 0 M sodium  a c e ta te  to 0.5M  p ro d u ces  only a  

sm all d ifference in th e  g rad ien t p roduced. T he cu rv es  a re  generally



Figure 9. Curves of pH vs. Distance for
Three DEAE Cellulose Plates Developed
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Flgurt 10. Curve* of pH v t. Dlstanco for
Thraa CM Calluloso Plata* Davalopad with
1.0M sodium format*.
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Figure 11. Curves of pH vs. Olstsnce tor
Three CM Cellulose Plates Developed
with 1.0 M sodium scetate
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Flgurt 12. Curvas of pH vs. Dlstancs for 
Thr«« CM Ctllulost P latts O tvtloptd  with 
1.0 M sodium propanoatt.
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Figure 11. Curve* of Average pH vs. 
Dlttanc* ter CH Cellule** FMm  
Developed vrltlt 1.0M ledluei temiato.
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of th e  s a m e  form, but th e  cu rve  for 0.5M is slightly lower. T he curve 

o b ta in ed  using  0.3M is again  lower, bu t a lso  shallow er until 7  cm  of 

d ev e lo p m en t, after which a  sh a rp e r  d rop  off in pH is s e e n  in th e  last 

cm  of developm ent. W hen a  0.03 M solution w as u sed , a  rapid drop 

in pH w a s  o b se rv ed  in the  low er 4  cm  of deve lopm en t a n d  an  alm ost 

u n ch a n g ed  pH from 4  - 7 cm  with an  in c rease  in pH tow ard the 

so lvent front.

T he effect of changing  th e  initial pH of th e  1.0 M sod ium  a c e ta te  

solution u se d  a s  a  developing solvent for DEAE cellu lose  in show n in 

Figure 15. T h e se  sodium  a c e ta te  so lu tions w ere  p re p a re d  by 

ad justing  th e  pH of th e  so lu tions with co n cen tra ted  hydrochloric acid. 

T his m ain tained  a  co n s tan t sodium  ion concen tra tion  an d  a  

practically  co n s tan t ace tic  ac id  formality. W hen th e  initial pH w as 7.0, 

th e  pH m e a su re d  in th e  lower 4  cm  of th e  d ev e lo p ed  p la te  sh o w ed  a  

co n s tan t pH of 6 .95  with a  d e c re a se  in th e  upper 4  cm  dow n to pH 

5.30. W hen the initial pH w as  6.0, th e  pH rem ained  at a  co n s tan t 

6 .15 -6 .25  for the  lower 6  cm  of developm ent with a  fall to  5 .85  only in 

th e  last two cm  of developm ent.

A q u eo u s so lu tions of sodium  sa lts  of o th e r w eak  a c id s  w ere  

u se d  a s  developing  solvents. Figure 16 sh o w s th e  resu lt of using a  

0 .5  M sodium  fluoride solution. T he cu rve  m e asu red  sh o w s two 

co n tin u o u s portions s e p a ra te d  by a  d isco n tin u o u s c h a n g e  in pH 

betw een  5  and  6 cm.
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Flgur* 14. Curvss of D istinct vs. pH for
DEAE C tllu lo st D svtloptd with Solutions of
sodium sce ts ts  of Varying Molsrltss
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Figure 19. Curve* of pH vs. Distance far 
DEAE Cellulose Developed MM Solutions 
of 1 .0  H sodium aealai* of Varying MUal 
pH Values.
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Figure 16. Curve of pH vs. Distance for CM 
Cellulose Developed with 0.5 U sodium 
fluoride.
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Sodium  c a rb o n a te  an d  b ica rb o n a te  so lu tions w e re  a lso  u sed . 

F igure 17 sh o w s a  nearly  co n stan t pH for all but th e  last cm  of 

d ev e lo p m en t an d  a  significantly lower pH value n e a r  th e  so lven t front 

w hen  0 .5  M sodium  ca rb o n a te  w as  u se d  a s  a  deve lop ing  so lven t for 

DEAE ce llu lo se , A similar effect is noted  in Figure 18. H ere th e  0 .5  M 

sodium  c a rb o n a te  a lso  sh o w ed  a  co n s tan t pH until th e  reg ion  n e a r  

th e  so lven t front. T he m ore dilute 0.05 M sod ium  c a rb o n a te  solution 

sh o w ed  a  co n s tan t pH for th e  lower 5 cm  followed by  a  discontinuity 

b e tw een  5 an d  6  cm  an d  a  d e c re a se  in the u p p er 2 cm . T he 0.5 M 

sodium  b icarb o n ate  solution show ed , but low er sim ilar cu rve  to tha t 

of th e  0.5 M sodium  ca rb o n a te  solution.

T he u se  of so lu tions of sodium  te trab o ra te  to d ev e lo p  DEAE 

cellu lose in show n in Figure 19. Using a  0 .10  M sod ium  te trab o ra te  

solution, a  nearly co n s tan t pH w as  m e asu red  for th e  low er 6  cm  with a  

sh a rp  d e c re a se  in th e  upper 2 cm  down to pH 5.0. W hen  using the  

m ore dilute 0.01 M sodium  te trab o ra te , th e  s a m e  s h a rp  d e c re a s e  w as  

o b se rv ed  , but it occu rred  in th e  lower 2  cm , with th e  u p p er 6  cm  

rem aining n ear pH 5. A similar effect is s e e n  in F igure 20 w h ere  a

0 . 0 1  M sodium  te trab o ra te  solution w as  u se d  to  d ev e lo p  CM cellu lose. 

H ere the  sh a rp  d e c re a s e  in pH w as o b se rv ed  a fte r 2  cm  of 

deve lopm en t, an d  the region betw een  3 an d  7 cm  sh o w ed  a  nearly 

co n s tan t pH 5.3, followed by ano th er d e c re a s e  n e a r  th e  so lven t front.

W hile th e s e  experim en ts  show  that with a  properly  ch o se n
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Figure 18. Curve* of pH vs. Distance for 
CM Cellulose Developed with Solutions of 
sodium carbonate and sodium bicarbonate.
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Figure 19. Curve* of pH vs. Distance for
DEAE Cellulose Developed with Solutions of
sodium tetraborate.
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Figure 20. Curve ol pH vs. Distance lor 
CM Cellulose Developed with 0.01 M 
sodium  tetraborate.
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develop ing  solvent, th e  pH m e asu red  a t th e  bottom  of a  d ev e lo p ed  

derivatized  cellu lose thin layer plate will not b e  the s a m e  a s  th a t 

m e a su re d  n e a r  th e  so lven t front, they a lso  ra ise  se v e ra l q u es tio n s . 

N am ely: W hat is the m echan ism  by which th e se  g rad ien ts  a re  

p ro d u ced ?  W hy a re  so m e  cu rv es con tinuous an d  so m e  sh o w  

d iscon tinu ities?  Why do so m e  m obile p h a s e s  p ro d u ce  a  nearly  

co n s tan t pH for the lower portion of the plate with a  s te e p  decline  

n e a r  the  so lven t front? How do pH m e asu rem e n ts  m ad e  on a  

d ev e lo p ed  p la te  correla te  to the pH environm ent for an  an a ly te ?  , i.e. 

W hat pH d o e s  an  ana ly te  '‘feel"? Further ex p erim en ts  d e s ig n e d  to 

a n sw e r th e s e  q u es tio n s a re  d escrib ed  in th e  following sec tion .
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E xperim en ts tow ard elucidating  the  m ech an ism  of se lf-g en era tin g  pH 

g rad ien t form ation on carboxym ethyl cellu lose.

C arboxym ethyl ce llu lose  w as  ch o sen  for th e  m echan istic  

ex p erim en ts  primarily b e c a u s e  its m echan ical stability is g rea te r  

than  tha t of DEAE cellu lose. T he DEAE cellu lose layers u sed  ten d ed  

to b e  ra th e r friable, writing on them  with pencil w as  difficult and  

rem oving specific a r e a s  of th e  layer w as a lm o st im possib le . The 

DEAE layers a lso  ten d ed  to e ro d e  easily w hen  to u ch ed  with the pH 

m icroelec trodes.

O n e  could p o s tu la te  sev e ra l possib le  m e c h a n ism s  by which a  

b a s ic  m obile p h a s e  could c re a te  a  se lf-genera ting  pH g rad ien t w hen  

p a ss in g  through a  p ro to n a ted  ion ex ch an g e  resin . Four of them  a re  

given here.

a)  M ioration-Titration: A g rad ien t could b e  form ed a s  a  b as ic  mobile 

p h a s e  m ig rates th rough  the  layer an d  is gradually  titra ted  by th e  

p ro to n a ted  carboxym ethyl cellulose. O n e  could  p ic ture  th e  sta tionary  

p h a s e  layer a s  being  divided into n horizontal b an d s . A s th e  b as ic  

m obile p h a s e  e n te rs  th e  first band , it e n c o u n te rs  so m e  pro tons a n d  a

limited am o u n t of m obile p h a s e  cation is e x c h a n g e d  for H+ an d  th e

pH dim inishes. In th e  next band , the  sa m e  block of m obile p h a s e  now
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re a c ts  with m ore p ro tons an d  its pH d im inishes still further until it

re a c h e s  th e  n1*1 b an d  w here it is m ost acidic. This m echan ism

w ould a lso  explain why the  g rad ien t is flatter n e a r  th e  bottom  of th e  

p la te. After th e  bottom  b an d  of stationary  p h a s e  h a s  b e e n  tran sited  

by sev e ra l b a n d s  of m obile p h a s e  th e  num ber of p ro tons availab le  for 

ex c h a n g e  h a s  b ee n  dim inished so  the pH will c h a n g e  only slightly. If 

th is m e ch an ism  w ere  co rrect an  analy te  rem ain ing  n ea r  th e  bottom  

of th e  p la te  would alw ays experience  a  b as ic  m obile p h ase . If that 

an a ly te  w e re  to  m ove with th e  m obile p h a s e  th e  environm ent 

su rrounding  it would b eco m e progressively  m ore acidic.

bl Mobile P h a s e  S epara tion ; As early a s  1958, P ickering (26) no ted  

th a t w hen developing  filter p ap e r with an  a q u e o u s  m obile p h a s e  

containing NaOH or HNO3  tha t two fronts w ere  o b se rv ed . T he 

d ev e lo p ed  p a p e rs  w ere  m oistened  with un iversa l indicator a n d  it w as  

o b se rv e d  th a t th e  u p p er a q u e o u s  front w a s  follow ed by a  front

con tain ing  e ither O H ' or H+ . The Rf value of th is s e c o n d  front

in c re ased  with the  so lu te  concentration .

T h e  failure of o n e  com ponen t of th e  develop ing  so lv en t to 

m igrate with th e  m obile p h a s e  could c a u s e  a  c h a n g e  in th e  pH 

m e asu red  on a  thin layer plate. O ne would ex p e c t to find a  

discontinuity in the pH vs. distance curve representing the second



45
front sim ilar to the  cu rv es  show n in F igures 19, 20 an d  21. A s in 

F igure 19, o n e  would ex p e c t th e  height of th e  discontinuity  to in c re a se  

with increasing  so lu te  concentration . O n e  would a lso  ex p ec t to  b e  

a b le  to  o b se rv e  a  d isc re te  c h a n g e  in so lu te  concen tra tion  a t th e  s a m e  

d is tan ce  a s  th e  d isc re te  ch an g e  in pH.

cl se lec tiv e  retention: If a  developing so lven t co n ta in s  m ore th an  

two co m p o n en ts  it is p o ssib le  that o n e  or m ore of th e  co m p o n en ts  will 

b e  selectively  reta ined  by the stationary p h ase . This will c a u s e  a  

c h a n g e  in the com position of the m obile p h a s e  during dev e lo p m en t. 

T his w as  th e  m echan ism  em ployed by A rm strong e t al. (15) w ho 

s e p a ra te d  po lym ers using  a  se lf-genera ting  m obile p h a s e  polarity 

g rad ien t. T he pH of a  buffered m obile p h a s e  is d e te rm in ed  by th e  

ratio of th e  acidic an d  b as ic  form s of th e  buffer. If o n e  of th e  two form s 

w e re  to b e  selectively reta ined  by th e  sta tionary  p h a s e  o n e  would 

predict th a t a  pH g rad ien t would b e  form ed. This se lec tiv e  reten tion  

could b e  d u e  either to ion ex ch an g e  o r to adsorp tion . This 

m e ch an ism  n eed  not b e  co n sid ered  in determ ining  the  how a  pH 

g rad ien t form s on CM cellu lose since  a  g rad ien t w a s  o b se rv ed  w hen  

th e  m obile p h a s e  w as  co m p o sed  of only o n e  form of a  w eak  acid , i.e. 

a c e ta te . (The concen tration  of ace tic  ac id  in a  1 . 0  M sod ium  a c e ta te

solution is calcu lated  a s  2 X 1 0 ' 5  M)
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d) ion ex ch an g e  - neutralization; As a  b an d  of m obile p h a s e  m o v es 

th rough  a n  u n d ev e lo p ed  b an d  of the  p ro to n a ted  ion e x c h a n g e  resin , 

th e  ca tio n s  in the  m obile p h a s e  ex ch an g e  for th e  p ro to n s in th e  resin . 

T he re le a se d  p ro tons c a u s e  th e  pH of th e  m obile p h a s e  to d rop  but 

th e  effect is buffered by the p re se n ce  of th e  anion w hich is basic. As 

m ore  b a n d s  of m obile p h a s e  p a s s  through th a t s a m e  b an d  of 

s ta tio n ary  p h a se , th e re  a re  increasingly  few er p ro to n s  av a ilab le  for 

ex c h an g e , an d  th e  pH of the  m obile p h a s e  p a ss in g  th rough  th a t b an d  

b e c o m e s  m ore  b a s ic  a n d  b eg in s to ap p ro ach  th a t of the  deve lop ing  

solvent. If this m ech an ism  w ere  correct, o n e  would pred ic t th a t th e  

pH m e asu red  a t th e  so lven t front would b e  acidic. An ana ly te  sp o tted  

n e a r  the  bottom  of th e  plate would first ex p e rien ce  a n  acidic 

environm ent which gradually  b ecam e  m ore basic . O n e  w ould ex p ec t 

to find th a t the concen tra tion  of th e  anion w as  nearly  co n s tan t along  

th e  length of a  d ev e lo p ed  p la te , but th a t th e re  shou ld  b e  few er b o u n d  

ca tio n s a t the so lven t front than  there  a re  n ea r  th e  bottom  of a  

d ev e lo p ed  plate.

T he experim enta l resu lts  tha t follow provide ev id en ce  w hich 

will perm it th e  determ ination  of the  m ajor m ech an ism  involved.

1 . Q ualitative D eterm inations of Mobile P h a s e  co n s titu en ts : 

Qualitative experiments showed that th e  mobile phase
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se p a ra tio n  m ech an ism  could not b e  th e  c a u s e  of th e  resu lts  show n in 

F igure 21. In this experim ent a  CM cellu lose p la te  d eve loped  with a  

0 .0 5  M com m ercially  p rep a red  pH 7 .00  p h o sp h a te  buffer {Fisher 

Scientific) sh o w ed  a  d isc re te  pH ch an g e  b e tw een  3 an d  4  cm  of 

deve lopm ent. H ow ever w hen  th e  d ev e lo p ed  dried p la te  w as  sp ray e d  

with a  Dittm er - L ester p h o sp h a te  detec ting  sp ray  (27) th e  p re s e n c e  

of a  purple color indicated th e  p re se n ce  of p h o sp h a te  ion up to 7 .5  cm  

of developm ent. T h e  total height of dev e lo p m en t w as  8 .5  cm . T he 

c h a n g e  o b se rv ed  in pH is probably not d u e  to a  failure of the  

p h o sp h a te  ion to m igrate with the mobile p h a s e . This is not th e  c a s e  

in Figure 2 0 . CM cellu lose p la tes d eve loped  with a  0.01 M solution 

of N a2 B4 0 7  w ere  sp ray ed  with a  turm eric indicator solution. T he 

solution w a s  p re p a red  by boiling 1 g of turm eric (Ehler's) in 40  mL of 

e thanol. This w as  filtered through p ap e r  an d  th e  filtrate acidified with 

1 mL of glacial ace tic  acid an d  diluted to  50  mL with ethanol. This 

s tock  solution w as diluted 1 : 1 0  with ethano l before u se . For u s e  on 

dried  p la te s  the  solution w as  further diluted 1 :1 with w ater. The 

turm eric indicator sp ray  which is sensitive  for b o ra te s  g a v e  a  purple- 

brown color only in th e  region of the p la te  directly in con tac t with the  

developing  solution an d  slightly above . This s e e m s  to indicate th a t for 

th e  c a s e  of sodium  te trab o ra te  which h a s  a  low a q u e o u s  solubility tha t 

th e  m obile p h a s e  sep ara tio n  m echan ism  could  explain th e  d isc re te  

c h a n g e  in pH occurring in Figure 20.

F urther quantita tive exp erim en ts , d e sc rib ed  later, w ere
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Figure 21. C u m  of pH va. P la in — tor CU 
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perform ed  on CM cellu lose p la te s  deve loped  with p h th a la te  solutions. 

T h e s e  sh o w ed  th a t th e  m obile p h a s e  sep a ra tio n  m ech an ism  did not 

play a  role in pH ch a n g e  the re . It is likely tha t th is p h en o m en o n  is only 

significant w hen so lu te s  with poor a q u e o u s  solubility a re  u se d  for 

m aking developing  solutions.

2. U se of p H Indicator C om pounds:

Com m ercially availab le  pH indicators w ere  ex tensively  u se d  in 

th e  curren t re sea rch . Not only do they h av e  well defined  a c id -b a se  

p roperties , but they  require no p o st-ch rom atog raph ic  visualization. 

S ev era l indicators w ere  exam ined  to d eterm ine  their 

ch rom atog raph ic  behav ior on CM cellu lose p la te s  d ev e lo p ed  with 1 . 0  

M sodium  a c e ta te . T he resu lts  of th e se  ex p erim en ts  a s  well a s  d a ta  

pertaining to th e s e  indicators a re  given in Table 2. T h o se  indicators 

w hich ch a n g e  color in th e  ran g e  ex p ec ted  for th e  pH g rad ien t and  

which show  little or no m ovem ent in th e  sy s tem  stu d ied  w ere  u sed  for 

th e  pho tograph ic  determ ination  of the p ro c e s s  of th e  pH grad ien t. 

T h o se  which a re  ex p ec ted  to b e  involved in an  a c id -b a se  reaction  in 

th e  ran g e  ex p ec ted  for the pH gradient an d  which show  an  Rf 

g rea te r  th an  0.3 w ere  co n sid ered  for u se  in “R f-on-the-fly” 

experim en ts. T he indicators ch o sen  for th e s e  ex p e rim en ts  a re  all 

w eak  ac id s  a s  can  b e  se en  in Figure 22. This will in su re  tha t th e re  is 

no ion -exchange m ech an ism  involved in th e  m o v em en t of th e  

an a ly tes  a s  CM cellu lose is a  cation ex c h an g e  resin . In th e s e
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T able 2. S e lec ted  D ata for pH Indicators
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Ind ica to r
Acid Basic 
co lor co lor

alizarin yel red
alizarin red S yel red

b ro m creso l g reen yel b lue

b ro m creso l purple yel purp le

b ro m p h en o l blue yel b lue
b ro m p h en o l red yel red

brom thym ol b lue yel b lue
ch lo ro p h en o l red yel red

c o n g o  red blue red
c re so l red yel red

e rioch rom e black T red blue

ethyl o ran g e red yel

flu o resce in col gm  fl.

m ethyl o ran g e red yel

m ethyl red red yel
phen o l red yel red

p h en o lp h th a le in col red

Transition 
r a n a e f2 4 ) Rf on CMC*

5.6 - 7.2 0 . 1 0

4.6 - 6.0 0 . 1 0  s tre a k

3.8 - 5.4 0.31
5.2 - 6 . 8 0.51

3.0 - 4.6 0.31
5.2 - 6 . 8 0 . 6 8

6.0 - 7.6 0 .04
5.2 - 6 . 8 0.64

3.0 - 5.0 0 . 0 0

7.0 - 8 . 8 0 .38

5.0 - 6.5 0 . 0 0

3.4 - 4.8 0 .07

4.0  - 4.5 0 .37

3.2 - 4.4 s tre a k

4.8 - 6.0 0 .34

6 . 6  * 8 . 0 0 . 6 8

8 .2 - 1 0 . 0 0 . 0 2

* 1 .OM sodium  a c e ta te  u sed  a s  a  developing so lven t
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ex p erim en ts  the indicator is sp o tted  on a  CM ce llu lo se  p la te  which is 

p la ced  in th e  cell fab rica ted  for photographic w ork (F igure 4 ) .  T he 

cell is c lam ped  vertically over a  petri d ish  into w hich th e  developing  

so lvent is p laced  a n d  a  ruler is clipped to  the  front of the  cell. This 

perm its th e  m e a su re m e n t of th e  height of both  th e  so lven t front an d  

th e  analy te  spo t s o  tha t the  Rf of th e  ana ly te  c a n  b e  m e a su re d  

sev e ra l tim es while th e  p la te  is being  developed .

T h e se  m e a su re m e n ts  w ere  m a d e  using  bo th  g rad ien t- 

producing (1 .0 M sod ium  ac e ta te )  an d  non -g rad ien t-p roducing  ( 1 . 0  

M sodium  chloride) developing so lvents. This will help to ascerta in  

th e  m echan ism  by which a  se lf-g en e ra ted  m obile p h a s e  pH g rad ien t 

is form ed . Plots of Rf v a lu es  m easu red  vs. th e  height of th e  solvent 

front w hen  th e  m e a su re m e n ts  w ere  m a d e  a re  g iven  in F igures 23-28.

T he pK a v a lu e s  of th e s e  indicators w ere  d e te rm in ed  

spectropho tom etrica lly . A dilute solution of an  indicator w as 

p rep ared  in 0 . 1  M acetic  acid  + 0 .1M phosphoric ac id . A ce ta te  an d  

p h o sp h a te  help re s is t c h a n g e s  in pH in th e  region of in terest. T he 

pH of th e  solution w a s  m e a su re d  an d  th e  visible sp ec tru m  of an  

aliquot from the  solution w a s  determ ined  using  a  H ew lett - P ackard  

8425A  D iode Array S p ec tro p h o to m ete r controlled by th e  HP 8 9531A 

operating  sy s tem  running on  a  dtK 286  IBM- com patib le  com puter. 

T he pH w as  increm entally  in c reased  by th e  addition  of d ro p s  of a  

saturated NaOH solution and spectra were obtained at
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approxim ately  0 .5  pH unit intervals. T he sp e c tra  g e n e ra te d  for o n e  

indicator, chlorophenol red, a re  show n in Figure 29.

T h e  pH and  pK a of an  indicator a re  re la ted  by the  equation :

pH = pKa + log { [ln']/[Hin])

If th e  w av e len g th s of m axim um  a b so rb a n c e  a re  sufficiently different 

for th e  two form s of th e  indicator then  th e  fraction of indicator 

m o lecu les  in the  unp ro tonated  form

f (In ) = (A j - A Q )/(A m a x  - A q )

w h ere  Aj is th e  ab so rb a n c e  of a  solution a t th e  th e  w aveleng th  

w h ere  th e  u n p ro to n a ted  form ab so rb s  m aximally, A m a x  is th e  

a b s o rb a n c e  a t the  s a m e  w avelength  w hen  all of th e  m o lecu les 

p re se n t a re  in the  unp ro tonated  form a n d  A q  is th e  a b s o rb a n c e  w hen  

all of the  m o lecu les a re  in th e  p ro tonated  form. T he fraction of 

m o lecu les  existing in th e  p ro tonated  form is sim ply

f(Hln) = 1- { (A j-A 0 )/(Am a x - A 0 )}

Then

[ln-]/[Hln] -  {(Aj - A0 )/(Am a x  - A0 )} /  1- {(Aj - A0 )/(Am a x  - A0 )}
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F ig u re  29. Visible S p e c tra  of ch lorophenol red  O b ta in ed  a t V arious 
pH V alues.

I .4 0 0 0 - .

1 .1 1 7 0 -

O .0 J4 O 4 -

0 .5 5 1 1 3 -

0 .2 6 8 1 7

- .0 1 4 7 8

CHLOROPHENOL RED
pH = IB .IS  
pH = 6 . 8 0  
pH = 6 .2 0

4 . 6 0

UI1UELEHGTH

Figure 30. Spoctrophotomotrtc 
Dotorm (nation oi tha pKa of erosol rod
Ualng Abaorbanca Doto ot 434 nm.9

y -  8 1404 + 0.90564k R*2 -  1000

0

PH

7

6
02 - 1 1

lo g[ f ( ln - ) / f (H ln )J



61

and a plot of pH versus {(Aj - A0 )/(Am ax - A0 )} / 1- {(Aj - A0 )/(Amax -

Ao)}
yields a  straigh t line w h o se  y-intercept is th e  pKa. A rep resen ta tiv e  

g raph  for creso l red  is show n in Figure 30. T he pK a v a lu es  th a t w ere  

d e te rm in ed  spectrophotom etrically  a re  listed in Table 3.

T he rela tionsh ip  b e tw een  the Rf an d  pH in thin layer 

ch rom atography  for ac id s  is given by G e iss  (28) a s :

1 +K(As /Am )[1 + 1 0 PK a‘P H]

w here  As /Am is the p h a s e  ratio a n d  K th e  distribution 

coefficient.

If w e a s s u m e  a  hypothetical c a s e  w h ere  th e  p roduct K(AS/Am )

= 1, a  s e r ie s  of cu rv es  can  b e  g en e ra ted  for different v a lu es  of pK a 

show ing th e  c h a n g e  in Rf pred icted  by th e  ab o v e  equation  w hen  the  

pH of the m obile p h a s e  is ch an g ed  from 3.75, (which w a s  th e  

m e a su red  c o n s tan t pH w hen CM cellu lose  p la te s  w ere  d ev e lo p ed  

with 1.0 M NaCI), to a  new pH, pH’. T h e se  cu rv es  a re  given in Figure 

31.
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Table 3. S pectrophotom etrically  determ ined  pK a v a lu es  for so m e  pH 

ind ica to rs

Indicator Visual Transition R an g e  p K a

b ro m creso l g reen  3.8

b rom creso l purp le  5.2

b rom pheno l b lue 3.0

b rom pheno l red  5.2

ch lo ropheno l red  5.2

c reso l red  7.0

phen o l red 6 . 6

-5.4 4.65

i O
) 00 6.07

-4.6 3.99

-6.8 7.75

-6.8 4.75

-8.8 8.14

-8.0 7.80
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From  th e s e  cu rv es  o n e  could m ake sev era l qualita tive predictions 

ab o u t th e  ch rom atog raph ic  behavior of w eak  ac id s  w hen  the  pH of 

th e  m obile p h a s e  u se d  to develop them  is ch a n g e d . T hen  from a  

co nsidera tion  of th e  ac tual behavior of ind icato rs d ev e lo p ed  with 

g rad ien t a n d  non-g rad ien t developm ent o n e  could  d e te rm in e  the 

ac tual pH cond itions p re se n t during g rad ien t developm en t.

T he cu rves g en e ra ted  for pK a »  4  a n d  pK a -  5 indicate that an  

in c re ase  in R f would b e  predicted anytim e th e  pH of the  m obile p h a s e  

u se d  to deve lop  th e s e  w eak  acids w as in c reased  ab o v e  3.75. T he 

g rap h s  of R f  vs. d is tan ce  of developm ent for b rom phenol b lue (pKa = 

3.99) an d  b rom creso l g reen  (pKa * 4 .56) (F igures 23  a n d  24) 

d e m o n s tra te  an  in c re a se  in Rf w hen  th e  develop ing  so lven t is 

c h a n g ed  from 1 .OM sodium  chloride (non-grad ien t) to 1 .0 M sodium  

a c e ta te  (gradient). O n e  can  conclude from th is only th a t the pH of th e  

m obile p h a s e  p a ss in g  through th e  ana ly te  sp o ts  is g rea te r  than  3.75.

From  a  consideration  of th e  theoretical c h a n g e  in R f  vs. pH' 

curve o n e  could predict that a  w eak acid  with a  pK a of 8  would 

ex p e rien ce  a  la rge ch an g e  in Rf if the m obile p h a s e  pH w ere  g rea te r  

th an  6 , bu t little ch a n g e  if th e  pH w ere below  6 . T he  g rap h s  of R f  vs. 

d istan ce  for creso l red (pKa =*8.14), pheno l red  (pK a *  7.80) and  

brom phenol red  (pK a -  7.75) (F igures 25, 2 6  an d  27) indicate little or 

no c h a n g e  in Rf b e tw e en  grad ien t a n d  n o n -g rad ien t dev e lo p m en t. 

From  th is o n e  can  conclude that the  m obile p h a s e  pH ex p erien ced  by 

th e se  an a ly tes  is below  6 .
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For a  w eak  acid  with a  pK a of 6  o n e  would aga in  predict an  

in c re a se  in Rf if th e  m obile p h a s e  pH w as g rea te r than  3 .75. From  a  

co n sid era tio n  of th e  g raph  of Rf vs, d is tan ce  for b rom creso l purp le 

(pK a * 6 .07) (Figure 28) o n e  can  conclude that th e  m obile p h a s e  pH 

m ust b e  g rea te r  than  3 .75  . O n e  can  a lso  o b se rv e  th a t for g rad ien t 

d ev e lo p m e n t tha t the Rf is increasing  with d is tan ce  of dev e lo p m en t. 

From  this o n e  can  d e term in e  tha t the  pH ex p erien ced  by th e  ana ly te  

is increasing  a s  th e  p la te  develops.

T he fact that th e  m obile p h a s e  pH is s e e n  to b e  acidic, 

b e tw een  3 .75  an d  6 , an d  th e  fact tha t the an a ly tes  ex p e rien ce  an  

increasin g  pH support the  ion ex c h an g e  * neutralization m ech an ism .

Indeed  the  pH of the  m obile p h a s e  p ass in g  through th e  ana ly te  

sp o ts  can  b e  a sce rta in ed  from the colors of th e  indicators 

th em se lv es . In Figure 32, four indicators a re  show n sp o tted  on a  CM 

cellu lose  p la te  which h a s  b e e n  p laced  in the cell for ph o to g rap h y  an d  

c lam ped  ab o v e  a  petri dish. T he plate w as  then d ev e lo p ed  with 1 . 0  M 

sod ium  a c e ta te . T he plate is show n befo re  developm ent, a s  th e  

m obile p h a s e  p a s s e s  th rough the sp o ts  an d  a s  th e  m obile p h a s e  h a s  

ju s t p a s s e d  the sp o ts . T he indicators u se d  w ere  (from left to  right on 

th e  u ndeve loped  p la te) ethyl o ran g e , b rom creso l g ree n , m ethyl red  

an d  brom thym ol blue. T he colors on th e  u n d ev e lo p ed  p la te  a re  

co n s is te n t with a  pH of approxim ately 4 since  th e  m ethyl red  is red 

a n d  th e  brom creso l g reen  is yellow an d  th e  ethyl o ra n g e  is o ran g e , 

(approxim ately half w ay betw een  red (pH * 3.4) a n d  yellow (pH =
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4.8)). A s th e  m obile p h a s e  p a s s e s  through th e  sp o ts  it c a n  b e  seen  

th a t the  pH in c re ase s , a s  is ev ident by the ethyl o ran g e  turning yellow 

a n d  th e  b rom creso l g reen  turning blue, but th e  brom thym ol b lue 

rem ain s yellow indicating a  pH le ss  than 7 .6  a n d  th e  m ethyl red  

b e c o m e s  o ran g e  an d  not yellow indicating a  pH c lo se r  to  5.4, 

(approxim ately half w ay betw een  red  (pH » 4.8) a n d  yellow (pH =

6.0)). This confirm s th e  acidic pH of the mobile p h a s e  w hen CM 

cellu lose is d eve loped  with 1 .0 M sodium  a c e ta te .

While this tech n iq u e  is useful for determ ining  th e  pH of the 

m obile p h a s e  a t o n e  point in th e  developm ent w e w ould like to know 

th e  pH throughout th e  en tire  developm ent of th e  p la te . To this end  

sev e ra l indicators th a t exhibit low Rf w hen d ev e lo p ed  with 1.0 M 

sod ium  a c e ta te  a n d  exhibit color c h a n g e s  in th e  pH ra n g e  ex p ec ted  

w e re  applied  in vertical b a n d s  using th e  tech n iq u e  d esc rib ed  

earlier. This p late w a s  c lam ped  vertically in th e  cell fab rica ted  for 

pho tography  an d  held over a  petri dish an d  d ev e lo p ed  with 1 . 0  M 

sod ium  ac e ta te . P h o to g rap h s w ere taken of th e  deve lop ing  p la te  a t 

e a c h  cen tim eter of developm ent. T h ese  a re  sh o w n  in F igure 33. T he 

indicators u se d  a n d  th e  pH ra n g es  over which th ey  c h a n g e  co lors a re  

given in Table 4. It c a n  b e  s e e n  by com paring th e  tre a ted  b a n d s  with 

th e  u n trea ted  periphery  th a t with the  exception  of alizarin red  S  the  

p re s e n c e  of the indicator did not im pede th e  m o v em en t of th e  m obile 

p h a s e . It should a lso  b e  no ted  tha t although m ethyl red  an d  

b rom creso l g reen  did exhibit so m e  m ovem en t with th e  m obile p h a s e
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Figure 32. P h o to g rap h s  of Indicators S p o tted  on CM C ellu lose 
U ndergoing  D evelopm ent with 1 .0 M sodium  a c e ta te .

B efore A s Solvent Front After S o lvent
D evelopm ent. P a s s e s  S p o ts . Front H as  P a s s e d

{ left to r ig h t) ethyl o ran g e , b rom creso l g reen , m ethyl red  an d  
brom thym ol blue.

Figure 33. CM C ellu lose P la te s  with Indicator B ands U ndergoing 
D evelopm ent with 1 . 0  M sodium  ac e ta te .

B efore D evelopm ent 1 cm

(from left to  right) alizarin red  S , b rom creso l g reen , 
e rioch rom e b lack  T, m ethyl red , alizarin an d  brom thym ol blue





Table 4. D ata  for Indicators U sed  in P ho tographic Work.

Indicator add bass pH range

Used a s  soo ts for analysis of Dassina solvent front

ethyl orange red yel 3.4 - 4.8

brom cresol green yel blue 3.8 - 5.4

methyl red red yel 4.8 - 6 .0

bromthymol blue yel blue 6.0 - 7.6

U sed  for w hole p late vertical b an d s

alizarin red  S  yel red  4.6 - 6.0

b ro m creso l g re e n  yel b lue  3.8 - 5.4

erio ch ro m e black T red  b lu e  5.0 - 6.5

m ethyl red  red  yel 4,8  - 6 .0

alizarin  yel red  5.6 - 7.2

brom thym ol blue yel b lu e  6.0 - 7.6
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h o w ev er o n e  can  stilt s e e  th e  color c h a n g e s  of th e s e  indicators. It 

c a n  b e  s e e n  th a t brom thym ol blue a lw ays rem ained  yellow with ju s t a  

faint tinge of g reen  tow ard th e  bottom  of th e  fully d ev e lo p ed  p la te  

indicating tha t the  pH w as alw ays below 7.6. For all of th e  o ther 

indicators, th e  region n e a r  th e  so lven t front indicated  th e  acid ic  color 

a n d  th e  low er portion th e  basic  color. Note that although all of the 

ind icato rs c h a n g e  color in different pH regions, th e  d is tan c e  on  th e  

p la te  a t w hich a  color c h a n g e  is se e n  is not greatly  different for the 

d ifferent indicators. This ind icates that th e  pH c h a n g e s  g reatly  n ea r  

th e  so lven t front. This is co n sisten t with th e  s te e p e r  s lo p e  o b se rv e d  

b e tw een  6  a n d  8  cm  of developm ent in th e  g raph  of pH vs. d is ta n c e  

for CM cellu lose d eve loped  with 1.0 M sodium  a c e ta te  (F igure 11). 

N ote a lso  th a t th e  pattern  of color ch an g e  is fairly co n s tan t from  1 cm  

of d ev e lo p m en t through full developm ent. T hat is to  say  th a t th e  

relative height (Rf) a t which th e  color ch a n g e  o ccu rs is co n stan t.

T h e se  o b se rv a tio n s  provide ev id en ce  a s  to w h e th e r th e  

M igration-Tltration or th e  Ion E xchange - N eutralization m ech an ism  

is operating . If th e  Migration-Tltration m ech an ism  w ere  o p era tin g , 

o n e  w ould ex p ec t to find tha t in the  initial cen tim e te rs  of d ev e lo p m en t 

th a t th e  indicators would show  their b a s ic  colors a t  th e  so lv en t front 

a n d  th a t a s  th e  plate deve lo p ed  tha t th e  co lors a t  th e  so lv en t front 

w ould c h a n g e  to th e  acidic colors. If th e  Mobile P h a s e  S ep ara tio n  

m ech an ism  w ere  operating  o n e  would ex p ec t to  find a  d isc re te
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d is tan ce  w here  all indicators exhibited a  ch a n g e  in c o lo r . But in 

actuality  e a c h  indicator c h a n g e s  color in a  co n tinuous fash ion  and 

e a c h  a t a  slightly different d istance . T he o b se rv a tio n s  m a d e  in th e  

pho to g rap h ic  d o cu m en ta tio n  of th e  indicator co lo r c h a n g e s  th a t o ccu r 

during  g rad ien t d ev e lo p m en t all support th e  ion e x c h a n g e  - 

neutralization m echan ism . Namely th e  fac ts  th a t th e  so lv en t front is 

o b se rv ed  to b e  consisten tly  acidic an d  th a t if o n e  fo c u se s  on  o n e  

d is tan ce , e .g . 2  cm  from th e  sta rt line, th a t th a t point will b e  s e e n  to b e  

a t first acidic a n d  th en  gradually  b eco m e  basic .

3 .C ontinuous pH measurement_durina deveJopment:

While pH indicators m ay give us a  qualitative feel for th e  pH 

c h a n g e s  occurring during developm ent, an  ind icator can  only provide 

g ro s s  information ab o u t pH c h a n g e s  over a  sm all ran g e . Using a  

tech n iq u e  previously d escrib ed  it w as p o ss ib le  to m e a su re  th e  pH of 

o n e  point on a  developing  layer a s  th e  m obile p h a s e  p a s s e d  through 

th a t point. Figure 34 sh o w s th e  pH m e asu red  a t 1 .0 cm  a b o v e  the  

point of co n tac t of a  CM cellu lose p late a n d  develop ing  so lven t a s  a  

function of th e  heigh t of th e  so lvent front w hen  th a t m e a su re m e n t w as  

m ad e . In this c a s e  th e  developing so lven t u se d  w a s  1 . 0  M sodium  

form ate. Sim ilar cu rv es  w ere  ob ta ined  for 1 0 M sodium  a c e ta te  an d

1.0 M sodium  propionate. It can  b e  s e e n  in this c a s e  th a t th e  pH 

m e asu red  w hen  th e  so lven t front h a s  ju s t p a s s e d  th e  poin t of 

m e asu rem e n t is acidic (4.0). T he pH quickly increases b efo re
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leveling off a t 6 .7  after 6 . 8  cm  of developm ent. W hen a  CM 

cellu lose  p la te  w as  d ev e lo p ed  with 1.0 M sod ium  chloride an d  

m e a su re m e n ts  m ad e  in the  s a m e  fash ion  a n  u n ch an g in g  ac id ic  pH 

w a s  m e asu red . T h e se  ob serv a tio n s su p p o rt th e  ion e x c h a n g e  - 

neutralization m echan ism . A s th e  so lven t front first m o v es  th rough  a  

previously  u n d ev e lo p ed  point, th e  resin  h a s  th e  m axim um  n u m b er of 

p ro to n s  ava ilab le  for e x c h a n g e  for th e  m obile p h a s e  ca tion , (here

N a+), so th e  pH will b e  low. As a  new  band  of m obile p h a s e  p a s s e s

th a t point few er p ro tons a re  now availab le  for e x c h a n g e  a n d  the 

sm alle r quantity  of p ro tons c a n  b e  m ore easily  n eu tra lized  by th e  

m obile p h a s e  anion, (here  form ate). After m any b a n d s  of m obile 

p h a s e  h av e  p a s s e d  through tha t point th e  reservo ir of p ro to n s  h a s  

b e e n  d ep le ted  and  th e  pH of th e  p late a p p ro a c h e s  th e  pH of the 

develop ing  solvent. If th e  migration-titration m ech an ism  w ere  

opera ting  o n e  would ex p ec t to  m e a su re  a  b as ic  pH a s  th e  so lven t 

front p a s s e d  through th e  point of m e asu rem e n t. T h e  pH v a lu e  would 

th e n  gradually  d e c re a s e  a s  th e  b as ic  co m p o n en t of th e  m obile p h a s e  

w e re  neutralized. This is the  opposite  of w hat w a s  o b se rv e d . T he 

o b se rv a tio n s  m ad e  in th e  con tinuous pH m e a su re m e n ts  c a n  not b e  

u se d  a s  ev id en ce  for or a g a in s t th e  m obile p h a s e  se p a ra tio n  

m ech an ism  a s  this sep ara tio n  could h a v e  o ccu rred  a t a  po in t ab o v e  

th e  point w h ere  m e a su re m e n ts  w ere  m ad e .



74
4, Total sp e c ie s  profiles:

W hile all of th e  previously  m entioned  m e a su re m e n ts  a re  

co n s is ten t with th e  ion e x c h a n g e  - neutralization m e ch an ism  they  all 

involve th e  m e a su re m e n t of only o n e  co m p o n en t in th e  m ech an ism ,

nam ely  th e  H+ ion. As an  additional p iece of ev id en ce  w e would like

to  know how th e  co n cen tra tio n s  of all of th e  co m p o n en ts  of th e  m obile 

p h a s e  c h a n g e  during developm ent. A m obile p h a s e  w a s  ch o sen  

w h o se  c o m p o n en ts  a re  a m e n ab le  to m e a su re m e n ts . A p h th a la te  

m obile p h a s e  w a s  c h o se n  s in ce  p h th a la te  is com m ercially  availab le  in 

a  pu re  form a s  p o ta ss iu m  acid  ph tha la te  an d  th e  p h th a la te  ion a lso  

strongly a b s o rb s  UV light facilitating its m e a su re m e n t. E xperim ents 

using  p o tassiu m  acid  p h th a la te  a s  a  m obile p h a s e  for CM ce llu lose  

failed to p ro d u ce  a  g rad ien t. This is not surprising a s  pKa-j for o- 

phthalic acid  is 2 .95. H ow ever a  solution of th e  d ip o tassiu m  salt did 

p ro d u ce  a  pH g rad ien t, pK a2  = 5.41, a s  show n in Figure 35. The 

m obile p h a s e  of d ipo tassium  ph tha la te  w a s  p ro d u ced  by titrating the  

d es ired  m a ss  of p o ta ss iu m  hydrogen  p h th a la te  d isso lv ed  in 60  mL of 

deionized  w ate r with 1.5 M KOH until a  pH of 7 .65. T he resulting 

solution w a s  then  diluted to 100.0  mL with deion ized  w ater.

Two 5  cm  X 1 0  cm  CM cellu lose p la te s  w e re  d ev e lo p ed  with 

0 .05  M d ipo tassium  p h th a la te  (pH -  7 .6 5 ) . T he g rad ien t p ro d u ced  

w a s  m e a su re d  using  th e  tem p la te  an d  e le c tro d e s  te c h n iq u e  an d  th e  

p la tes  w ere  th en  dried in a  vacuum  oven  overnight. Vertical lines
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Figure 35. Curves ol pH vs. Distance 

for CM Csllutoss Davalopad with phthslats 
and hydrogan phthalate Solutions.
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w ere  incised  in the  layer 1 . 8  cm  from e ach  e d g e  a n d  horizontal lines 

w ere  incised  a t the  top of th e  region of im m ersion of th e  p la te , 0 .5  cm  

a b o v e  that, an d  a t 1 cm  intervals ab o v e  that. E ach  of th e  resulting 

s e g m e n ts  of d ev e lo p ed  sta tionary  p h a s e  w as sc ra p e d  into ta red  te s t 

tu b e s  using a  single e d g e  razo r b lade. T he m a s s  of e a c h  sa m p le  w as 

approxim ately  5 mg. This provided 2  parallel s e ts  of sa m p le s  from 

e a c h  plate. T he sa m p le s  in o n e  s e t  w ere  su sp e n d e d  in 5 .00  mL of 

deion ized  distilled w ate r w hich ex trac ted  only th e  free  p o ta ss iu m  

ions. T he sa m p le s  from the  o ther se t w ere  su sp e n d e d  in 5 .00  mL of

0 . 1 0  M HCI which ex tracted  all of the po tassium  ions, th e  H+ ions

displacing  K+ from th e  resin. This a lso  insured  tha t all of the

p h th a la te  ex trac ted  would b e  in th e  p ro to n a ted  form. This is 

n e c e s s a ry  since  th e  p ro to n a ted  an d  d ep ro to n a ted  form s m axim ally 

a b so rb  UV light of different w aveleng ths. T he p h th a la te  

concen tra tion  of th e  resin  w a s  m e asu red  by com paring  th e  

a b s o rb a n c e  a t 230 nm  of the  acidic ex trac ts  to s ta n d a rd  KHP 

so lu tions m a d e  in 0 . 1  M H C I. C oncen tra tions w ere  rep o rted  a s  m oles 

p h th a la te /g  dried resin . M easu rem en ts  w ere  m a d e  using  th e  H ew lett 

- P ack ard  8425A  D iode Array S p ec tro p h o to m ete r d e sc rib e d  earlier. 

T h e  p o ta ss iu m  co n cen tra tio n s of both  th e  acidic a n d  w a te r  ex trac ts  

w e re  d e te rm in ed  using  a  Perkin-E lm er 3030B  Atomic A bsorption 

S p ec tro p h o to m ete r eq u ip p ed  with a  hollow c a th o d e  lam p. An 

air/acetylene flame was used and measurements were made at 766.5
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nm . P o tassium  co n cen tra tio n s  w ere  reported  a s  m oles K+/g  dried  

resin . T h e  p o ta ss iu m  concentration  m e a su red  in th e  w a te r ex trac ts  

w a s  called “free K+" an d  tha t from the  acidic ex trac t th e  Total K+,\

T he am oun t of “b o u n d  K+,\  that K+ a tta c h e d  to  th e  io n -ex ch an g e

resin, w as determ ined  by subtraction. F igure 36  sh o w s the

co n cen tra tio n s of K+ , free  an d  bound, an d  total p h th a la te  ion a s  a

function of d is tan ce  to the  cen te r  of th e  b an d  of resin  sam p led . It c an  

b e  se e n  th a t the  concen tra tion  of ph tha la te  ion is essen tia lly  co n s ta n t 

th roughout th e  en tire  length of the p late. This d e m o n s tra te s  th a t th e  

pH grad ien t is not being  p roduced  by th e  m obile p h a s e  se p a ra tio n  

m echan ism . If it w ere  o n e  would expect to find a  sh a rp  drop  off in the 

concen tra tion  of p h th a la te  ion so m ew h ere  along  th e  p la te . T he 

concen tra tion  of p o tassiu m  ion, both free  a n d  total, d e c re a s e s  with 

d is tan ce . This ind ica tes that po tassium  ions a re  being  re ta in ed  by th e  

resin , m ost likely by a n  ion ex ch an g e  m echan ism . T h e  ratio of fre e  to

bound K+ ions a s  a  function of deve lopm ent d is tan ce  is g iven  in

Figure 37. N ear th e  solvent front, 8  cm , the  ratio is sm all. This 

resu lt is in acco rd  with the  m odel in w hich th e  m obile p h a s e  a t th e  

so lven t front e n c o u n te rs  a  resin  with th e  m axim um  n u m b er of p ro to n s 

available for ex c h an g e . This p re se n ts  th e  g re a te s t  possibility for ion

ex c h a n g e  a n d  co n seq u en tly  th e  g re a te s t fraction of K+ ions will b e  

bound to th e  resin . Blocks of resin c lo ser to th e  s ta rt line h av e  b e e n
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tra n sv e rse d  by m ore b a n d s  of m obile p h a s e  a n d  h a v e  a lread y  

u n d e rg o n e  su b stan tia l ion ex ch an g e . T he d im in ished  n u m b er of

p ro tons availab le  for ion ex ch an g e  m ake it le s s  likely tha t a  K+ ion will

b e  ab le  to u n d erg o  ion e x c h an g e  an d  h e n c e  m ore likely th a t a  K+ ion

will b e  free. This is in fact observed  in Figure 37 w h ere  th e  ratio of

free to bound K+ is h ighest a t the bottom  of the  d ev e lo p ed  p la te  an d

low est a t th e  so lvent front.

M e asu rem e n ts  m ad e  of th e  m obile p h a s e  c o m p o n e n ts  in a  

d ev e lo p ed  p la te  rule out the  possibility th a t the  pH g rad ien t p ro d u ced  

by th e  p h th a la te  sy s tem  w as form ed by th e  m obile p h a s e  se p a ra tio n  

m echanism .

Of th e  two rem ain ing  m e c h a n ism s  th e s e  m e a s u re m e n ts  s e e m  

to su p p o rt m ore th e  ion ex c h an g e  - neu tra liza tion  m ech an ism . If th e  

m igration - titration m ech an ism  w ere  th e  m ajor m e ch an ism  o n e  would

ex p e c t to find th a t th e  ratio of free  to b o u n d  K+ ions follow ed th e

tren d  o b se rv e d  a s  th e  only w ay  for th e  resin  to  th e  r e le a s e  p ro to n s

affecting th e  neutralization  would b e  by ion e x c h an g e . In sp e ak in g  of

ion ex c h a n g e  re s in s  Day an d  U nderw ood s ta te  that:

“...in c o n tra s t with ordinary e lec tro ly tes , th e  an io n  is p e rm an en tly  
a t ta c h e d  to  th e  po lym er m atrix; it c a n n o t m ig ra te  th ro u g h o u t th e  
a q u e o u s  p h a s e  within th e  re s in  p o re s , nor c a n  it e s c a p e  to  th e  
ex ternal solution. T he fixation of th e  an ion  in turn restric ts  th e  mobility

of the cation, H +, Electrical neutrality is maintained within the resin,
an d  H + will no t leav e  the  resin  p h a s e  u n le s s  it is re p la c e d  by so m e
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o th e r  cation, which is th e  ion ex ch an g e  p ro cess ."  (29)

Although th e  ratio of free to bound  K+ ions would not b e  c o n s tan t 

th e re  is no re a so n  to ex p ec t tha t the  total concen tra tion  of K+ ions

w ould not b e  constan t. T he variation of total K+ ion co n cen tra tio n

with d is ta n c e  show n in F igure36 favors th e  ion e x c h a n g e  - 

neutralization  m echan ism .

T he d ifference b e tw een  th e  m igration - titration an d  th e  ion 

e x c h a n g e  - neutralization m ech an ism s is quantita tive; th a t is to say  

th a t in both  m ech an ism s th e  sa m e  chem ical p ro c e s s e s  a re  involved 

in th e  production of th e  g rad ien t bu t th a t in e a c h  m ech an ism  a  

different p ro c e s s  is dom inant. T he m igration - titration m ech an ism  

a s s u m e s  th a t the  concen tra tion  of e x c h an g e ab le  p ro to n s in th e  resin  

is sm alt with re sp e c t to the  concen tra tion  of b as ic  co m p o n en t in th e  

m obile p h a s e  and /o r tha t th e  ion ex c h a n g e  equilibrium  is not 

favorab le  for th e  re le a se  of protons. A b an d  of m obile p h a s e  would 

n e e d  to p a s s  through sev era l b a n d s  of sta tionary  p h a s e  in o rd er for 

its b a s ic  co m p o n en t to h av e  b ee n  titrated effectively. In o ther w ords 

th e  pH of th e  m obile p h a s e  is de term ined  by th e  p re se n c e  of th e  b a s ic  

co m p o n en t which is gradually titrated by th e  few  p ro tons re le a se d  by 

ion e x c h a n g e . T he ion ex c h an g e  - neutralization  m ech an ism  

assumes that the concentration of exchangeable protons large with
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re sp e c t to th e  concen tra tion  of b as ic  com ponen t in th e  m obile p h a s e  

a n d  th a t th e  ion e x c h an g e  equilibrium is favorab le  for th e  r e le a s e  of 

pro tons. T he pH of th e  m obile p h a s e  is therefo re  d e te rm in ed  by the  

re le a se d  p ro tons th e  effect of which is neu tra lized  by th e  p re s e n c e  of 

a  b as ic  co m p o n en t in th e  m obile p h ase .

5. A te s t of th e  m echanism :

If th e  ion ex c h a n g e  - neutralization m ech an ism  is correct, a s  all 

p rev ious ev id en ce  s e e m s  to indicate, w e could a lte r th e  g rad ien t 

p ro d u ced  by chang ing  th e  am o u n ts  of cation a n d  b a s ic  s u b s ta n c e  

p resen t. It is not n e c e ss a ry  tha t both com e from th e  s a m e  com pound . 

In th e s e  experim en ts th e  developing  so lvent u se d  w as  a n  a q u e o u s  

solution of sodium  chloride an d  am m onia. O ne w ould pred ic t th a t no 

g rad ien t would b e  form ed w hen a  solution contain ing  only o n e  of the  

co m p o n en ts  w as u sed  a s  a  developing solvent. This w a s  previously 

show n to  b e  true w hen a  sodium  chloride solution w a s  u se d . A 

solution containing only am m o n ia  h a s  a  very low cation  concen tra tion  

a n d  shou ld  p ro d u ce  few  p ro tons by ion ex ch an g e , co n seq u en tly  the  

pH ch a n g e  should  b e  sm all. This is d em o n stra ted  in F igure 38. It 

w a s  show n th a t th e  m axim um  re le a se  of p ro tons cou ld  b e  o b ta in ed  by 

using a  1 .0 M NaCI solution a s  a  developing solvent. If a  se r ie s  of 

so lu tions of varying co n cen tra tio n s of NH3  in 1 .0 M NaCI w ere  u sed , 

varying g rad ien ts  shou ld  b e  g e n e ra ted . T h ree  su c h  c u rv e s  a re  

shown in Figure 39. The magnitude of pH change is the same in all
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cu rv e s  bu t a s  ex p e c te d  th e  larger th e  am m o n ia  co n cen tra tio n  th e  

h igher th e  m e a su re d  pH. It is a lso  useful to n o te  th a t th e  larger the  

am m o n ia  concen tra tion  th e  m ore linear th e  cu rve  a p p e a rs . T he 

cu rve  for 1 . 0  M NH3  + 1 . 0  M NaCI is nearly linear with a  deviation from 

linearity only a t 8  cm . T he curve for .18 M NH3  + 1 .0M  NaCI a lso  

exhibits a  linear region but th e  deviation from linearity o c c u rs  earlier 

an d  is s te ep e r. This trend  is continued in th e  curve for .03 M NH3  +

1 .0 M NaCI. This effect could b e  d u e  to the  p h en o m en o n  m entioned  

by Pickering cited earlier. T h ere  m ay b e  in effect two so lven t fronts, a

N a+ ion front and  an  NH3  front. W hen th e  concen tra tion  of NH3  is

la rge (1.0 M) the Rf for the  NH3  front is c lose  to  1, th a t is th e  two 

fronts m erge. As th e  concentration  of NH3  d e c re a s e s  th e  Rf sim ilarly

d e c re a s e s  and  th e  NH3  front trails th e  N a+ front. If th is is so  th e re  is 

little NH3  available to  buffer th e  p ro tons re le a se d  by e x c h a n g e  of N a+

ions from th e  resin a t th e  leading N a+ front. This ex p la in s  th e  s te e p

drop off in pH n ea r  th e  o b se rv ed  so lven t front. T his m ay a lso  explain 

th e  curve s h a p e  n o ted  in o th e r g ra p h s  m ost d ram atically  F igure  14. 

H ere similarly th e  cu rv es  a re  linear for th e  1.0M a n d  0.5M  a c e ta te  

so lu tions bu t a  m arked  region of non-linearity is n o ted  for th e  a c e ta te  

so lu tions of lower concentration . This explanation  is su p p o rte d  by 

th e  co n s tan t pH m e asu rem e n t m a d e  a t 1.0 cm  a b o v e  th e  s ta rt line on 

a  CM cellu lose p la te  d eve loped  with 0 .03  M NH3  in 1 .0 M NaCI, F igure
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40. T he pH m e a su re d  a s  th e  o b se rv ed  so lvent front p a s s e s  through 

th e  point of m e asu rem e n t is acidic. T he pH in c re a se s  only very 

slightly until th e  o b se rv e d  so lvent front is 3 cm  ab o v e  th e  develop ing  

so lven t an d  only then  d o e s  th e  pH begin  to  rise. T h e  pH then  

in c re a se s  in sigm oidal form a s  th e  p ass in g  b a n d s  of am m o n ia  

neu tra lize  th e  re le a se d  p ro tons until a  nearly  co n s tan t pH is 

m e a su re d  a s  the  o b se rv ed  so lven t front p a s s e s  5 .5  cm  of 

deve lopm ent. This s a m e  p h en o m en o n  w as not o b se rv e d  in Figure 

34. H ere th e  developing  solvent h ad  a  h igher concen tra tion  of the 

b as ic  c o m p o n e n t, (1 M form ate ion), and  so  th e re  w as  effectively 

only o n e  so lven t front, i.e. sodium  an d  fo rm ate  trav e led  together. T he 

pH w as  the re fo re  o b se rv ed  to in c rease  a s  so o n  a s  the  so lven t front 

p a s s e d  th e  point of m easu rem en t. H ow ever th e  co m p le te  sigm oidal 

cu rve  w as  not o b se rv ed  only th e  upper portion. This can  b e  exp la ined  

by a  consideration  of th e  pK a of the  con jugate  a c id s  of th e  b as ic  

co m ponen ts. T he pK a of formic acid is 3 .75. W hen  sodium  form ate 

e n c o u n te rs  the stationary  p h a s e  with its re le a se d  p ro tons a t pH 4  it is 

experiencing  a  pH already  ab o v e  the  pK a of formic acid. Ail th a t is 

o b se rv e d  is th e  ab o v e  pK a neutralization of p ro to n s by fo rm ate  a n d  

h e n c e  only th e  upper portion of th e  sigm oidal curve. This is in 

co n trast with am m onia . T he pK a of am m onium  ion is 9 .24 . W hen the  

am m o n ia  en c o u n te rs  th e  sta tionary  p h a s e  with its r e le a s e d  p ro to n s a t 

pH 4 it is experiencing a  pH considerab ly  below  th e  p K ao f 

am m onium  ion co n seq u en tly  th e  entire sigm oidal cu rve  is o b se rv e d
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a s  th e  am m onia  n eu tra lizes  th e  re le a se d  p ro tons. T h e  final pH 

o b se rv ed  is 8 . 6  which is the  pH predicted for a  0 .03  M NH3  solution 

itself.
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A pplications of a  se lf-genera ting  pH g rad ien t on carboxym ethyl 

cellu lose.

1. M etalions.

Traditionally carboxym ethyl ce llu lo se  thin layer 

ch ro m ato g rap h ic  p la te s  h av e  b e e n  u se d  for th e  se p a ra tio n  of m etal 

ions. Cozzi, D esideri an d  Lepri (18) published  d a ta  for th e  sep ara tio n  

of 19 m etal ions on  carboxym ethyl cellu lose lay ers  using  sod ium  

a c e ta te  - ace tic  acid buffers of varying s tren g th s. Their m ethod  did

no t s e p a ra te  well Zn2+ from Ni2+ or Mn2+ from C a 2 + . T heir resu lts

a re  p re se n te d  in Table 5 a s  Rf1 -Rf3. It w a s  felt tha t a  pH g rad ien t 

m ight b e  helpful in resolving th e se  ions. T he effect of pH on the 

ch ro m ato g rap h ic  behav io r of m etal ions is twofold. First th e  m etal ion 

a tta c h e d  to  th e  ion ex c h an g e  resin  c a n  b e  e x c h an g e d  for a  proton 

from th e  m obile p h a s e  an d  d isp laced  from  th e  sta tionary  p h a s e .

n R 'M n+ + n H + -> n R 'H + + Mn+

A nother factor affecting the  mobility of m etal ions is their ability to 

form insoluble hydroxides. A bove a  critical pH e a c h  m etal ion will 

form an  insoluble hydroxide w hich will rem ain p recip ita ted  on the 

sta tionary  p h a s e  a n d  not m ove into th e  m obile p h a se . T he potential

for a  m etal ion to precip itate ou t a s  an  hydroxide c a n  b e  e s tim a ted

from its KSp. T he pH ab o v e  which a  1 .OM solution of a  given ion is 

ex p e c ted  to  form an  hydroxide p recip ita te  is g iven  in Table 5. From  a
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co nsidera tion  of both of th e s e  facto rs it can  b e  s e e n  th a t an  acidic 

m obile p h a s e  will in c re a se  th e  mobility of m etal ions on 

carboxym ethyl cellu lose.

T h e s e  ex p erim en ts  w ere  carried  ou t befo re  th e  m ech an ism  of 

pH g rad ien t form ation w as  es tab lish ed . T he working h y p o th e s is  a t 

th a t tim e w a s  th a t th e  m igration-titration m ech an ism  w a s  p roducing  

th e  grad ien t. If tha t w ere  true then  a  m etal ion an a ly te  sp o tte d  on a  

CM cellu lose  p la te  would first ex p e rien ce  a  b as ic  pH an d  w ould e ither 

b e  co n v e rted  to  its insoluble hydroxide or would find few  p ro to n s 

availab le  for ex c h an g e  in the  m obile p h a s e  an d  w ould in e ith e r c a s e  

exhibit little mobility. As the m obile p h a s e  pH b eg a n  to d e c re a s e  th e  

m etal ion would begin  to m ove. As the critical pH v a lu es  for

hydroxide precipitation a re  d ifferent for Zn2+ an d  Ni2+ (5.8 an d  6.4)

a s  well a s  for Mn2+ an d  C a2+ (7.4 an d  1 1 .4) it w a s  felt th a t a  pH

grad ien t would provide w hat N iederw eiser (2) te rm s a n  an ti-parallel 

g rad ien t w hich would im prove resolution. If in fact th e  ion e x c h a n g e  - 

neu tra lization  m ech an ism  w ere  in effect th e  g rad ien t w ould ruin th e  

sep a ra tio n . T he an a ly te  m etal ion would ex p e rien ce  a  m ore  acidic 

env ironm ent a t th e  to p  of th e  sp o t th a t a t the  bottom  an d  

co n seq u en tly  th e  top would a c c e le ra te  an d  th e  sp o t b e c o m e  

e lo n g a ted . T h e  p o o r ch rom atog raph ic  p erfo rm an ce  of m eta l ions in 

th e  self g e n e ra te d  pH g rad ien t o b se rv e d  p rov ides fu rther ev id e n ce  

for the ion exchange - neutralization mechanism. It should be noted
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th a t th e  non -g rad ien t p roducing  developing  solu tion  u s e d  a s  a  control 

did provide be tte r sep a ra tio n  th a t the  literature v a lu es .

S tan d a rd  so lu tions w ere  p rep ared  by d isso lv ing  th e  ap p ro p ria te  

m a s s e s  of ZnClg, N iC ^. CaCl2 ‘2 H2 0 , C u S O ^ S H ^ O , M n S O ^ h ^ O

a n d  M gS 0 4 ’7 H2 0  to  p roduce  solutions with m etal ion

co n cen tra tio n s of 20  g/L. T he addition of 5 d ro p s  of 6  M HCI w as

n e e d e d  for th e  disso lu tion  of ZnCI2 . All solutions ex cep t C a 2+ w ere

diluted to 2  g/L before u se . S p o ts  w ere  d e tec ted  by sp ray ing  the 

d ev e lo p ed  p la tes  with a  1% solution of 8  -quinolinol in ethano l. After 

th e  evapo ra tion  of th e  e thano l th e  p la te s  w ere  v iew ed  u n d e r long

w ave UV light. C a2 + t Mg2 + , an d  Zn2+ form f lu o re sce n t co m p lex e s

with 8  - quinolinol while the Mn2 + , Ni2+ , a n d  C u 2+  c o m p le x e s  a p p e a r

a s  dark  sp o ts  under UV light.

As predicted , m etal ions exhibited very low Rf v a lu es  on CM 

cellu lose w hen d ev e lo p ed  with a  0.03M NH3  deve lop ing  solution. Not 

only is th e  pH high, bu t the  cation concentration  is very low. The 

an a ly te s  a p p e a re d  a s  a  s trea k s  from the s ta rt line. W hen a  

grad ien t- producing develop ing  so lven t of 0.03M  NH3  in 1 .OM NaCI 

w as  u se d  mobility did in c re a se  bu t th e  sp o ts  p ro d u ced  w ere  

e lo n g a ted  an d  w ere  often  s tre a k s . It is in teresting  to  n o te  th a t th e  

higher the critical hydroxide pH value for a  given ion, the higher was



its Rf value. In fact th o se  ions w h o se  critical hydroxide pH w a s

unlikely to b e  re ac h ed  in th e  pH gradient, C a2+ ( 1 1 .4) an d  Mg2+

(8.4), ex p e rien ced  little streak ing  an d  g av e  sm alle r sp o ts . T he o th e r 

ions w h o se  critical hydroxide pH w as  within th e  ra n g e  of pH v a lu es  

p ro d u ced  by th e  pH g rad ien t p ro d u ced  e lo n g a ted  s p o ts  a n d  often 

streaks.

T he ions which sh o w ed  poor dev e lo p m en t a lso  form chloro 

co m p lex es. T he log of th e  form ation co n s tan ts  for th e  te trach loro

co m p lex es are : CuCI4 - 2  « 5 .6 2 , NiCI4 ‘ 2  « 1 .20, ZnCI4 ' 2  = 0 .88 (30).

T he poo r d ev e lo p m en t could b e  d u e  to th e  partial form ation of a  

so lub le  com plex  an ion  leaving so m e  uncom plexed  m etal cation  

behind . In o rd e r to  insure tha t th e  p re se n c e  of ch loride ion w as  not 

resp o n sib le  for th e  poor sep ara tio n  a  develop ing  so lv en t of 0 .03  M 

NH3  in 1.0 M N aC I0 4  w as u sed . This a lso  p ro d u ced  a  pH g rad ien t 

bu t p e rch lo ra te  ion is a  po o rer ligand than  chloride ion. This resu lted  

in no im provem ent in separa tion .

T h e  develop ing  so lvent in tended  to se rv e  a s  a  control, 1 .0 M 

N aC I0 4 , prov ided  b e tte r  se p a ra tio n  than  the  g rad ien t- producing

solvent. Sm aller sp o ts  w ere  o b se rv ed  for C a2 + , M g2 + , Mn2+ a n d  

Z n2 + , a lthough  C u2+ and  Ni2+ still show ed  streak ing . T he 

se p a ra tio n  w as  b e tte r  tha t th a t reported  in the  literature. Z n2 + , 

Mn2+, Ca2+ and Ni2+ were clearly separated with the perchlorate
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develop ing  solvent. T h e se  ions all show ed  sim ilar Rf v a lu es  w h en  

s e p a ra te d  with an  a c e ta te  buffer (18). T he Rf v a lu e s  o b ta in ed  in all 

of th e s e  ex p e rim en ts  a re  given in Table 5.

W hile th e  se lf-genera ting  m obile p h a s e  pH g rad ien t p ro d u ced  in 

th e  cu rren t ex p e rim en ts  did no t im prove th e  se p a ra tio n  of m eta l ions 

th e  p o o re r se p a ra tio n  s e rv e s  a s  an  additional proof of th e  ion 

e x c h a n g e  - neutralization m echan ism . G rad ien ts  su ch  a s  th o s e  

p ro d u ced  h e re  w h ere  th e  an a ly te  first e x p e rie n c e s  an  acid ic  m obile 

p h a s e  which gradually  b e c o m e s  m ore b a s ic  w ould b e  m ore  usefu l in 

th e  se p a ra tio n  of an a ly te s  th a t ex p erien ce  a  g re a te r  mobility in a  

b a s ic  m edium  an d  d e c re a s e d  mobility in an  acidic m edium  i.e. w eak  

ac id s  like th e  polygfutam ic ac id  sa m p le s  p re se n te d  in th e  nex t sec tion . 

If a  se r ie s  of such  an a ly te s  w ere  ex p o sed  to  su ch  a  g rad ien t th en  

th o se  a n a ly te s  leas t a ffec ted  by the  acid ic  m obile p h a s e  w ould begin  

to  m ove first leaving beh ind  th o se  m ore affec ted  by th e  acid ic 

m edium . A s th e  pH  of the  m obile p h a s e  p a ss in g  th e  ana ly te  

in c re a se d  m ore a n d  m ore an a ly te s  w ould beg in  to  m ove. S p o t s iz e s  

w ould a lso  b e  m inim ized. T he top of th e  sp o t w ould ex p e rien ce  a  le s s  

fav o rab le  m obile p h a s e  pH a n d  would b e  b rak ed  while th e  bo ttom  of 

th e  sp o t w ould ex p e rien ce  a  m ore favo rab le  m obile p h a s e  pH a n d  

w ould b e  acce le ra ted . This would resu lt in a  m ore  co m p ac t spo t.
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Table 5. Rf V alues of S o m e  Metal Ions on CM C ellu lose 

METAL CRITICAL ---------------------------- Rf X 1QQ------
ION oH* B l i Rf2 Rf3 BM Rf5 Rf6 Rf7

C a 2+ 11.4 57 35 4 0-34 70-78 69-78 83

C u 2+ 4.6 55 28 0 0-3 1-13 0 - 1 0 7-21

M g2+ 8.4 78 53 9 0-5 77-85 73-84 85

Mn2+ 7.4 58 38 8 0-3 17-70 26-53 73

Ni2+ 6.4 61 38 4 0-3 47-81 13-48 65

Z n 2+ 5.8 62 35 4 0 - 2 9-28 6 - 2 1 56

Rf 1 -  1 N sodium  a c e ta te  - 1  N acetic  acid  (18)
Rf2 -  0.5N sodium  a c e ta te  - 0.5 N acetic  acid (18)
Rf3 -  0 .1 N sodium  a c e ta te  - 0.1 N acetic  acid (18)
Rf4 -  0.03M  am m onia
Rf5 -  0.03M  am m onia  in 1 . 0  M NaCI
Rf6  -  0.03M  am m onia  in 1 .0 M N aC I04
Rf7 -  1.0 M N aC i04

* Estimated pH *  14 - log(KSp)1/2 above which a 1.0 M solution of the 
ion will form an hydroxide precipitate.
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2. T h e  m olecular w eight characterization  of doIv - L - g lu tam ic acid. 

A ccording to  th e  m odel of Tanford (31) th e  s q u a re  of th e  end -

to -en d  d is ta n c e  for a  flexible polym er (h02) is given by:

h02-p20

w h ere  p is th e  effective bond  length b e tw een  s e g m e n ts

a  is th e  num ber of m onom er e lem en ts  in a  polym er chain . 

T his equation  is b a s e d  on a  m odel which tre a ts  th e  s e g m e n ts  a s  

in d ep en d en t units an d  a s s u m e s  tha t any  s e g m e n t m ay occupy  any  

sp a c e . This is not true a s  so m e  sp a c e  is o ccu p ied  by o th e r polym er 

se g m en ts . To c o m p e n sa te  for this th e  Flory-Fox em pirical facto r a  

w a s  in troduced  so  tha t th e  sq u a re  of th e  ac tu a l en d -to -en d  d is ta n c e  

h 2  is:

h2 - a 2p2o

T his a  factor a lso  acco u n ts  for attractive forces. In a  polym er 

solution th e re  m ay b e  a  stronger attraction b e tw een  th e  polym er 

s e g m e n ts  a n d  th e  so lven t m olecules th an  th e re  is b e tw e en  th e  

polym er s e g m e n ts  th em se lv es. This so lven t is te rm ed  a  good  

solvent. H ere a  polym er se g m en t is m ore likely to  b e  a d jace n t to  a  

so lv en t m olecu le th an  to  an o th e r se g m en t s o  th e  total ex c lu d ed  

volum e is larger th an  th e  physical volum e o ccu p ied  by th e  polym er 

se g m e n ts  th em se lv es. In such  a  c a s e  a  is g re a te r  than  o n e . If th e  

segment-solvent interactions are not stronger than the segment-
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s e g m e n t in teractions a  po lym er se g m en t is m ore  likely to  b e  ad jac e n t 

to  an o th e r an d  the  so lvent is te rm ed  a  poo r so lvent. In su ch  a  c a s e  a  

is le s s  than  o n e  an d  th e  polym er will not b e  so lub le in su ch  a  solvent. 

In e ith er c a s e  sin ce  th e  total physical exc luded  vo lum e an d  th e  net 

su m  of th e  attractive in te rac tions both in c re a se  with th e  n u m b er of 

s e g m e n ts  th e  value  of a  is a lso  d e p e n d e n t on a  T h e  m axim um  

p o ssib le  variation is given a s .

a  -  (constan t) o 0 -1®

If th e  s e g m e n ts  p o s s e s s  ch a rg e d  m oieties the  situation  is m ore 

com plicated . If all of th e  c h a rg e s  a re  of th e  s a m e  type (e.g. all 

neg a tiv e) th en  e lec tro sta tic  repu lsions m ak e  co m p ac t configurations 

highly unfavorab le a n d  th e  polyelectrolyte a s s u m e s  a n  e x p a n d e d  

configuration. If th e  m oiety is a  w eakly d issocia ting  electro ly te (e.g. - 

CO O H  ) th en  a  b as ic  so lven t which would p rom ote  ionization would 

c a u s e  th e  polym er to  a s s u m e  a  m ore e x p a n d e d  configuration  an d  

w ould b e  a  good  so lven t for th a t polym er w hile an  acid ic  so lv en t 

w hich s u p p re s s e s  ionization would b e  not a s  good.

T h e  solubility of a  po lym er d e c re a s e s  with in c reasin g  m olecu lar 

w eight. If a  po lyd isperse  sa m p le  of a  polym er contain ing  a  w eakly 

d issocia ting  electrolyte m oiety is insoluble in an  acidic so lven t ( a  < 1 ) 

a n d  it is ex p o sed  to  a  slightly m ore b as ic  so lven t a  certa in  fraction of 

th e  g roups on the  polym er will ionize. T his will resu lt in a  m ore  

expanded configuration for the polymer and an increase in a . The
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value  of a  for the  sm alle r ch a in s  m ay in c re ase  to  a  va lue  g re a te r  than  

1 a t which point they  will b eco m e soluble while th e  larger ch a in s  

rem ain insoluble. T h e re  will b e  a  critical pH for e a c h  chain  length a t 

which it b e c o m e s  so luble. If a  sam p le  of such  a  polym er w ere  sp o tted  

a t th e  bottom  of a  thin layer ch rom atograph ic  p la te  a n d  e x p o se d  to an  

acid ic  m obile p h a s e  no  an a ly te  m ovem en t would occur. As th e  pH of 

th e  m obile p h a s e  in c re a se d  th e  sm aller ch a in s  would beg in  to  m ove 

an d  a s  th e  pH in c re ased  eventually  all of th e  c h a in s  w ould beg in  to 

m ove. In th e  d ev e lo p ed  p la te  o n e  would ex p ec t to find th e  g re a te s t 

Rf value for th e  sh o rte s t polym er chains.

T he polym er c h o s e n  for this experim ent, poly - L - g lutam ic 

acid, is show n in Figure 41 . S am p les  of the sodium  sa lt of poly - L - 

glutam ic acid  of varying m olecular w eight d istributions w ere  o b ta ined  

from SIGMA Chem ical C o . , St. Loius MO. T he sa m p le s  w ere  

ch a rac te rized  by S ig m a using viscosity m e a su re m e n ts  an d  s iz e  

exclusion  ch rom atog raphy  using  low an g le  la se r  light sca tte rin g  

(SEC-LALLS) detection . D ata  provided by S igm a for th e  s a m p le s  a re  

given in Table 6 . S am p le s  w ere d isso lved  in deion ized  w ate r a t a  

concen tra tion  of 50  mg/mL. A nalytes w ere  d e te c te d  by drying th e  

dev e lo p ed  p la tes in a  1 0 0 ° oven  for five m inutes follow ed by sp ray  of 

1% C u S 0 4  in w ater (w/v) an d  rep ea ted  oven drying. Poly-L- 

g lu tam a te  a p p e a re d  a s  light b lue sp o ts . W hen sod ium  fo rm ate  w as  

u se d  a s  a  developing  solution th e  background  a p p e a re d  a s  a  p a ler
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Table 6 . D ata  on poly - L - glutam ic a d d  sa m p le s  provided by S igm a 

C hem ical

SIGMA AVG. MW AVG. MW 80%  FRACTION
LOT #  tbv viscosity) (by LALLS) (bv SEC-LALLS1

6 2 H -5 5 1 4  1 4 ,3 0 0  9 ,7 0 0  7 ,0 0 0 -  13 ,000

5 2H -5522  1 7 ,5 0 0  1 5 ,3 0 0  7 ,0 0 0 - 2 1 ,0 0 0

12 3 H -5525  6 4 ,9 0 0  5 3 ,5 0 0  2 4 ,6 0 0  - 6 9 ,0 0 0

13H-5511 8 2 ,3 0 0 100,000 6 7 ,3 0 0 -  132 ,700
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b lu e  a n d  an a ly te  identification w a s  facilitated by ex p o sin g  th e  

sp ray ed , dried p la te  to  HCI g a s  (from th e  m outh of an  o p en  bottle  of 

co n cen tra ted  HCI solution) followed by a  few m inu tes in a  1 0 0 ° oven. 

T his c a u s e d  th e  an a ly te  to a p p e a r  a s  b lue-green  bu t left th e  

back g ro u n d  unaffected . W hen the  developing solution co n ta in ed  

chloride ion th e  background  w a s  yellow owing to th e  form ation of the

CUCI4 2 '  com plex. S in ce  all of th e  sa m p le s  a re  p o ly d isp erse  an d

sep ara tio n  is p red ic ted  to b e  a  function of m olecular w eight the  

an a ly te s  should  a p p e a r  a s  e lo n g ated  sp o ts  covering a  ran g e  of Rf 

v a lu e s  proportional to th e  ran g e  of m olecular w eigh ts of th e  polym ers.

T he only m oiety c a p a b le  of d issociating in poly - L - glutam ic 

ac id  is th e  -COOH group. B a sed  on d a ta  ob ta ined  from titrations of 

rib o n u c lease , Tanford & H auenste in  (32) reported  th a t th e  intrinsic 

pKa  for this group is 4.7.

As ex p e c ted  w hen the  sa m p le s  w ere  ch ro m a to g ra p h ed  on 

caroboxym ethyl cellu lose p la tes  using 0.03 M NH3  in 1 .0 M NaCI a s  a  

develop ing  so lvent all of the  sa m p le s  exhibited a  high R f .  Even 

though  this developing  so lven t p ro d u ces  a  g rad ien t on CM cellu lose, 

th e  low est pH m easu red  for th e  so lvent front in F igure 4 0  is 4 .3 . At 

th is pH approxim ately 30%  of th e  -COOH g roups a re  p red ic ted  to b e  

ionized. T he pH th en  rises steep ly  to  well over 8 .0 . This m obile p h a s e  

was always a good solvent for all of th e  samples.
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W hen 1 .0 sod ium  form ate w a s  u sed  th e re  w as b e tte r sep a ra tio n  

bu t ev en  th e  h ighest m olecu lar w eight sam p le  sh o w ed  a  ra th e r large 

R f  (77-91). T he b e tte r  sep ara tio n  can  b e  exp lained  by th e  fact tha t 

th e  initial pH of the  so lvent w as lower, 4.0, a s  s e e n  in Figure 34. At 

this pH a  sm aller fraction, approxim ately 17%, of th e  -COOH g roups 

a re  p red ic ted  to b e  ionized. T he pH a lso  in c re a se s  m ore shallowly, 

reach ing  a  m axim um  below  7.0.

A developing so lven t of 0.5 M sodium  fluoride w as  a lso  u se d  to 

s e p a ra te  th e  sam p les . A lthough 0.5M N aF  p ro d u ces  a  g rad ien t 

sim ilar to  1 . 0  M sodium  form ate on CM cellu lose  (F igures 13 an d  16), 

th e  sa m p le s  sh o w ed  lower Rf values an d  b e tte r sep ara tio n . This is 

possibly  d u e  to the  lower ionic strength  of the  deve lop ing  solvent.

T he R f  ran g e  o b se rv e d  for ea ch  sam p le  is p lotted  a g a in s t the  

m olecular w eight ran g e  into which 80%  of the sa m p le  falls in Figure 

43.

An u n su ccessfu l a ttem p t w as m ad e  to  a s s u re  th a t th e  

e lo n g a ted  ana ly te  sp o ts  o b se rv e r w ere  d u e  to th e  polydispersity  of 

th e  sam p le  an d  not simply d u e  to poor sep ara tio n . If a  sa m p le  w ere  to 

b e  ex p o sed  to  th e  s a m e  pH grad ien t in two d im en sio n s  an  e lo n g a ted  

sp o t p roduced  by polydispersity would b e c o m e  a  d iagonal line while 

o n e  d u e  to poor sep a ra tio n  would b eco m e  a  la rge  oval. S ince  the 

form ation of th e  g rad ien t is d u e  to th e  co n v ers io n  of th e  p ro to n a ted  

form of th e  resin  to th e  sodium  form, it is not p o ss ib le  to  form the 

s a m e  pH grad ien t on th e  sa m e  plate tw ice. An experim en t w as
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ch ro m ato g rap h ed  on CM cellu lose  using  0 .5  M N aF  a s  a  develop ing  

so lvent. T he p la te  w a s  then  dried an d  cu t vertically a d ja c e n t to  th e  

sa m p le  a n d  g rafted  o n to  an  u n u sed  p la te  an d  d ev e lo p m e n t w as  

a ttem p ted  with th e  s a m e  so lven t in a  perpend icu lar d irection . T he 

m obile p h a s e  failed to c ro ss  th e  g ap  neatly  b e tw een  th e  old p la te  an d  

th e  new  p la te  so  th e  experim ent w as ab an d o n ed .

A non-g rad ien t-p roducing  acidic developing  so lv en t of 

approxim ately  equal ionic s tren g th  to  th e  fo rm ate  so lu tion  w a s  a lso  

u se d  to deve lop  th e  poly - L • glutam ic acid  sam p les . A solution of 

0.01 M H2 S O 4  in 0.5  M N agS C ^ p ro d u ced  so m e  m o v em en t for th e  

lighter sa m p le s  an d  very little for the  heav ier sam p les . E ven a t 

approxim ately  pH 2 .0  w here  0 .2 0 %  of th e  -COOH g ro u p s  a re  

ionized, th e  sm aller ch a in s  show  so m e  slight solubility. T he Rf v a lu es  

p ro d u ced  in all of th e s e  experim en ts  a re  given in Table 7. This 

m ethod  could  se rv e  a s  an  inexpensive quality control s c re e n  for 

incom ing raw  polym eric m aterials. A sem i- quan tita tive  non- 

instrum enta l determ ination  of th e  m olecu lar w eight d istribution of a  

sam p le  m ay b e  o b ta in ed  quickly; th e  se p a ra tio n s  in th e s e  

ex p erim en ts  required  ab o u t 2 0  m inutes. As a lw ays in thin layer 

ch rom atog raphy  th e  ability to  an a ly ze  m any s a m p le s  s im u ltaneously  

p rov ides for g rea te r  throughput.
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Table 7. Rf v a lu e s  for poly-L -glutam ate fractions ch ro m a to g ra p h ed  

on CM cellulose.

AVG. MOL. WT. Rf X 1 0 0

(bv viscosity* Rf1 Rf2... Rf3 Rf4
14, 300 8 8 - 1 0 0 9 4 -1 0 0 6 4 -9 2 14-44

17, 500 8 4 -9 6 84-98 6 0 -9 2 16-38

64, 900 4 2 -7 8 11

82, 300 8 4 -9 6 71-91 14-52 0

BLL * 0.03 M NH3  in 1 . 0  M NaCI
BIZ -  1 0 M sodium  form ate 
Rf3 -  0.5 M sodium  fluoride 
B H  -  0 . 0 1  M H2 S 0 4  in 0 .5  M N a2 S 0 4



S u m m ary  a n d  C onclusion
1 0 5

S in ce  m any  a n a ly te s  a re  e ither w eak  ac id s  or b a s e s  the ir 

ch ro m a to g rap h ic  b eh av io r on a  thin layer p la te  c a n  b e  g reatly  

affec ted  by th e  pH of th e  m obile p h a s e  to  which th ey  a re  ex p o sed . 

O ften o n e  is called  upon  to s e p a ra te  m olecu les w hich a re  very sim ilar 

a n d  differ only in the ir acid  b a s e  p roperties . T h e se  se p a ra tio n s  m ay 

b e  e n h a n c e d  by u s e  of a  m obile p h a s e  pH gradient.

S e v e ra l te c h n iq u e s  w ere  explored  for the  determ in a tio n  of pH 

g rad ien ts . T h e  pH w a s  m e a su re d  at sev era l poin ts a long  a  thin layer 

ch ro m a to g rap h ic  p la te  by placing a  specially  m a d e  te m p la te  o v e r th e  

p la te  an d  apply ing  m icro pH e lec tro d e s  to the  p la te . This tech n iq u e  

w a s  a lso  m odified to  perm it th e  m easu re m e n t of th e  pH on  th e  p la te  

a s  it w a s  b e in g  d ev e lo p ed . Indicator co m p o u n d s w e re  a lso  u se d  

ex tensively . Q ualitative m e a su re m e n ts  of th e  pH w ere  o b ta in ed  by 

o b se rv in g  th e  co lo rs of various indicators which w e re  e ith e r sp o tted  

on th e  bo ttom  of a  p la te  or w hich w ere  applied  in vertical b a n d s  along  

th e  plate.

In o rd e r to  in su re  th e  p re se n c e  of well defined  a n d  controlled 

ac id  b a s e  p ro p e rtie s  in th e  sta tionary  p h a s e s , d eriv a tized  ce llu lo ses  

w e re  u se d . Both carboxym ethyl ce llu lose  a n d  diethylam inoethyl 

ce llu lo se  lay e rs  w e re  com m ercially ava ilab le  p re c o a te d  on  flexible 

s h e e ts . T h e  develop ing  so lv en ts  u se d  w ere  a q u e o u s  so lu tions of th e  

sod ium  o r p o ta ss iu m  sa lts  of w eak  a d d s .  S ev era l s y s te m s  w ere
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in v estig a ted  in w hich a  pH g rad ien t w a s  o b se rv e d  on  th e  d ev e lo p ed  

p la tes.

T he m ech an ism  by w hich th e  g rad ien t fo rm s o n  carboxym ethyl 

ce llu lo se  w a s  d e te rm in ed  by m e a n s  of sev era l ex p e rim en ts . T he u se  

of sp ray  r e a g e n t s , "Rf-on-the-fly" ex p erim en ts , o b se rv a tio n s  of 

ind icator co lo rs, co n tin u o u s pH m e a su re m e n ts  a n d  to tal sp e c ie s  

profiles using  a tom ic ab so rp tio n  an d  visible light sp e c tro sc o p y  all 

ind icated  th a t th e  m ost likely m ech an ism  is th e  ion e x c h a n g e  - 

neu tra lization  m echan ism . In th is m ech an ism  ca tio n s  from  th e  

m obile p h a s e  a re  e x c h an g e d  for p ro to n s in th e  s ta tio n ary  p h a se . T h e  

effec t of th e  re le a se d  p ro to n s is neu tra lized  by th e  w eakly  b as ic  

co m p o n en t in th e  m obile p h a s e . T he p ro p o sed  m e ch an ism  w as  

verified by th e  u s e  of so lu tions of am m o n ia  in 1 . 0  M sodium  chloride.

T h e  effect of th e  g rad ien t on  th e  se p a ra tio n s  of tw o c la s s e s  of 

an a ly te s  w a s  explored . T h e  g rad ien t did not im prove th e  se p a ra tio n s  

of m etal ions. H ow ever th e  non-g rad ien t control did provide better 

s e p a ra tio n s  th a t w ere  found in th e  literature. T h e  g rad ien t w as  ab le  

to  bring ab o u t the  se p a ra tio n  of p o ly d isp erse  s a m p le s  of poly-L- 

g lu tam ic ac id  on  th e  b a s is  of their m olecular w eigh ts.
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