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Abstract

T h e D esign  and A pplication  o f  

T w o  Versatile C om puter Based E lectrochem ical Instrum ents

for

Static and F low  C hem ical A nalysis

by

George D . Sukenick 

Advisor: Professor R onald  Birke

The design, development and applications o f  two electrochemical instrumentation 

projects arc presented. Each project involved the original design and construction o f an 

electrochemical instrument, along with applications to analysis and detection o f  chemical 

species and components in mixtures for both static and flowing systems. The first 

project consisted o f  an automatic titration instrument which automates the calibration, data 

acquisition and reagent delivery process. This instrument was applied to study carbonate 

and bicarbonate mixtures, which traditionally arc analyzed via a multiple step wet chemistry 

method. Results obtained with the instrument were similar to or better than the wet 

chemistry method. In the second project, a versatile multi-functional electrochemical 

instrument for voltammctry, polarography and electrochemical flow analysis detection was 

developed. The instrument was designed with an automatic static drop mercury electrode 

which was used as part o f a flow cell detection system. The instrument was applied to the 

detection and examination o f  the differential catalytic current o f  B vitamins eluting from a 

High Pressure Liquid Chromatography (HPLC) column. The instrument was demonstrated 

in several o f  its modes, with successful separation and analysis o f  the vitamins.
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Introduction

The topic o f th is  th es is  is com prised of two in s tru m e n ta tio n  projects, 

th e ir  developm ent an d  applications. E ach project involved th e  orig inal 

design an d  bu ild ing  of an  electrochem ical in s tru m e n t. E ach design used 

a com puter th a t  w as in te rfaced  to  custom  electronics and  s ta n d a rd  

in s tru m e n ts  to create  a  final in s tru m e n t th a t  provided v e rsa tility  as w ell as 

d a ta  acquisition, control and  m an ipu la tion  availab le  only in  com puterized 

in stru m en ta tio n .

One p ro jec t involved th e  resea rch , design an d  construction  of an  

au tom atic  titra tio n  in s tru m e n t to au tom ate  th e  calib ra tion  and  th e  titra tio n  

process. T his in s tru m e n t dispenses reagen t w hich reac ts  w ith  analy te  in  the  

reaction  vessel. I t  th en  m easures th e  pH  and  records these  values of volume 

an d  pH. T he aliquot volume to be delivered to th e  analy te  is de te rm ined  

by th e  in s tru m e n t and  depends upon th e  pH  response of th e  an a ly te  to  the  

reagen t. T he goal of th e  in s tru m en t, in its  m ost comm on mode of operation, 

is to add reag en t to th e  reaction vessel in  an  am oun t such  th a t  th e  change in 

pH  is a constan t, even w hen th e  pH  is in  a  rap id ly  changing region. This 

provides for m axim um  resolu tion  in  regions w here  de ta il is im p o rtan t, and  

analy tic  speed in  regions w here resolution is no t im portan t. T his in s tru m e n t 

w as app lied  to stu d y  com position and  o th e r p ro p e rtie s  o f ca rb o n a te  and  

b icarbonate  m ix tures. Besides th e  calibration  of th e  in s tru m en t, use of th is  

in s tru m e n t  for th is  a n a ly s is  involved  only one s te p . C a rb o n a te  an d  

b ica rb o n a te  is u su a lly  analyzed  u sin g  a m ore involved m u ltip le  step  w et 

chem istry  analysis. T his project is discussed in  Section 1 and  A ppendix A. 

An overview  of th e  t itra tio n  m ethod, au to m atic  t itra tio n s  and  au to m atic



2

com puterized titra tio n s  is given. T hen th e  in s tru m e n t w hich w as developed, 

i t s  fe a tu re s  an d  m od ifica tions re q u ire d  to  m ak e  th is  in s t ru m e n t  a re  

discussed.

C arbonate  t itra tio n  m ethods a re  th en  discussed. The application of th e  

in s tru m e n t to th e  ana ly sis  of carbonate , b icarbonate , and  sesq u icarb o n ate  

m ix tu re s  an d  com parison to tra d itio n a l m ethods of th is  type  of t i tra tio n  

follows. F inally , an o th e r application  is discussed, calcu lation  of equilib rium  

co n stan ts  from  the  d a ta  obtained. A ppendix section A goes in to  th e  deta il of 

th e  in s tru m e n t construction and  operation as well as derivations of equations 

an d  fittin g  procedures.

In  th e  second project, d iscussed in  section 2, th e  in s tru m e n t developed 

an d  constructed  w as a  versatile  m ultifunctional electrochem ical in s tru m e n t 

for vo ltam m etry , polarography  an d  electrochem ical flow analysis detection. 

T h e  in s tru m e n t  w as designed  w ith  an  a u to m a tic  s ta t ic  d rop  m ercu ry  

e lec trode  w hich  w as used  a s  p a r t  of a flow cell de tec tion  system . T he 

in s tru m e n t  w as app lied  to d e te c t and  exam ine  th e  d iffe ren tia l ca ta ly tic  

c u rre n t of B v itam ins e lu ting  from  a H igh P ressu re  L iquid C hrom atography  

(H PLC) colum n. Novel aspec ts  of th is  p ro jec t include th e  in s tru m e n t, 

w hich gives control of a lm ost every aspect of th e  electrochem ical waveform , 

detection  of B v itam ins using  th e  cataly tic  c u rren t on a m ercury  electrode, 

an d  th e  use of HPLC scann ing  electrochem ical detection  (HPLC-EC) for 

e lec tro ch em is try  to  exam ine  th e  cu r ren t-v o ltag e  cu rves r a th e r  th a n  its  

fam ilia r application to resolve peaks overlapped in  th e  tim e dom ain.

The vo ltam m etric  m ethod is discussed, followed by a  sh o rt descrip tion 

of H igh  P re ssu re  L iquid  C hrom atog raphy  w ith  e lectrochem ical de tection  

(HPLC-EC). Following th a t, choices of electrode and  flow cell a re  discussed,



as  w ell as th e  in s tru m e n t th a t  w as developed. T h is p a r t  o f th e  th e s is  

consists of th e  possibilities and  capabilities o f the  in s tru m en t, a n  overview  of 

how  th e  in s tru m e n t is  constructed, how i t  w orks, an d  how it  is used. The 

specifications of th e  in s tru m e n t a re  th en  p resen ted , and  th en  th e  electrode 

system  and  flow cell w hich w ere used to d em o n stra te  the  capabilities o f the  

in s tru m e n t a re  d iscussed . F inally , the  experim en ts w hich w ere  perform ed 

a re  d iscussed . T hese include experim en ta l de ta ils  such a s  th e  d eae ra tio n  

m ethod, cataly tic  cu rren t, various HPLC charac te ris tics  o f th e  in s tru m e n t, 

op tim iza tion  of p a ra m e te rs  and  an  exam ina tion  o f m ix tu res. A ppendix 

sec tion  B g ives exam ples, d iag ram s, a n d  o th e r  d e ta ils  concern ing  th e  

in s tru m e n t construction  and  operation.
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Section 1 The A utom atic T itration  Instrum ent

Titration Introduction and Background

A D ig ita l  E q u ip m e n t C o rp o ra tio n  11/23 c o m p u te r  h a s  b e en  

program m ed and  in terfaced  to a modified m otorized b u re t an d  a  m odified 

pH  m eter to perform  general potentiom etric  titra tio n s . T his in s tru m e n t w as 

app lied  to various m ix tu res o f sodium  sesqu icarbonate , sodium  carbonate , 

an d  sodium  b icarbonate  w ith  d ilu te  (ca. 0.1M ) HCl a s  t i t r a n t .  T he 

com puter controlled th e  experim ents, chang ing  th e  pH  by 0.1 pH  u n it for 

each  a liquo t delivered th rough  a  num erica l deriva tive  p red ic tion  algorithm . 

T he d a ta  w ere th en  fit to an  em pirical m odel and  to a  derived m odel u sin g  a 

sim plex m inim ization  procedure in  o rder to exam ine errors, analyze  percen t 

m ateria l, an d  determ ine dissociation constan ts.

Titration

T itra tio n  is a powerful analy tical technique. I t  is a  chem ical reaction  

u n d e r perfect control, since control of reac tin g  species is m ain ta in ed . The 

m ethod  yields inform ation abou t th e  stoichiom etry of th e  reaction , reaction 

steps, equ ilib rium  constan ts  and  probable m olecular species in  solution. 

F o r m ethods of q u a n tita tiv e  ana ly sis , vo lum etric  titra tio n  s ta n d s  out for 

v e rsa tility , accuracy, an d  convenience.1 A t i t r a t io n  w ill u su a lly  y ield 

in fo rm atio n  on th e  form al concen tra tion  of th e  so lu tes, a s  a  t itra tio n  is 

o rd inarily  se t to progress slow er th a n  equilib rium  of th e  reac tan ts .

S till, a  t i t r a t io n  is sim ply  a m ethod th a t  only involves add ing  a 

m easu red  q u a n tity  o f re a c ta n t  to  a  su b s tra te  u n til  som e p ro p e rty  of th e  

su b s tra te  changes. In  acid or base  titra tio n s , an  analy tical technique used
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since 1897,2 the pH  of th e  solution is th e  p roperty  th a t  changes. As t i t ra n t , 

h e re a f te r  referred  to a s  reagen t, is added, th e  pH  will change  slowly in  th e  

buffer region u n til i t  reaches the  endpo in t region. This is a  tran s itio n  region 

w here  th e  pH  changes a t  a  rap id  ra te . Inside the  en d p o in t region is th e  

equivalence poin t, th e  po in t w hen all o f th e  su b s tra te  h a s  reacted . Before 

th is  point, th ere  is only a  sm all am oun t o f reag en t (which h a s  n o t reacted) in 

so lution; a fte r  th e  equivalence po in t th e re  is excess o f re a g e n t. I f  we can  

m easu re  th e  to ta l volum e of reag en t added  up to the  equ ivalence  point, we 

can  determ ine the  q u a n tity  of su b stra te .

T he change can  be  detected by add ing  a sm all q u a n tity  of a  substance 

th a t  changes color a t  th e  pH  around th e  equivalence p o in t o r by m easuring  

e le c trica l p ro p e rtie s  o f th e  so lu tion  u s in g  e lectrodes. T h e re  a re  m any  

electrodes th a t  m ay be used, b u t th e  g la ss  electrode, w h ich  h as  been in  

existence since 19063 is used extensively for th is  purpose. M odem  versions 

of th is  device have a  lin ea r dynam ic range  of up to 12 pH  u n its  (pH 2 to 14). 

T h is pH  range is equ iva len t to m easu rin g  activ ities of hydrogen  from 10"2 to 

10~14 moles / liter. Pew  o ther sensors have  th is  range of detection .

I f  the  pH  is p lo tted  against th e  am o u n t of reag en t added , most of th e  

curve will look rela tive ly  flat, except a ro u n d  the  endpoint reg ion  w here th e re  

is a  tran s itio n , form ing a  sigm oidal shaped  curve (F igure 1). The peak  of 

th e  derivative  m ay be exam ined to de te rm ine  the inflection p o in t (Figure 2), 

or th e  second derivative  goes through  zero a t  the inflection p o in t (Figure 3). 

I f  th e  curve is sym m etrical, the  inflection po in t (or “endpoin t”), will coincide 

w ith  the  equivalence point? The en d p o in t is th e  po in t w h e re  th e  slope is 

m axim um ; th e  abso lu te  value of th e  deriva tive  of th e  curve is  a t  a  m axim um  

an d  the  second derivative  is zero. This m ethod of using th e  derivative  to find 

th e  endpoin t w as f irs t  proposed in 1919 by H o ste tte r & Roberts?
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Automatic Titration

T he t it ra t io n  process can  be ted ious, a n d  so m ethods h av e  been 

dev ised  to  a u to m a te  th e  process, even a s  fa r  b ack  as 1914^ U se of 

au tom ation  can e lim ina te  pe rsonal b ias  to an  ex ten t or a t  le a s t  b e tte r  

define th e  b ias; m any of th e  t i t ra t io n  p a ra m e te rs  can  be se t u p  by using  a 

p a rtic u la r  criteria? The c rite ria  m ay include item s such as a m ath em atica l 

d e te rm in a tio n  of th e  endpoin t, decid ing  w hen  a pH  value  is s tab le , and  

w h e n  to  ad d  m ore o r less  r e a g e n t  to  th e  s u b s tr a te  b e in g  t i t r a te d .  

A u tom ation  of th e  t i t ra t io n  p rocess can  be perfo rm ed  by m any  d ifferen t 

m eans, from  clever design of th e  experim ent to u sing  analog  and /o r d ig ita l 

electronics. In  the  titra tio n  process, th e re  a re  several aspects, some or all of 

w hich  can  be au tom ated : d a ta  tre a tm e n t, control o f re a c ta n t in troduc tion  

(d ispenser), d a ta  acquisition , an d  endpo in t de tection  m ethod. In  1925, 

Cox8 developed th e  f ir s t  m ethod  w hich au to m atica lly  c a lcu la te s  th e  

d e riv a tiv e . Two equal a liquo ts  o f sam ple  so lu tion  w ere p laced  in to  two 

se p a ra te  vessels. Before th e  s ta r t  of th e  titra tio n , one vessel h a d  a  sm all 

know n am o u n t of reag en t added  to  it. T hereafter, bo th  w ere t i t ra te d  w ith  

co n stan t increm en ts of reagen t. The difference voltage w as recorded, w hich 

gave the  derivative  curve. In  1939, B ark er & M iikker perform ed differential 

t i t ra t io n s  u s in g  m echan ica l devices^ In  1947 a n  e lec trica l d iffe ren tia l 

m ethod w as pub lished9 by D elahay . H e used  a  m ethod for c o n s ta n t flow 

t itra tio n  m easu rin g  c u rre n t flowing in to  a capacito r from  the  cell. L in g an e10 

in  1948 developed a device th a t  would deliver rea g en t a t  a  co n stan t r a te  w ith  

a  m otor d riven  syringe and  th e n  slow down n e a r  th e  endpo in t and  th en  

stop. T he endpo in t w as not d irec tly  detected . T he pH  of th e  en d p o in t is 

previously  de te rm ined  and  u sed  as a se t po in t c rite ria . T he m otor would 

slow w hen th e  value of the  pH  com pared to  the  se t p o in t w as sm all. This
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ap p ara tu s  w as connected to a  recording po ten tiom eter in  order to synchronize 

volum e to p H  read ings. In  1954, M a lm sta d t11 took th is  design  one step  

fu r th e r  an d  au to m ated  th e  endpoin t recognition. H e added  a c ircu it th a t  

calcu lates th e  second d e riv a tiv e  of th e  s igna l from  th e  sensor; w hen  th e  

c u rre n t in  th e  ca lcu la tion  c ircu itry  goes th ro u g h  a  m ax im um  an d  th e n  

reverses, a  re lay  sh u ts  off th e  m otor. Since th e  electrodes w ere  placed n e a r  

th e  re a g e n t delivery  tube, th e  senso r w ould d e tec t a  large change in  p H  in  

th e  ad jacen t solution w hen  th e  experim ent w as n e a r  th e  endpoint. W hen th e  

m ateria l m ixed, th e  titra tio n  w ould resum e and th is  cycle w ould re p e a t u n til 

th e  en d p o in t w as reached  or passed . P osition ing  of electrodes w as very  

im portan t; i f  they  w ere no t positioned properly, th is  hyste resis  effect w ould 

be lo st or d im in ished , an d  th e  in s tru m e n t m ig h t n o t slow down for th e  

endpoin t. T his m ethod does no t w ork well for chem ical system s w ith  sm all 

slope abou t th e  endpoint.

All of th e  designs th a t  involved c ircu itry  used  analog  devices, w hose 

d isad v an tag es w ill be discussed  la te r . They also w ere  m ean t for c o n stan t 

flow titra tio n , w hich is no t w ell su ited  for slow equ ilib rium  system s. S e t 

poin ts for pH  as a  c rite ria  for th e  endpoin t req u ire s  knowledge of th e  exact 

pH  of th e  endpo in t, w hich can  vary  d ep en d in g  upon te m p e ra tu re , 

calib ration  an d  concentra tion . Therefore, a  m ethod th a t  does no t depend 

upon the  a n  exact pH  value h a s  some advantage.
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Automatic Computerized Titration

A round th e  1970's, affordable d ig ita l c ircu its  an d  m in icom puters 

cam e abou t, and  au to m atic  t itra to rs  w ere  b u ilt a ro u n d  them . C om puter 

contro l in s tru m e n ta tio n  is usually  m ore advan tageous th a n  d irec t analog  

feedback and  control. W hile analog system s can be of very h igh  quality , the  

co m p u te r contro lled  in s tru m e n t  can be m ore v e rsa tile  th a n  th e  an a lo g  

system . The com puter can perform  th e  function requ ired , and  w hen  no t 

be ing  u sed  for th e  experim en t, can be used  for o th e r  p u rp o ses  such  as 

calcu lations or o ther experim en ts. An inexpensive com pu ter (w ith  qua lity  

I/O devices) can u sua lly  control an experim en t a s  w ell as o r b e tte r  th a n  an  

analog  system  which m u s t have a  de lica te  balance of h igh  qua lity  p a rts . In  

add ition , th e  com puter can be easie r to configure i f  a n  u n u su a l req u irem en t 

arises, w hile th e  analog  equipm ent is u su a lly  more difficult to a lter.

N o t all d ig ita l system s have a com pu ter or m icroprocessor. D ig ita l 

control, which essen tia lly  is w h a t th e  com puter does, can also be perform ed 

by d ig ita l  c ircu its . T h ese  sy s tem s do n o t h a v e  th e  v e rs a t i l i ty  or 

p ro g ram m ab ility  o f co m p u te r contro l, an d  sh a re s  som e of th e  design  

com plexity and  inflexibility  of analog devices. They usua lly  does not have 

th e  delicate ad ju stm en ts associated w ith  analog  circuitry . However, in 1980, 

W a rn e r12 designed a p H  s ta t/ t itra to r  system  w ith  d ig ita l c ircuits. I t  used  a  

s tep p in g  m otor coupled to a  2.5 ml syringe. Like L in g an e’s design , th is  

sy stem  em ployed a se t p o in t to d e te rm in e  w here  to slow ad d itio n  of th e  

rea g en t. I t  does slow th e  addition  of re a g e n t in  a  m uch  fin e r and  m ore 

precise  m an n e r th a n  th e  older m ethod. T he difference voltage betw een the  

pH  an d  th e  se t point is converted to a frequency w hich d rives th e  motor.
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A m ajor advan tage  of a  com puterized system  is in  the  h an d lin g  of da ta . 

T itra tio n  d a ta  can consist o f h u n d re d s  of po in ts , an d  severa l ru n s  a re  

u su a lly  perform ed for a single analysis. The d ig ita l com puter can  save d a ta  

for la te r  recall, m an ipu la te  th e  d a ta  to  d isp lay  th e  deriva tives of th e  d a ta  

a n d  com pute  a va lue  for th e  e n d p o in t from  th e  d e riv a tiv es . In  1979, 

H an isch  13 h a d  a n  au tom atic  spectrom etric  and  pH  t i t r a to r  b u ilt  a round  a 

com puter. In  1983, C h ipperfie ld14 m ade a n  a u to t i tra to r  w ith  th e  th en  

po p u lar P E T  com puter. T his design  used a  s te p p e r m otor connected to a 

100m l gas sy ringe  w ith  a u to m a tic  refill capab ility  u s in g  a  m icro-sw itch 

a c tiv a te d  valve. T he pH  w as m easu red  by a n  o p e ra tio n a l a m p lifie r  

connected to a n  analog  to d ig ita l converter. The ra te  o f pH  change w as used 

to  dete rm ine  size of additions. In  1990, R en15 m ade an  a u to titra to r  w ith  

s im ila r  p a rts . R en’s paper d iscussed  som e im p o rta n t fea tu res  of such  an  

in s tru m e n t. T he c rite ria  for th e  po in t th a t  th e  p H  is m easu red  a t  the  

electrode is im p o rtan t; Ren u sed  a m ethod w hich involved com paring  two 

read ings tem porally  five m inu tes ap a rt. I f  th e  difference in  these  read ings 

ag reed  to  w ith in  h is  c rite rion , th e n  th e  pH  w as a ssu m ed  to be  s tab le . 

A no ther factor is th e  q u a n tity  o f each add ition  o f reag en t. R en u sed  a 

re a g e n t delivery  volum e spacing  schem e w hich did  n o t take  d e lta  p H  into  

accoun t b u t in s te a d  used th e  d e riv a tiv e . V olum etric  spacing  of a liq u o t 

deliveries depended  upon the  f ir s t  two rea g en t de livery  volum es and  the  

volum e of each subsequen t delivery varied  as a  parabolic  dependence on the  

num erica l derivative  of th e  d a ta  an d  th e  firs t two poin ts.
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Automatic Titrator Instrumentation and Program

T his section w ill d iscuss th e  au to m atic  t i t r a t io n  in s tru m e n t, along 

w ith  the  m ethodology and  th e  fe a tu re s  of th e  in s tru m e n t. T hen , th e  

con stru c tio n  of th e  in s tru m e n t, th e  devices an d  p a r ts  u sed , an d  the  

operation of th e  in s tru m e n t a re  discussed.

Overview of the Instrument

The in s tru m e n t consists o f a  com puter w hich contro ls various devices 

to perform  th e  au tom atic  titra tio n . The com puter p rog ram  w hich perform s 

th e  au to m atic  t itra tio n  is called T IG H T C . The com puter acqu ires th e  pH  

th ro u g h  a n  analog  to d ig ita l converte r (A/D) w hich is connected to a  pH  

m ete r w hich i ts e lf  is connected to an  electrode im m ersed  in  th e  so lu tion  of 

in te res t. T he com puter is program m ed w ith  c rite ria  to  determ ine w hen a pH  

value is stab le . R eagent is delivered by a  m otorized b u re t w ith  a  DC m otor. 

T he b u re t is  controlled by th e  com puter th rough  a d ig ita l line connected to  a 

re lay  w hich tu rn s  th e  m otor on or off. The am oun t o f rea g en t delivered is 

m easured  a s  a  count by a  tachom eter a ttach ed  to th e  m otor in  th e  b u re t.

The in s tru m e n t gives p rom pts, an d  w hen th e re  a re  m any choices, a  

m enu of functions. W hen th e  in s tru m e n t is  firs t s ta r te d , th e  electrode is 

c a lib ra ted  by  im m ersion  in to  d iffe ren t pH  buffers , a s  d irec ted  by th e  

in stru c tio n s on the  d isplay term in a l. O th e r p a ra m ete rs  a re  th en  asked  for, 

such as re a g e n t m olarity . The u se r  is asked  to se t th e  electrode, delivery 

cap illary  an d  device controls in to  position to s ta r t  th e  titra tio n . T hen  the  

com puter ta k e s  control o f th e  experim ent. I t  adds re a g e n t to th e  reaction  

vessel an d  records bo th  th e  rea g en t volum e delivered  and  th e  pH  of th e  

solution. T his inform ation goes in to  the  com puter m em ory, is lis ted  digitally  

on th e  m onito r and  is p lo tted  on th e  d isp lay  m onitor. The firs t an d  second
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num erica l derivative  of pH  vs. volum e of rea g en t delivered is calculated  an d  

th e ir  num erica l value is d isp layed  as well. The q u a n tity  of re a g e n t to be 

delivered  is ca lcu la ted  from  th e  f irs t  n u m erica l de riva tive , w ith  bounds 

placed upon th e  value th a t  is  calculated. T he goal of th e  delivery  is to m ake 

each  re a g e n t delivery  cause a  co n stan t change in  th e  pH  of th e  su b s tra te  

(defau lt se ttin g  is 0.1 pH  u n it). To p ro tec t th e  experim en t from  a b e rra n t 

values, th e  q u a n tity  o f re a g e n t h a s  bounds. T here  is  a  m in im um  an d  a  

m axim um  q u an tity . In  addition , a delivery  volum e canno t be m ore th a n  

fou r tim es th e  previous value. These p a ram ete rs  a re  ad ju stab le  a t  any  tim e 

an d  a re  listed  in  Table 1,1. The titra tio n  continually  acquires d a ta  and  adds 

rea g en t as described u n til th e  u se r  m anually  te lls i t  to  stop or a  se t pH  value 

h a s  been reached. Then, th e  u se r  can store, plot an d  o therw ise  m an ipu la te  

th e  da ta .

Features of The Titrator

T he in s tru m e n t  developed for th e  a u to m a tic  t i t r a t io n  h a s  m any  

fea tu res. The in s tru m e n t gives prom pts an d  descrip tions for each step  of the  

experim ent, and  lis ts  of possible functions, called “m enus”, w hen  applicable. 

M ost p ro m p ts  h av e  rea so n ab le  d e fa u lts  in  o rd e r to  sim plify  an d  speed 

operation  of th e  program . W hen an  experim en ta l s tep  h a s  severa l possible 

directions, a  m enu  w ith  each possibility  is given. W arn ings a re  given w hen 

e rro rs  or problem s a re  detected. G raphics a re  p resen ted  to  th e  u se r  a s  th e  

ex perim en t proceeds to d isp lay  th e  experim en t’s progress. U n d e r th e  plot, 

as new  d a ta  a re  acqu ired , th e  num erica l lis tin g  of th e  d a ta  is d isp layed  

along w ith  f irs t and  second derivatives.

The pH  electrodes m ay be calib rated  w ith  two or m ore buffers. T his 

calib ra tion  is au tom atic , req u irin g  only e n try  of th e  buffer pH  value. The
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in s tru m e n t calculates th e  conversion factors for converting th e  voltage of the  

electrode to  pH  using  lea s t squares regression.

M any of th e  ex p erim en ta l p a ra m e te rs  a re  ad ju s tab le , even as th e  

titra tio n  is proceeds (see Table 1.1). These p a ram ete rs  include control of the  

experim ent. T here  is a  variab le  reag en t delivery based  upon th e  derivative 

of p rev ious values of pH  and volum e of re a g e n t delivered. I t  a tte m p ts  to 

m ake th e  change in  pH  constan t, re su ltin g  in good experim en ta l tim e and 

reso lu tion . T here  a re  factors w hich p rev en t unreasonab le  re a g e n t delivery 

am ounts. I t  is possible to change the  criterion  w hich determ ine  w hen th e  pH 

electrode h as  stabilized a fte r an  addition  of reag en t to p reven t false readings. 

E ach pH  read in g  in  a  t itra tio n  is actually  m any  read ings averaged  together 

to a ss is t in  e lim inating  random  noise.

W hen th e  titra tio n  is com pleted, th e  in s tru m e n t d isp lays m enus for 

m an ip u la tin g  and d isplaying d a ta . I t  is possible to obtain  a  d isp lay  on the 

m onitor screen  and  a  g raph  on p ap er from  a H ew lett-P ackard  pen  p lo tte r 

of volum e vs. pH, firs t derivative and/or second derivative . D a ta  m ay be 

stored o r re trieved . The d a ta  a re  stored in  a  un iversally  read ab le  tex t or 

“A SCII” form . T he num erica l d a ta  m ay be lis ted  on th e  p r in te r  or the  

te rm in a l screen. Along w ith  th e  raw  d a ta , a  lis t o f points w here  th e  second 

deriva tive  changed sign is given, along w ith  volum e, pH  an d  m o la rity  (of 

reag en t)  in te rp o la te d  to  a p o in t w here  th e  n u m erica l second d eriv a tiv e  

equals zero. T here a re  common com binations of functions, so th a t  only a  few 

key stro k es a re  req u ired  for a function  such  as sto ring , d isp lay ing , and  

p lo ttin g  d a ta . T he d a ta  m ay be ed ited  to  rem ove a b e r ra n t  po in ts ; or 

exam ine specific points on the d a ta  graph.
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TIGHTC Titration Program Description

T he p rogram  w ritten  for th e  au tom atic  t it ra to r  is nam ed  TIGHTC. I t  

c a lib ra te s , controls, acq u ires  d a ta  a n d  d isp lays, p lo ts , s to res and  

m an ip u la te s  d a ta  for po ten tiom etric  t i tra tio n s . T his p ro g ram  consists of 

several p a r ts ,  lis ted  in  th e  A ppendix T able 1 .2 A. W henever possible, the  

p rog ram  gu ides th e  chem ist th ro u g h  procedures such as ca lib ra tions and  

in p u t o f common p a ram ete rs  by using  p rom pts and lis tin g  d e fau lt values. 

T he defau lt value is used if  no en try  is given (if th e  r e t u r n  key  is pressed  

w ithou t a value), providing convenience. I f  a  query does n o t have  a default, 

th e  p rom pt w ill repeat itse lf  i f  no value is given.

T he  f i r s t  p a r t  o f th e  p rog ram  is u sed  for ca lib ra tio n s a n d  e n try  of 

in itia l values. The system  of prom pts is used  in th is section. A t the  end of 

th is  section, one m ay change in te rn a l p a ra m ete rs . W hen a ll calib ra tions 

an d  value  e n try  have been  com pleted, th e  com puter d ed ica te s  i ts e lf  to 

perform ing  th e  experim ent. D uring  th is  tim e  th e  u se r  sees a  g raph  of the  

d a ta  being acquired. T here  a re  several possible actions for th e  user. They 

are , “pause titration”, “stop experiment”, “speed up titration”, or “change internal 

param eters”. Once p au sed , th e  e x p erim e n t m ay be red o n e , aborted , 

p a ra m e te rs  changed or com pleted. A l is t  o f the  experim en ta l p a ram ete rs  

a re  in  T able 1 .1 . These p a ra m ete rs  a re  listed  w ith  each d a ta  repo rt.

Once th e  experim ent h a s  been com pleted, an o th er section of the  

p rogram  is called into m em ory. The style o f u se r interface in  th is  section is 

a  m enu from  w hich the  experim en ter m ay choose to plot, store, read  in  new 

da ta , p r in t d a ta , m an ipu la te  d a ta  and p r in t  a  d a ta  report. A n exam ple of 

th e  screens and  prom pts a re  given in  A ppendix 3.3.1A. An exam ple of a  da ta  

rep o rt is given in Appendix 3.3.2A.
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# Parameter Nam e
Input
Method

Default
Value Description o f  Parameter

1 Flow Conversion calibrate
7.4-1 O'3 

4 conversion factor; for reagent flow: 

tachometer pulses. Units ml/count
2 K calibrate (-5, typical) From E = K + C * pH ; conversion o f  

pH value to voltage o f electrode
3 C calibrate (0.7,typical) From E = K + C  * pH ; conversion o f  

pH value to voltage o f  electrode
4 Reagent Molarity entered 0.1 Molarity o f  Reagent.
5 pH Noise internal 4-10-3 Maximum allowable noise in a valid 

pH measurement; Units arc volts
6 pH Max. Dev. Slope internal 4-10-3 Maximum slope criteria when pH 

reading is stable
7 pH Change internal 0.1 goal of instrument for pH change o f  

each reagent delivery
8 Minimum Aliquot internal 7.5*10*3 minimum amount o f  reagent which 

may be delivered, Units ml
9 Maximum Aliquot internal 2.0 Maximum amount o f  reagent which 

may be delivered, Units ml
10 Spin Down internal 2% Amount o f  slop in counts allowed for 

spin down o f motor
11 Mix Time internal 2.0 Minimum mixing time in seconds.
12 pH Change internal 0.4 Volumetric correction to aid in keeping 

pH change goal (parameter #7)
13 Program Version int fixed (5.75) Version o f current program
15 BufFcr # det int 2 equal to the number o f buffers used in 

calibration o f  the pH electrode
16 Calibration det int Mean pH o f calibration buffers
17 Calibration det int voltage o f  first solution or average V
18 Calibration det int voltage o f  last solution
19 Calibration det int pH o f first solution
20 Calibration det int pH of last calibrate solution

Tabic 1.1 Internal Parameters for the Titration Program, TIG H TC,
Meaning o f  the “Input Method” column: 

calibrate The parameter value is calibrated (or entered) using the instrument
entered The parameter value is entered when prompted by the instrument
internal The parameter value used is default; not prompted for 
det int The parameter value is calculated & determined internally
int fixed The parameter value is internal and fixed (may not be changed)
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How a Titration is Performed by TIGHTC

The size of the  a liquo t is  im portan t for de term in ing  the  endpo in t of the  

t itra tio n . Ideally  we w ould w a n t to hav e  th e  b e s t reso lu tio n  or sm a lles t 

possible a liq u o ts  around  th e  endpoint so th a t  i t  m ay be de te rm in ed  in  th e  

m ost accu ra te  m anner. I f  a ll aliquots w ere  th e  sam e sm all size, we would 

have  th e  desired  reso lu tion , b u t a t  a g re a t cost o f tim e. E v en  though  the  

co m p u te r  w ould  w ork  a u to m a tic a lly , th e  th ro u g h p u t o f e x p e rim e n ts  

accom plished  would be very  low. T ak in g  a  long tim e for a  p a rtic u la r  

experim ent would also in troduce errors due to evaporation, d rif tin g  of the  pH  

electronics, and  o ther e rro rs. The goal would be for the  com pu ter to  w ork as 

well o r b e tte r  th an  a chem ist perform ing th e  experim ent by h a n d  an d  to have 

significant advantages.

T yp ically , a  c h e m is t p e rfo rm ing  a  p o te n tio m e tric  t i t r a t io n  by 

trad itio n a l m eans would f irs t calibrate th e  p H  m ete r using two buffers in  the  

reg ion  th a t  th e  titra tio n  w ould proceed. T hen , w ith  th e  so lu tion  being  

stirred , p H  and  reference electrodes are  in se rted  into the solution and  w ith  a 

p ap e r in  fro n t and  pencil in  one hand  an d  b u re t  control deftly  he ld  in  th e  

other, th e  chem ist w ill add  am oun ts of re a g e n t and  m ake n o tes  of the  pH, 

and  volum e read ing  from  th e  b u re t. The chem ist will w a it before recording 

each read in g  u n til the  read ing  on the  pH  m e te r  h a s  stabilized. T he quan tity  

of each  a d d itio n  will d ep en d  upon the  ch em is t's  percep tion  on how the  

experim en t is  proceeding. W here th e re  is l it t le  change in th e  pH  change, 

th e  ch em ist w ill add la rg e  q u a n titie s  of rea g en t. W hen th e  p H  s ta r ts  to 

change quickly, e ith e r from  in tu itio n  by n o ting  th e  speed th a t  pH  m eter’s 

needle tra n sv e rse s  across th e  d ial, or by m ore soph istica ted  m eans, by 

looking a t  th e  num erical deriva tive  and observ ing  i t  increase o r pe rhaps by
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plo tting  th e  d a ta  by h an d  as th e  experim en t p rogresses and no ting  w hen the  

curve s ta r ts  to  becom e steep , th e  chem ist w ill s t a r t  to  lim it th e  am o u n t of 

rea g en t th a t  is  added  in  order to provide b e tte r  reso lu tion  a t  th is  im p o rtan t 

p a r t  of th e  experim ent.

The problem  is th a t  th is  procedure is tedious and  prone to errors. The 

ch em is t m ig h t n o t o b ta in  enough  p o in ts  a ro u n d  th e  e n d p o in t for good 

reso lu tion . D ue to im patience, e rro r, or lack of sk ill, too m uch re a g e n t 

m igh t be added  an d  th e  endpo in t is passed . I f  th e  region of th e  endpoin t 

h a s  a low slope, th e  process can tak e  a  long tim e. E rro rs  m ight also creep in 

from  tran sc rip tio n  or calculation e rro rs.

A u to m atin g  th is  process is advan tageous a s  tran sc rip tio n  e rro rs  a re  

e lim inated , and  for th e  m ost p a rt, calculations a re  reliab le . The ted ium  is 

efficiently  perform ed by th e  com puter, w hich does n o t g e t im p a tie n t. I f  

th e re  is a good c rite ria  for d e term in ing  th e  q u an tity  o f reag en t to deliver, the  

ex perim en t need  n o t tak e  long an d  enough d a ta  ab o u t the  endpo in t w ill be 

tak en .

TIGHTC is m ea n t as an  a id  for th e  chem ist. I t  perform s som e of its  

fu n c tio n s w ith  th e  a id  of th e  chem ist, an d  th e  a c tu a l t i t r a t io n  i ts e lf  is 

.perform ed w ith  m in im al in te rac tio n  req u ired . T he  titra tio n  p rocedure  is 

perform ed in  a  m an n e r sim ila r to a  classical po ten tiom etric  titra tio n . F irst, 

p a ra m ete rs  of th e  experim ent a re  recorded and  th e  pH  is calib ra ted  by e ith e r 

a  tw o po in t or, w ith  th e  com puter de te rm in ing  th e  re su lt u s in g  lin e a r  lea s t 

squares, a  m ultip le  p o in t calibration . Then th e  chem ist is p rom pted  to  s ta r t  

th e  m ixing  m otor an d  place th e  e lectrodes in to  th e  so lu tion . W hen th e  

titra tio n  h as  s ta r te d , th e  com puter controls th e  ex perim en t u n til  th e  ta rg e t 

pH  is reached  or all reag en t has been delivered from th e  bu re t.
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In  th e  au to m atic  titra tio n , th ere  a re  program m ed fea tu re s  w hich a re  

s im ila r  to a  chem ist doing th e  ex p erim en t by h a n d . O ne fea tu re  is  th e  

d e te rm in a tio n  of a  stab le  pH  read ing . A pH  m easu rem en t canno t be 

considered  co rrect un less  m ade w hen th e  pH  of th e  so lu tion  is or is  n e a r  

equ ilib ra tion . The chem ist w ould no t record  the  read in g  im m edia te ly  a fte r  

addition , an d  n e ith e r  does T IG H T C , w hich w aits for a se t tim e, “Mix time”. 

T he chem ist m ay th e n  see, i f  a f te r  som e tim e  th e  pH  or electrode h a s n 't  

se ttled , a  need le  m oving abou t o r a  n u m b er changing  up a n d  down u n til  it  

reaches a final value. T here a re  two periods th a t  th e  pH  is n o t stable. One 

period  occurs w hen  th e  pH  is chang ing  re la tiv e ly  fa s t. T h is h a p p en s  

w henever rea g en t is added an d  th e  solution h a sn 't  com pletely mixed. T his 

is  easy  for th e  com puter to detect. The com puter w ill ta k e  m any  read ings, 

calcu late  n u m erica l de riva tives of th e  pH  w ith  resp ec t to read in g  num ber, 

an d  if  they  a re  h igh  (afte r being  processed to e lim inate  some noise and false 

readings), w a it u n til th e  values are  sm aller th a n  a specific c rite ria . A nother 

reg ion  occurs w hen  th e  pH  seem s to have stabilized  to a  p a rtic u la r  read ing , 

b u t  due to incom plete m ixing, reaction  or noise, th e  pH  continues to change 

or d rift (som etim es even in  a reverse  direction). T his show s up  as a  se t of 

pH  read ings w hich have noise h ig h er th a n  norm al (norm al defined a s  th e  

noise  of a n  electrode in  a so lu tion  a t  equ ilib rium ). T his region  m ay be 

d e te c ted  by  look ing  a t  th e  s ta n d a rd  d e v ia tio n  o f a  la rg e  se t o f pH  

m easu rem en ts .

T IG H T C  uses th ree  p a ram ete rs , lis ted  in Table 1 .1  as p a ram ete rs  #5, 

#6 and #11.  The param ete rs  a re  “pH noise”, “pH maximum deviation slope” and  

“Mix time”. “Mix time” is the  tim e allowed for mixing. I t  defines th e  am o u n t 

of tim e betw een the  reag en t delivery and th e  firs t m easu rem en t. The o ther 

two p a ram ete rs  a re  used in th e  m easu rem en t itself. W hen it  is tim e to tak e
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a  m easu rem en t, th e  “pH maximum deviation slope” is u sed  to  determ ine  w h en  

th e  pH  is rap id ly  chang ing , an d  th e  “pH noise” is u sed  to  d e te rm in e  i f  

incom plete  m ixing h a s  occurred. The la t te r  p a ra m e te r  m ay cause problem s 

i f  a  poor qua lity  electrode is used . T he  de ta ils  of th is  procedure m ay  be 

found in  A ppendix 2.1,1 A.

A no ther fea tu re  th e  d e te rm in a tio n  of the  q u a n tity  o f reag en t t h a t  is 

delivered. A chem ist w ould determ ine how  previous a liquo ts changed th e  pH  

(by exam in ing  the  derivative, in  o th e r  w ords) an d  th e n  try  to p red ic t from  

in tu it io n  an d  experience  how m uch  m ore to add  n e x t. The co m p u te r 

ca lcu la te s  th e  am o u n t o f rea g en t to de liver from severa l p a ram ete rs ; from  

T ab le  1.1, #7, #8 , #9 and # 1 2  w hich correspond to: “pH change”, “minimum 

aliquot”, “maximum aliquot” and “pH change correction”. T he p a ra m e te r  “pH  

change” is th e  goal for each aliquot: each q u an tity  added  should  change th e  

p H  by 0.1 pH  u n its  (d e fau lt value). T he a liquo t is  de te rm in ed  by  th e  

n u m erica l derivative  of th e  la s t  two po in ts , and  th e  change in  pH  of th ese  

po in ts . The size of th e  derivative de te rm ines the  increase  or decrease in  th e  

a liq u o t size. To p rev en t overshoot, “minimum aliquot” an d  “maximum aliquot” 

a re  used  to  p rev en t too little  o r too m uch reag en t from  be ing  delivered. In  

add ition , th e  size of a n  aliquot is re s tra in e d  from in creasin g  more th a n  fou r 

tim es from  its  previous value. T his h e lp s keep changes reasonab le, even 

w h en  noise is p resen t. The p a ra m e te r  “pH change correction” m odifies th e  

a liq u o t size so th a t  w hen  th e  derivative  is very  large, th e  calculated a liq u o t 

w ill be sm aller. The de ta ils  of the  process is described in  A ppendix 2.1.2A.
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Automatic Titrator Hardware Overview

T he in s tru m e n t is depicted in  Figure 4. This d iag ram  po rtray s de ta ils  

an d  a d ap ta tio n s  w hich a re  contained  inside each in s tru m e n t. E ach  device 

an d  its  con ten ts a re  depicted on th e  d iag ram  by a do tted  box. A m odified 

Thom as Scientific Model 258 m otorized b u re t fitted  w ith  a  two-way Thom as 

Scientific #9690015 valve is  used  to deliver re a g e n t th rough  a th ick  w alled  

1 m m  ID cap illa ry  in to  th e  sam ple  b e ak e r  u n d e r th e  control o f a  d ig ita l 

o u tp u t lin e  (b it #9) from  a  D ig ita l E q u ip m en t C o rpo ra tion  L S I-11/23 

(MlNC-11) com puter. T he m otor of th e  b u re t  is  m onito red  bo th  by a 

counter in  th e  com puter and  a  L igh t E m ittin g  Diode (LED) w hich is visible 

to th e  chem ist. Feedback an d  d a ta  from  th e  ex perim en t is ob ta ined  

th rough  a  pH  electrode w hich is connected to a modified C om ing  model 125 

pH  m e te r  w hich provides a continuous v isua l d isp lay  and  offset, g a in  and  

buffering  of th e  electrical signal. The o u tp u t from  th e  pH  m eter is am plified 

an d  goes to  a  12 b it  (2.44 mV reso lu tion ) A nalog  to  D ig ita l co n v erte r 

(channel #5) in th e  com puter. D isplay of th e  d a ta  and  contro l of th e  

in s tru m e n t is th rough  a  DEC VT105 G raphics te rm in a l connected th rough  

th e  secondary  o u tp u t o f a  H ew lett-P ackard  7470A P en  p lo tte r. T he pen  

p lo tte r  allow s for p lots of the  d a ta  and is connected to th e  console 9600 baud  

seria l p o rt of the  com puter. The com puter is  program m ed in  Basic. T he 

program  provides prom pts and  m enus for th e  chem ist. I t  is used to calib ra te  

th e  electrodes, and  i t  controls and  acquires d a ta  from  the  afo rem entioned  

devices a n d  provides re a l tim e display of d a ta  a s  w ell as p lo ts and  a  d a ta  

report.
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Figure 4 Block Diagram o f  the T itration Experiment &  Apparatus
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Modifications to Standard Instruments:

Modifications to the pH Meter

A  pH  m ete r w as used  to buffer th e  signal from  th e  pH  electrode. The 

m odification w as perform ed in te rna lly  for convenience and  for ex tra  sh ield ing  

of th e  low  level d a ta  signal. The o u tp u t o f the  pH  m e te r  w as a d ap ted  to 

connect to  th e  Analog to D ig ita l converter on the  com puter. The pH  m e te r  

o u tp u t w as originally  m e a n t to be connected via b a n a n a  p lugs to  a  m illivolt 

s tr ip  c h a r t  recorder, w ith  a  fu ll range  scale of ± 5 mV. T he com puter’s A/D 

converte r in p u t is designed  for an  in p u t ran g e  of ± 5 .1 1 5  volts. The o u tp u t 

o f th e  p H  m e te r  w as disconnected from  th e  b a n a n a  p lu g s in te rn a lly  and  

th e n  connected  to a  LF13741 (JFE T ) o pera tio na l am p lifie r w ith  a g a in  of 

1000 in  o rd er to ob tain  a  ± 5  volt fu ll range  o u tp u t. T h is opera tiona l 

am plifier is on its  own c ircu it board w hich w as m ounted inside th e  pH  m eter. 

The pow er requ ired  (± 15 volt) is obtained from  th e  pH  m ete r as well.

Modifications to the Buret

T he m otorized b u re t  consists of a  precision c o n s tan t bore g lass tube  

w ith  a  Teflon p lunger. T he p lunger is connected to a  screw  w hich is geared  

to a  DC m otor. The b u re t h a s  controls to vary  m otor speed  (potentiom eter) 

and  d irection  (up = deliver reagen t, down = fill b u re t an d  rem ote = ex te rna l 

deliver/off), a s  well as a  m echanical coun ter w hich is geared  to th e  m otor and  

ca lib ra ted  to display  volum e dispensed to 0.01 ml. In  o rder to in terface  th e  

b u re t to th e  com puter, two a d ap ta tio n s  w ere  requ ired : one to control th e  

“rem ote u p ” and  th e  o th e r  to  de te rm ine  th e  q u a n tity  o f re a g e n t delivered. 

The f irs t  m odification th a t  w ill be discussed  is to th e  “rem ote  u p ” control of 

th e  b u re t.
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Remote Control, Relay Modification

In  th e  original design of th e  buret, th e  “rem ote control” w as controlled 

by an  ex te rn a l switch. C losing th e  sw itch would tu rn  th e  b u re t on u n til  the 

sw itch w as released . T he sw itch closure w ould connect app rox im ate ly  15 

volts DC of poorly filte red  pow er to the  m otor. T here  is a  su rge  w hen  the  

sw itch  is in itia lly  closed due to th e  induction  of th e  m otor. T his voltage is 

o u t of ran g e  of m ost d irec t com puter controls, and  a voltage su rge  on a line 

could cause problem s if  no t adequately  shielded in  th e  com puter. Therefore, 

a s ta n d a rd  TTL level o u tp u t board w as used  in  th e  com puter and  add itional 

electronics to  perform  th e  sw itching w as placed inside th e  body of th e  b u re t. 

In  o rd e r to  au to m ate  th is  control w ith  th e  com puter, a  re lay  c ircu it w as 

added to  replace th e  sw itch as w ell as th e  finger of th e  chem ist w hich would 

p u sh  th e  bu tton . The pow er requ ired  to  drive th e  re lay  (1 0 0 mA) is la rg e r 

th a n  th e  o u tp u t c u rre n t capability  o f th e  com puter's o u tp u t line (30mA), so 

a n  a m p lifie r  is  used  to  b rin g  levels to  th e ir  p ro p e r va lue . T he c irc u it 

schem atics and  th e ir  opera tion  is described in  m ore d e ta il in  A ppendix 

1.1.1A an d  1.1.3A.

Aliquot Gauge, Tachometer Modification

The o th e r m odification to th e  b u re t w as to add  a  ta c h o m e te r to  th e  

m otor in  th e  b u re t in  o rder to de term ine  th e  num bers of tu rn s  of th e  m otor 

(F igure  5). T here a re  m any m ethods by w hich th e  com puter m ay m easu re  

th e  a liquo t delivered  by th e  b u re t. A l is t  o f  some p rac tica l m ethods a re  

lis ted  in  T able 1 .2 . The m ost stra igh tfo rw ard  approach  m igh t be to  tu rn  the  

m otor on an d  off for an  exact tim e expecting  th a t  th e  am o u n t delivered  is 

proportional to the tim e. This did no t w ork because th e  speed of th e  Thom as
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b u re t  m otor m odu la ted  a t  0.5 Hz. A dding la rg e  capacito rs to  th e  pow er 

supply  did  n o t solve th is  problem . A nother approach  could be by  p u ttin g  an  

electric eye across th e  delivery tube  ou tle t and  counting  drops th a t  b re a k  th a t 

lig h t p a th . T h is m ethod  can  be  too slow, a s  re a g e n t m u s t  be added  

dropw ise, and  th e  drops m ay have some variab ility  in  size. A padd le  wheel, 

w here  re a g e n t flow moves a w heel is an o th e r possib ility . R eplacing  the  

in te rn a l m otor w ith  a stepper is  a  good choice, b u t  expensive, and  th e re  

hav e  been designs o f au tom atic  t it ra to rs  w ith  s tep p in g  m otors. T he leas t 

expensive choice w hich re ta in s  good precision is th e  tachom eter. The cost 

is  abou t one te n th  of th e  stepper m otor and  one fou rth  of the  w heel. In  fact, 

th e  BNC connector w as th e  m ost expensive p a r t  of th is  solution. Therefore, 

th e  tachom eter w as th e  solution w hich w as chosen.

To co n stru c t th e  tachom eter, a  chopper w as a ttach ed  to  th e  sh a ft of 

th e  m otor. An LED ligh t source an d  Photo tra n s is to r  detector w as placed in 

th e  p a th  of th e  chopper. The o u tp u t of th e  detector w as th en  connected to a 

S ch m itt trig g e r pu lse  sh ap er to condition th e  o u tp u t to be com patible to  the 

ST1 in p u t o f th e  co u n te r in  th e  com puter, as w ell a s  to provide a  v isual 

ind ication  to th e  chem ist th a t  th e  tachom eter is w orking. E ach  tu rn  of the 

b u re t 's  m otor w ould in te r ru p t  th e  lig h t beam  fo u r tim es  re s u ltin g  in  a 

reso lu tion  of 0.001875 m l/pulse. A n in-depth  descrip tion  of th e  tachom eter 

an d  th e  electronics m ay be found in  Appendix 1.1.2A and  1 .1 .3A.
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M ethod Description Comments

Time turn motor on for exact time Gurct must have a constant speed motor 
It will have problems at short values o f  
time due to inertia o f  the motor ($0)

Drop count count drops Assumes drops are constant size ($10)

Paddle flow turns paddle wheel Wheel is in contact with reagent; must 
be immune to acid ($40)

Stepper motor replace D C  with step motor Precise; count motor turns, the buret 
bore must be prccisc($100)

Tachometer count motor turns The bore must be precise. Sends n 
counts: error is 1/n turn. ($10)

Tabic 1.2 Possible Methods o f  Determining Aliquot Size, Approximate prices.
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Carbonate Titration and Classical Methods

T itra t io n s  of m ix tu re s  o f sod ium  c a rb o n a te , b ic a rb o n a te  a n d  

se sq u ic a rb o n a te  w ere  perfo rm ed  to d e m o n s tra te  th e  a u to m a tic  t i t r a to r .  

F irs t, o th er m ethods of perform ing th is  t itra tio n  w ill be discussed.

T he  s ta n d a rd  t i t r a t io n  tec h n iq u e  u sed  to  q u a n ti ta te  ca rb o n a te , 

b ica rb o n a te  and  m ix tu res  w as developed in  1888 by W ink ler? . 16 In  th is  

p rocedu re , a  so lu tion  of th e  com pound(s) is n e u tra liz e d  w ith  excess of 

s ta n d a rd  base, such a s  sodium  hydroxide, an d  th e n  b a riu m  chloride added  

to  p re c ip ita te  the  ca rb o n a te  q u a n tita tiv e ly . T he excess o f base  is th e n  

de term ined  by back titra tio n  w ith  a s ta n d a rd  acid in  p resence  of th e  b ariu m  

carbonate. Since th is  m ethod w as developed, only a  few changes were m ade. 

V a ria tio n s  e n ta il  th e  u se  o f b lan k s , an d  de tec tion  u s in g  in d ica to rs  or 

p o ten tio m e tric  en d p o in ts . F o r in stan ce , R eg ie r16 suggested  a s im ila r  

m ethod, b u t  used  a po ten tiom etric  b ack titra tio n , w ith  a  b lan k  con ta in ing  

exac t sam e am oun t base w ith  BaCl2  for correction. Textbooks suggest th is  

la t te r  procedure as w ell for genera l carbonate/b icarbonate  m ix tu re  an a ly sis .17 

H a rn e d 18 reported  e rro rs in th e  W inkler t itra tio n  of 0.5% precision w ith  0.2% 

reproducibility .

A no ther m ethod uses th e  pH  of th e  solution 1.9 T his m ethod requ ires 

g re a t precision in  th e  s ta n d a rd  pH  buffers, s tan d ard iza tio n  of th e  m eter and  

m ak in g  s ta n d a rd  solutions. A se t of s ta n d a rd  m ix tu res  o f carbonate  and  

b icarbonate  a re  m ade, and  th e  pH  of each solution is m easu red  to generate  a  

ca lib ra tion  chart. P u re  carbonate  has a  pH  of 11.6; b ica rbonate  is 8.4 pH  

u n its . A m ix tu re  of s im ila r to ta l m o larity  w ill have  a  pH  betw een  these  

values; for exam ple, sesquicarbonate  (44% [HCO3D is 10.1 pH  u n its . 20 By 

m easu rin g  th e  pH  of th e  sam ple solution an d  in te rpo la ting  on th e  calibration
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ch art, th e  p e rcen t of carbonate  and  b icarbonate  m ay be found. However, 

th e  overall shape of th e  calib ra tion  curve (pH  vs. % [HCO'3 ]) is s im ila r to a 

decaying exponential. This m ethod is good only w hen  HCO 3  concentration  is 

sm all, as h ig h er concen tra tions w ill have  la rg e r  e rro rs  associated  w ith  it. 

For exam ple, for 0-1.25% [HCO3 ], th e  calibration  slope is 0.33 pH  /  % [HCO 3 ] 

or 3% change in  H CO 3  concentra tion  for each pH  un it. For 1.25% to 2 % 

[HCO 3  ], th e  change is 6.7%; for 4% to  5%, th e  change is 8.3%. W ith 

sodium  sesquicarbonate , the  change is approxim ately  30% for each pH  u n it. 

I f  we assum e an  e rro r in  pH  read in g  of ± 0.01 u n it, and  a  s tan d a rd iza tio n  

e rro r  of ± 0 .0 4  pH  u n its  (to tal e rro r in  pH  is ± 0.05 units), th e n  th e  e rro r in 

th e  above would be respectively, 0.15 %, 0.34 %, 0.45 % and 1.5%.

T itra tio n  using  a n  au tom atic  titra to r  involves in itia l calib ra tions of the  

pH  m ete r, b u t  a tw o or th ree  po in t m ea su re m e n t suffices a n d  does no t 

req u ire  th e  m ultip le  m easu rem en ts  described above. The m easu rem en t of 

th e  q u a n tity  o f m a te ria l is dep en d en t upon th e  position of th e  inflection 

p o in t in  th e  curve. The inflection po in t is th e  f irs t  derivative  of th e  curve. 

T h is is  estim ated  by calcu lating  th e  num erical derivative, equation  1 .1 , from  

p a irs  of experim ental da ta :

T he p a ir  o f d a ta  a ro u n d  w here  th is  num erica l d e riv a tiv e  is m ax im um  is 

de te rm ined , and  in  th a t  region, th e  po in t a t  w hich th e  second derivative  

p a sse s  th ro u g h  zero is de term ined . This involves th ree  po in ts around  th e  

endpo in t as seen in equation  1 .2 .

Numerical derivative =

V ,



31

T he derivative  equations are  described in  m ore detail in  A ppendix 4.1 A . 

D e te rm in in g  th e  equ ivalence  po in t from  th e  d e riv a tiv e  does no t req u ire  

know ledge of the  actual value of th e  pH . If  an  e rro r w as m ade in  th e  in itia l 

c a lib ra tio n  of th e  m eter, th e re  w ould be no e rro r  in  th e  location  of th e  

endpoin t, un like  th e  previous m ethod. Also, th is  m ethod  does no t re ly  on 

only one p rec ise  m ea su re m e n t a s  in  th e  prev ious case a n d  th e  W in k ler 

titra tio n . U sing  poin ts around th e  endpoint, and  hav ing  inform ation lead ing  

u p  to  an d  a f te r  th e  e v en t p rov ides a check for re a so n a b le n e ss  of th e  

m easu rem en t. A no ther advan tage  of au tom atic  t itra tio n  over th e  c lassical 

W ink ler t i t ra t io n  is th e  speed, ab o u t five m inu tes for one titra tio n , an d  a  

p ro ced u ra lly  less  com plicated  m ethod, as only one re a g e n t is req u ire d . 

U sing  base  as a  reag en t is also a  d isadvan tage , a s  ex tra  care m u st be tak en  

in  sto rage, since a  base  such as N aO H  slowly b u t easily  picks up  carbonic 

acid.
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Experimental Section

Samples and experiments

Five sam ples w ere  t i t r a te d  w ith  th e  au to m atic  t i t r a to r  p rev iously  

discussed. The su b s tra te s  a re  lis ted  in  Table 1.3. The p rim ary  s tan d a rd  for 

s ta n d a rd iz in g  th e  HC1 re a g e n t w as Tris  -(hydroxym ethyl) am inom ethane, 

(HOCH 2 )3 CNH 2 , commonly called TRIS. T itra tio n  of th is  m a te ria l gives a  

very  sh a rp  endpo in t (Figure 1), m aking  i t  an  excellent s tan d a rd ? 1 The TRIS 

w as tr ip ly  p u rif ied  in  our lab o ra to ry  u sin g  a  s ta n d a rd  re c ry s ta lliz a tio n  

m ethod. The p u re  com pounds w ere  t it ra te d :  F ish e r certified  A.C.S. 
a lk a lim etric  s ta n d a rd  g rad e  anhyd rous sodium  carbonate  (N a 2 C 0 3), and  

analyzed  (FMC 100%) sodium  sesquicarbonate (NagHCOgCOg^HgO). Two

m ix tu res of sodium  b icarbonate  an d  sesquicarbonate  w ere t i t r a te d  as well. 

O ne is a  com m ercial sodium  b icarbonate  /  sesqu icarbonate  m ix tu re  sold by 

Kerr-M cGee labeled as “sodium  b icarbonate” for use in an im a l feed and  

th e  o th er w as p rep a red  by carefu lly  w eighing each  com ponent to  0 . 0 1  m g 

an d  m ixing th e  FM C sodium  sesqu icarbonate  w ith  MC/B re a g e n t A.C.S. 
g rade  sodium  b icarbonate  (N aH C 0 3). E ach m a te ria l w as t i t ra te d  w ith

ca. 0.1 M HC1 (dilu ted from F ish e r A.C.S. reag en t 37% HC1) u sin g  from  4 

to 1 2  ru n s, w ith  each titra tio n  em ploying a  new  sam ple  of m a te ria l weighed 

to  0.1 mg. T he sam ple sizes and  m olarities of th e  acid t i t r a n t  a re  lis ted  in 

Table t .4.
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Experiment name Description

Ses/Bic mix Controlled mixture o f  pure bicarbonate and sesquicarbonate

Sample #5 Kerr-McGce mixture o f  bicarbonate and sesquicarbonate

Carbonate Heat and vacuum dried sodium carbonate

TRIS run set 3 TRIS reagent standardization for some experiments

Sesquicarbonate Sodium sesquicarbonate

Tabic 1.3 Names for each experimental set and the chemicals involved.

Run
I D # Ses/Bic mix Sample #5

Sodium

Carbonate
Sodium
Sesquicarbonate

T ris

(for Carbonate)

A 0.17703 0.29834 0.2759 0.34212
B 0.28070 0.32500 0.09840 0.24801
C 0.19966 0.34481 0.11450 0.17463
D 0.14800 0.21921 0.19108 0.2363 0.11839
E 0.24094 0.19299 0.17108 0.2098 0.22732

F 0.32164 0.12139 0.2483 0.23038

G 0.20383 0.2112 0.11794
H 0.15204 0.1775 0.27377
I 0.10355 0.18651

J 0.09436
K 0.11525
L 0.12757

M 0.05501

Molarity o f  HC1 used in titration:

0.12554 0.12554 0.12246 0.11426, 0.11406*

*Thc last two runs , G and H, o f  sesquicarbonate used 0 .11406 M  HCI

Ses/Bic mixture consists o f  2.84054 g sesquicarbonate dry mixed with 9.37764 g 
bicarbonate; 23.2485%  sesquicarbonate and 76.7515%  bicarbonate

Sample#5 contains 20.8% sesquicarbonate and 79.1% bicarbonate

Tabic 1.4 Mass in grams o f  each sample and molarity o f  acid.
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Solutions, Sample Preparation, Procedures 

Sample Storage, Weighing, and Standardization

All sam ples w ere k e p t in  a  desiccator filled w ith  ind ica to r anhydrous 

CaSC>4 (D rierite). All sam ples w ere placed in  a g lass con ta iner (e ith er in  a 

5 m l b eak er or a  w eighing  ja r )  an d  w eighed u sing  th e  sub trac tive  technique 

on a  M ettle r balance to  a precision of 0.1 mg. A sm all am o u n t of desiccan t 

w as k e p t in  a vessel in sid e  th e  ba lance  ch am b er to m inim ize e rro r due  to 

abso rp tion  of w a te r by th e  sam ples. M ost sam ples w ere  w eighed out in  a n  

am o u n t such as to req u ire  betw een 10 ml an d  30 ml of rea g en t to reach  th e  

en d  of th e  titra tio n . E ach  sam ple  w as dissolved in  ca. 50 m l of fresh  

d istilled  deionized w a te r. The reagen t used  w as (ca. 0 . 1 2  M) HC1 p repared  

by d ilu tin g  concentra ted  37% HC1. TRIS w as used  to s tan d ard ize  the  HC1.

Drying, Mixing, Sampling Procedures

T he sodium  carb o n ate  w as baked  in  a n  oven a t  270°C to  drive  off 

w a te r  as w ell as to convert any  b icarbonate p resen t in to  ca rb o n a te .1 Sodium  

sesquicarbonate  and  b icarbonate  w ere dried  by sto rage in  a  desiccator for a t  

le a s t two days. T his m ethod w as used  since h e a tin g  an d  vacuum  m ethods 

w ere found to cause th ese  compounds to decompose.

The Ses/Bic m ix w as p repared  by w eighing and  m ixing dried 9.37764g 

of sodium  bicarbonate w ith  2.84054 g  sodium  sesquicarbonate . The m ix tu re  

w as m ixed by a s tirr in g  b a r  for 4 hours th e n  shaken  by h an d  in te rm itten tly  

for an  hour. The re su lt w as k ep t in  a  desiccator for a t  leas t two days to dry.

Sam ple#5 w as m ixed dry  in  order to a ssu re  a  rep resen ta tiv e  sam ple by 

m an u a lly  m ixing on polyethylene sheets by a n  opera to r w earing  polyethylene 

lab o ra to ry  gloves. I t  w as th e n  passed  six tim es th ro u g h  a  slo tted  sam ple  

d iv ider to produce a  one pound batch  from w hich th e  sam ples w ere taken .
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Experimental Procedure

T he p H  m eter w as ca lib ra ted  once each day using  F ish e r  s ta n d a rd  

pH  10.0 a n d  7.0 buffers so th a t  th e  m eter d isp lay  would reflec t th e  values 

recorded in  th e  com puter. T he factors to convert th e  voltage o u tp u t of the  

pH  m e te r  voltage to pH  values in  th e  com puter w ere  calib ra ted  before each 

e x p e r im e n t  u s in g  th e  TIGHTC le a s t  sq u a re s  reg ression  m u ltip le  po in t 

calib ra tion  procedure w ith  pH  4.0, 7.0 and  10.0 buffers.

T he capacity  of th e  b u re t is ca. 30 ml. I t  is  un d esirab le  to  stop  the  

ex p erim en t to  refill th e  b u re t  as an  e rro r  m ay  re s u l t  due  to rem oval of 

su b s tra te  o r addition of unm easured  reagen t. T herefore w henever possible, 

sam ples w ere  w eighed in  an am o u n t such as to req u ire  betw een 1 0  ml and 

30 ml of re a g e n t to reach the  end of the  titra tio n . Sam ple w eigh ts a re  given 

in  Table 1 .4. The sodium  sesqu icarbonate  sam ples w ere d issolved in  fresh  

d istilled  deionized w ater, 50 ml m easu red  by volum etric  flask ; a ll o th e r 

sam ples w ere  dissolved in  ca. 50 to 200 m l w a te r. W hen a  t i t r a t io n  used 

more th a n  30 ml of reagent, th e  delivery cap illary  w as slowly rem oved and 

w ashed down, tak ing  care no t to com press th e  p lastic  tubing. T he b u re t w as 

refilled a n d  th e  capillary  he ld  above a w aste  b eak e r w hile b ack lash  in  the 

g earing  o f th e  b u re t w as rem oved, and  th e  cap illa ry  rin sed  a g a in  before 

re in se rtin g  in to  the  sam ple beaker.

Once th e  in s tru m en t w as calib ra ted , the  sam ple  solution w as s tirred  

w ith  a  m agnetic  s tirrer. The solution w as s tirred  a t  th e  fa s te s t r a te  for which 

m ixing is sm ooth. The delivery  cap illary  is  held  j u s t  touching th e  solution. 

The co m p u te r th e n  au to m atica lly  de livers re a g e n t a n d  re a d s  pH . The 

com puter calcu lates th e  deriva tive  and  a tte m p ts  to deliver th e  n e x t aliquot 

such th a t  th e  change in  pH  is m ain ta ined  a t  0.1 u n it. W hen th e  experim en t 

is  over, th e  titra tio n  is stopped and  th e  com puter w as com m anded to p rin t 

th e  d a ta  (pH , Volume, f irs t derivative , second derivative  a n d  possible 

endpoints) an d  plot the  titra tio n  curves.
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Results and Discussion

Analysis

Several ana ly ses w ere perform ed on th e  t i tra tio n  d a ta . P ercen tages 

o f carbonate  and  b icarbonate  in  th e  m ate ria l w ere de te rm ined  by exam ining  

th e  volume of re a g e n t added a t  in te rpo la ted  m axim um  derivatives. The d a ta  

w ere  th e n  fit u s in g  a  non -linear sim plex m in im ization  p rocedure  w ith  an  

em p irica l (“local”) m odel to p e rfo rm  sm ooth ing  a n d  th e  e n d p o in ts  w ere  

derived . The f ittin g  procedure is  described in A ppendix 5.0A . V alues of 

acid  d issociation co n stan ts  K i a n d  K 2  w ere de te rm ined  from  some of the  

ru n s  by analyzing  severa l poin ts and  by fittin g  w ith  a theoretically  derived 

equation .

Determination of Inflection Points

The endpoin ts w ere determ ined  by two m ethods. O ne m ethod w as to 

ta k e  a num erical derivative of th e  d a ta  (equation 1 . 1 ), de term ine  th e  p o in t a t  

w h ich  th e  d e riv a tiv e  w as a t  a  m ax im um  and  in  th a t  reg ion , lin e a rly  

in te rp o la te  th e  second derivative to  zero and  find th e  volum e a t  th a t  point. 

T his volume is th en  considered to be the  endpoin t for th e  titra tio n .

A n o th er m ethod used  w as to f it th e  d a ta  abou t th e  endpo in t region to  th e  

equation  1 .3 :

F(V) = pH =  — ~ ' (4- c  v ~  + D V  + E (1.3)

Where:

V  is volume

A, B, C, D , E are the parameters o f  the equation
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T his m odel describes a  single sigmoid; therefo re  i t  w as perform ed locally for 

p o in ts  w here  the  derivative  of th e  d a ta  becomes a  sign ifican t percen tage  of 

th e  m ax im um  derivative; i.e. i t  canno t an d  w as n o t u sed  to describe the  

en tire  curve. The inflection point is determ ined  by th e  equation  1.4:

v  = - |  (1.4)

D etails  o f th is  model an d  derivations a re  given in  A ppendix  5.3A. T h is 

m odel w orked very w ell for th e  region abou t the  endpo in t w hich w as fitted , 

a s  p e r  th e  s ta tis tic s  show n in  T able 1.5. The m ean ing  an d  defin ition  of 

th ese  s ta tis tic s  m ay be found in  A ppendix  section 5.10A. T his m odel 

rep re sen ted  th e  d a ta  very  well in  th e  region th a t  th e  d a ta  w as fit. F igu re  6  

th ro u g h  F igu re  8  show  Sam ple#5 along w ith  th e  m odel. In  th e  reg ions 

th a t  d a ta  w ere  fit, delim ited  by a rrow s, th e  m odel re p re se n te d  th e  d a ta , 

th e  f irs t an d  the  second derivatives very  well. The m odel did n o t describe 

th e  curve outside these  regions, w hich is evident by exam in ing  th e  po in ts on 

th e  figures ex trap o la ted  outside th e  f ittin g  region. O ne significance of th e  

m odel fit goodness is th a t  the  equivalence po in t could be considered to occur 

a t  th e  sam e poin t as th e  inflection po in t o f th e  curve, since th e  model ab o u t 

th e  inflection point is sym m etrical.
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Experiment R2 value
Residual 
about model

M odel
Correlation RMV

carbonate 
1st endpoint 0.99993 0.0335 5.284 0.99993
carbonate 
2nd endpoint 0.9997 0.7256 21.136 0.99965
TRIS run set 2 0.9986 0.8108 12.369 0.99928
TRIS run set 3 0.9994 1.204 29.548 0.99915
Ses/Bic mix 
1st endpoint 0.99998 0.00954 3.8445 0.99998
Ses/Bic m ix  
2nd endpoint 0.9994 0.8057 12.841 0.99864
Sample #5 
1st endpoint 0.99994 0.02704 4.4672 0.99994
Sample #5 
2nd endpoint 0.9995 0.5708 11.668 0.99948

Table 1.5 Mean statistics o f  modeling titration experiments with equation 1.3. The 
residual is variation o f  the fit about the model; Model correlation is variance 
due to model; RMV is Relative Model Variance.
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Equivalence Point Results and Calculations

T he eq u iv a len ce  p o in t r e s u l ts  from  b o th  th e  m odel f i t  a n d  th e  

calculation  from  th e  derivative a re  given in  T able 1.6. The expected value 

in  the  second colum n is the  value w hich should be m easured , b a rr in g  e rro rs 

in  w eighing, unknow n sam ple absorp tion  of w a te r  o r CO2  , e tc . The 

expected value of sesqu icarbonate  comes from  calcu lation  from  th e  form ula 

w eights. Ses/Bic m ix ture  assum es no erro r in  w eighing  and  m ix ing  o f the 

tw o com ponents, an d  Sam ple#5 value is from  a  th e rm al g rav im etric  analysis 

of a sam ple from  th e  lot. The n ex t columns, th ree  and  five, show th e  m ean 

e rro r  betw een th e  m easured  q u an tity  and th e  expected quan tity , w hen  the  

endpo in t is de te rm ined  using  th e  num erica l deriva tive  from  eq u a tio n s 1.1 

an d  1.2. T he re la tive  erro r is given, calculated by equation  1.5:

  result - expected value _
rclauve error % .  100 ♦ ------------------------   d -5 )

The absolute e rro r (abs) is given in  paren thesis , w here  applicable. T he 

n e x t colum ns, four and  six, have th e  m ean of the  d a ta  along w ith  s ta n d a rd  

deviation, show ing th e  spread of values. Each se t of resu lts  a re  discussed, 

an d  errors a re  calculated and discussed in  m ore detail.

F irst, th e  ca. 0.1 M HC1 solution was standard ized  w ith  TRIS. T he 

m olarity  of th e  acid w as calculated by the  average of ru n s  using  equation  1.6:

w   ______________ TRIS weight_______________
HCl -  T ris Molecular Weight * Endpoint Volume

Where:
TRIS Molecular weight is 121.14 g
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W henever a  new  b a tch  of HC1 w as prepared , i t  w as restandard ized . A lis t 

of values for th e  m olarity  of th e  HC1 used for each se t of experim ents is a t  the  

bottom  of Table 1.4. As an  exam ple of th e  quality  o f a  TRIS titra tio n , a  typical 

s tan d ard iza tio n  re su lt  is shown in  Table 1.6. P recision  is very  good for th is  

titra tio n , w ith  th e  e rro r in  th e  fou rth  significant digit; or a re la tive  stan d ard  

deviation of 0.23%. F igure 1 show s a typical t itra tio n  curve of TRIS w ith  ca. 

0.12 M HC1, w ith  f irs t and second derivative curves shown in F igure  2 and  

F igure  3. A t th e  beginning of th e  titra tion , buffer capacity is  low and th u s  

th e  derivative  is  re la tive ly  large. As more HC1 is added, th e  so lu tion  is in  

th e  buffer region, w ith  a  change of pH  from  9.8 to  7.6 w ith  th e  addition of 

ca. 12 ml acid. The endpoint is  very sharp , w ith  th e  change in  pH  alm ost 

vertical. The endpo in t occurred a t  a  m ean pH  of 4.54 ± 0.18 (fit 4.79± 0.11).

P ure  dried  sodium  carbonate w as titra te d . A sam ple of one of the  ru n s 

in  depicted in  F ig u re  9. The curve consists of two sigmoids. T he po in t o f the  

f irs t  inflection is less well defined th a n  th e  second inflection (F igure  10 and  

F igure 11). The f irs t buffer region occurs before p H  9.4, a fte r w hich th e  firs t 

endpoin t occurred a t  a  m ean experim ental pH  of 8.45 + 0.11 (fit 8.43 ± 0.087) 

T he f irs t endpo in t signifies th e  po in t w here m ost o f the  carbonate  h a s  

changed to b icarbonate. The second buffer region occurs betw een pH  7 and 

5.3. In  th is  reg ion , b icarbonate  is  being changed  to carbonic acid and  

solvated carbon dioxide. At approxim ately  pH  5.4, w ith  the  concentra tions 

used  in  these  experim ents, there  is sa tu ra tio n  of CO 2  indicated by form ation 

of gas bubbles in  th e  solution. The experim ental pH  a t  the second endpoint 

is  4.11 ± 0.11 (fit is  th e  sam e, 4.11 ± 0,11). The second endpoin t is twice as 

s teep  as the  firs t, w ith  m ean derivatives 4,54 ± 1.54 (the f it is: 3.99+1.35) 

2.11 ± 1.01 (the fit is: 1.99 ± 0.88). The second endpo in t is expected to occur 

a t  twice th e  volum e of the  first endpoint.
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P ercen t carbonate  is expected to be 100%. I t  w as calcu lated  sep ara te ly  from 

each endpoin t by th e  following equation  1.7:

Reaecnt Molarity * Endpoint * Formula Weight 
% carbonate. Sample Weight •  c ^ i n t  #----------------- 100 ( I 7 )

Where:
The Molarity o f the reagent was 0,12246 M  
Formula Weight o f  Sodium carbonate is 105.9887 g/M  
endpoint #  is 1 for the C O 3 to H C O 3  point and 
endpoint #  is 2  for C O 3 to C O 2/FI2C O 3 point

T he equation  1.7 is divided by tw o (the endpo in t #) a t  the  second endpoin t 

because  th e  volum e should be offset by th e  am o u n t req u ired  to t i t r a te  the  

carb o n ate  to b icarbonate , w hich should be equal. C alcu la tion  of pe rcen t 

carbonate  show s th a t  th e  sp read  of va lues is m uch g re a te r  i f  calcu lated  

from  th e  f irs t endpo in t w ith  a  s ta n d a rd  dev ia tion  of 3.8 tim es th a t  of the  

second endpoin t. T his spread  is significantly  decreased by u sin g  th e  model 

fit; w hile th e  values obtained from  th e  second endpoin t changed little , the  

f irs t endpo in t sp read  decreased by half. T his w as th e  only d a ta  se t whose 

prec ision  im proved sign ifican tly  (F -test) by fitt in g  w ith  th e  local m odel. 

T he  e r ro r  re la tiv e  to  the  expected  v a lu e  d ecreased  by a b o u t 18% b u t  

rem ained  th e  sam e for th e  second endpoin t values, w ith  the  re su lt being  th a t  

a f te r  the  fit, th e  second endpoint gave a  re su lt twice a s  accura te  a s  th e  first.

S esq u icarb o n a te  sam ples w ere  exam ined. T h is m a te r ia l is  sodium  

b ica rb o n a te  and  sodium  carbonate  bonded to g e th e r w ith  tw o w a te rs . A 

sam ple  t i tra tio n  is given in F igu res 12, 13 and  14. P u re  sesqu icarbonate  

should  consist of 37.17% bicarbonate, 46.89% carbonate  and  th e  re s t w a te r 

by m ass. T he d a ta  w ere noisy enough th a t  f ittin g  to th e  local m odel in  

eq u atio n  1.3 w as n o t possible, a s  th e  m odel did n o t converge to  reasonab le
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va lu es. The se sq u icarb o n a te  w as exam ined  in  se v e ra l w ays: a s  p u re

m a te r ia l  w here  % se squ icarbonate  is  d e te rm in ed  in d iv id u a lly  from  each  

en d p o in t and  looked a t  as a  m ix tu re  o f b icarbonate  an d  carbonate . To

dete rm ine  percen t from  each endpoint value, equation 1.8 w as used:

% Sesquicarbonate =
Reagent Molarity * Endpoint * Formula Weight

Sample Weight * endpoint# (1-8)
Where:

Reagent Molarity was 0.12554
Formula Weight of sesquicarbonate is 226.02601 g/M
endpoint # is 1 for the first c.p., and 3 for the second.

T he divisor, endpo in t #, is 3 because f irs t  X moles of m a te ria l (carbonate) 

is titra te d , tra n s la tin g  th e  endpoint once, an d  a fte r th e  f irs t endpoint, since 

th e  com pound is equ im olar in  carbonate  an d  b icarbonate, 2 • X m oles of 

b ica rbonate  rem ain , m ak ing  th e  factor 3. The experim en ta l resu lts  show  

a n  o rder of m agn itude  difference in  accuracy  betw een th e  f ir s t  and second 

endpoin t, b u t th e  precision w as only sligh tly  b e tte r  for th e  second endpoint. 

To consider p e rcen t carbonate  equation  1.7 w as used a t  en d p o in t 1, and  for 

b icarbonate, equation  1.9 w as used.

% bicarbonate = 100 *
Reagent Molarity * (Endpoint2 - 2 * Endpointl) * Formula Weight

Sample Weight (1-9)
Where:

Reagent Molarity was 0.12554
Formula Weight of bicarbonate is 84.00687 g/M

T his equation  assum es no proportionality  betw een th e  f irs t  endpoin t and  th e  

second. Twice endpoin t 1 is sub tracted  from  endpoint 2. This volume h as  to
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be su b tra c ted , a n d  th is  volum e is a lso p ro p o rtio n a l to  th e  am o u n t of 

b icarbonate added  to th e  in itia l concentration of b icarbonate. H ere, precision 

for th e  carbonate  declines and  overall e rro r for th e  expected value increases. 

A sm aller q u a n tity  o f carbonate  is  found, and  a  la rg e r value of b icarbonate. 

Com bined, th e  tw o have  a  re la tive  experim ental e rro r  of 0.09%.

Two m ix tu res  of sesqu icarbonate  an d  b ica rbonate  w ere  t i t r a te d . 

They a re  depicted in  F igures 6  to 8  a n d  15 to 2 0 . One w as p rep a red  from  

th e  indiv idual com ponents, and  th e  proportion w as 23.25% sesquicarbonate  

and  76.75% bicarbonate. The o th e r m ixture, Sam ple#5, w as de te rm ined  to 

con ta in  20.8%  sesq u ica rb o n a te  an d  79.1% b ica rb o n a te  by  th e rm a l 

g rav im etric  an a ly sis . T he e rro rs  h e re  a re  m uch  la rg e r th a n  w ith  th e  

p u re  com pounds, an d  th e  accuracy  of th e  Ses/Bic m ix tu re  benefits  from  

perform ing th e  local fit (but th e  precision shows little  difference).
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Identities

0 )

Expectec

(j) value

N. Rel (abs) 
o) error

Numeric 
(4) Mean ±  SD

Fit Rel 
(5) error

Fit
(O Mean ±  SD

TRIS (Molarity) 0 .1 2 5 5 4 ± 0 .0 0 0 2 9 0.12556  ±0 .00029

Carbonate 
1st endpoint % 
2 nd endpoint %

1 0 0

1 0 0

0.579%
0.245%

99.421 ± 0.563 

100.245 ± 0 .1 4 7

0.469
0.245

99.531 ± 0 .2 7 2  

100.245 ± 0 .1 4 2

Sesquicarbonate 

1st endpoint % 

2 nd endpoint % 
Carbonate % 
Bicarbonate% 

Combined %

1 0 0

1 0 0

37.17
46.89
84.06

0.64%

0.06%

1.05%(-0.39)
0.66%(0.3l)
0.095%{-0.08)

100.64 ± 0 .2 8  

100.06 ± 0.21 

36.78 ± 0 .3 8  

47.20 ± 0 .1 3  

83.98

Ses/Bic mixture 
Sesquicarbonate % 
Bicarbonate % 
Combined %

23.249
76.752
1 0 0

2.97 (-0 .69 )
0.883(0.678)
0 . 0 1 2

22.559 ± 0 .4 3 8  

77.429 ± 0 .4 6 5  

99.988

1.65 (-0.384) 

0.465(0.593) 
0.027

22.865 ± 0 .3 2 4  

77.108 ± 0 .3 3 7  

99.973

Samp!e#5 
Sesquicarbonate % 

Bicarbonate % 
Combined %

2 0 .8 *

79.1*
99.9

8.149(1.70)

3.247(-2.57)
0.87

22.495 ±1.245 
76.532 ±1.368 

99.027

8.837(1.838)

3.442(-2.72)
0 . 8 8 6

22.638 ± 1.211 

76.377 ±1.280 

99.015 (0.885)
NOTE: * Expected value for Sample# 5 is from  Therm al G ravim etric analysis o f  a  sample 

from  t h e  lor. All others assume pure h o m o g e n e o u s  m ixtures or materials

Tabic 1.6 Results from endpoint determinations; error calculated as:
(expcctcd-cxpcrimcnt) +  expected; ±  values arc experimental standard deviation. 
For more detail, sec the text.
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Figure 9 Titration of Sodium Carbonate with HCI
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Figure 10 First Derivative of Sodium Carbonate Titration
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Figure 11 Second Derivative of Sodium Carbonate Titration
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Figure 12 Titration of Sodium Sesquicarbonate with HCI
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Figure 13 Sodium Sesquicarbonate Titration, First Derivative
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Figure 15 Titration of Sesquicarbonate/Bicarbonate Mixture
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Figure 16 First Derivative Sesquicarbonate/Bicarbonate Mixture
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Figure 17 Second Derivative of Sesquicarbonate/Bicarbonate Mixture
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Figure 19 First Derivative of Sample #5 Experimental Data
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Error in Titration

T he basic e rro rs  in  th e  t itra tio n  come from th e  e rro rs  in  th e  p a r ts  of 

th e  equations used to calculate th e  percen tage resu lts . E xam in ing  equations 

1.6 th ro u g h  1.9, we can see th a t  th e  e rro rs  come from:

1) Location of endpoint(s)

2 ) C alibration  of th e  reagen t

3) W eight of th e  sam ple

4) V alue of th e  form ula w eight, w hich  is less th a n  one th o u san d th  of a  

percent, and  th u s  negligible.

E rro rs  in  locating th e  endpoint a re  the  m ost complex, an d  a re  discussed first.

Given a titra tio n  m ethod and a m easu rem en t o f a  specific precision, a  

h ig h e r slope (ApH /  AV) a t  th e  equ ivalence po in t w ill y ie ld  b e tte r  analy tic  

p recision .1 The slope depends upon the  equilibrium  co n stan t o f th e  m a te ria l 

an d  upon th e  sto ichiom etry . M ateria l w ith  a  la rg e r equ ilib rium  co n stan t 

w ill re su lt  in  a  la rg e r  derivative  and  th u s  a  sh a rp e r endpo in t. M a te ria l 

w ith  a  sm a lle r co n stan t will have a less sh a rp  endpoint. The derivative  is 

b roader and  th e  top fla tte r, and  th u s  is  more poorly defined. In  th is  case, 

a  sm all e rro r  in th e  volum e re su lts  in  th e  m easured  en d p o in t being a t  a 

po in t w ith  m ore u n reac ted  m ateria l, re su ltin g  in a la rg e r  erro r. This e rro r 

is independen t of m ethod. This h a s  been  called th e  in n a te  titra tio n  e rro r in  

G runw ald 's book1 and  can be described by a sharpness index  or sharpness o f 

detection of endpoint20 in  equation 1 . 1 0 .

il = (1-10)

Where:
pH = the pH o f  the equivalence point 

T  = the fraction o f  material titrated.
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F o r th e  specific case of th e  W ink ler titra tio n , i f  we assu m e th a t  the  

ab ility  to  d e tec t th e  color change o f th e  in d ica to r is  ± 0.5 pH  u n it; u sin g  

com parison, ± 0 .1  pH  u n it , 17 and  values o f T| = 22 an d  74 for th e  f irs t  and  

second en d p o in ts 72  th e  e rro r  in  volum e expected w ould be 5% an d  0.7% 

respective ly  for ± 0 .5  pH  u n it  detection  an d  2% a n d  0.1 % respective ly  for 

± 0 .1  pH  u n it  detection. T his is th e  e rro r in  the  volum e due to  th e  read ing  of 

th e  pH; o th e r  e rro rs  involved in  th e  volum e, su ch  a s  rea d in g  th e  b u re t, 

b u re t calib ration , etc. a re  n o t figured in.

T h e  e rro r  in  vo lum e from  th e  a u to m a tic  t i t r a to r  u se d  in  th is  

ex p erim en t re su lts  from  th ree  factors. One e rro r  comes from  rea d in g  the  

delivered  volum e, w hich h a s  a  precision of ± 1.9-10 ' 3  ml. T h is e rro r  comes 

from  th e  in s tru m e n ta l design  as described in  A ppendix 1 .1 .2A an d  is th e  

e rro r a t  an y  volume (i.e., i t  is  no t cum ulative). T his value canno t describe 

th e  en tire  system , as th e re  a re  delivery e rro rs due to m otor g e a r  va ria tions, 

irre g u la ritie s  in  th e  g lass b u re t tube, sm all leaks, v a ria tio n  in  delivery  to 

th e  so lu tion  and  flexing of p las tic  tu b in g  in  th e  system . T herefore, the  

v a ria tio n  w as determ ined  experim entally . A se t o f a liquo ts w ere  delivered 

in to  a  beaker. E ach w as w eighed and  th e  nu m b er o f m otor tu rn s  recorded. 

F rom  density , m ass w as converted to volum e and  th e  flow ra te  conversion 

calculated  in  equation 1 . 1 1 :

Flow rate factor -  Dl, Ĵ ?Turns (lll)
Where:

Mass is mass o f  liquid delivered in grams
Density is the density o f  water at the temperature, 23°C
Turns is the number o f pulses from the tachometer buret
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The v a ria tio n  in  ml for each  delivery  w as found to be ± 2.5-10"3 ml, 

abou t th ir ty  percen t la rger th a n  th e  precision. T his varia tion  w as calculated 

by  d e te rm in in g  th e  m ean flow ra te , app ly ing  i t  to  th e  tu rn s  from  each  

m e a su re m e n t, a n d  find ing  th e  s ta n d a rd  dev ia tio n  b e tw een  i t  an d  th e  

experim entally  determ ined  volume.

A no ther e rro r  is  in  accuracy, due to calib ra tion  of th e  flow ra te . 

The m ean flow r a te  factor from  th e  above experim en t w as found to be

1.875 ± 0.006 m l/T um ; the  re la tive  e rro r in  calib ration  is 0.32%. An e rro r 

in  th is  value will m ake a read in g  consistently  h igh  or low. However, i f  the  

va lue  of th e  flow ra te  does n o t change betw een experim en ts, th is  e rro r in  

th e  HC1 solution m olarity  and  endpoin t volume will cancel. D ifferences 

in  te m p e ra tu re  can  change th is  va lue  since th e  density  o f w a te r  changes 

w ith  tem p era tu re . T his calibration  w as done a t  23°C; from  2 0 ° to  25°, the  

density  varies from  0.998234 g/1 to 0.997075 g/1 w hich will m ake th e  flow 

ra te  vary  by ± 0.001 ml or 0.05% variation .

The th ird  e rro r  is due to r| in  equation  1 . 1 0  an d  is derived from  th e  

e rro r  in the  pH . The pH  is read  from  th e  electrode via an  analog  to d ig ital 

converter (A/D) in  th e  com puter. The A/D converter is 1 2  b its ; it  read s  

± 5.115 V in  4096 u n its  or 2.498-10'3 volts/unit. The lin ea rity  e rro r o f th is  

device is ± 1 un it, an  e rro r of ± 2.498-10‘3 volts/unit. The m ean  of the  factor 

to  convert re la tiv e  volts to pH  is 0.7429 volts/pH  u n it (typical experim en tal 

values; from  th e  eleven carbonate  titra tio n s). U sing  th is  value, th e  e rro r 

from  th e  A/D converte r is 3.36-10‘3 pH  u n it. A no ther e rro r in  read ing  the  

pH  is noise in  th e  m easurem ent. In  ac tual practice, each pH  value w as the  

m ean  of e igh t sequen tia l m easurem ents. The c rite ria  used  for assum ing  th a t  

a  pH  value w as stab le  w as two fold. F irst, th e  m ean change of a  m inim um  of 

fo rty  sam ples m u s t be less th a n  a fixed crite ria , in  these  experim en ts, less
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th a n  4.0-10 ' 3  V. Then the  s ta n d a rd  deviation of a  m inim um  of tw en ty  of the  

pH  values m u s t be less th a n  ± 4.0-10~3  volts. W hen both  conditions hold, 

th e  re a d in g  w as considered  s ta b le . T hese  v a lu e s  w ere  e x p e rim e n ta lly  

d e te rm ined  for a v a rie ty  of e lectrodes an d  bu ffer conditions. U sin g  the  

conversion value  of 0.74292 volts/pH  u n it, th e  m axim um  accepted noise is 

2.97-10*3  pH  u n its . W ith th e  A/D e rro r added, th e  e rro r in  read ing  a  value 

is 0.0063 pH  u n its . C alib ration  e rro r m an ifests  i ts e lf  in th e  factors w hich 

convert voltage to pH. I t  is  in  th e  e rro r of th e  ac tu a l pH  value, w hich does 

n o t affect th e  accuracy of the  endpoin t volume.

The m ean  derivatives of th e  experim en tal d a ta  is  given in  T able  1.6, 

T he derivatives a t  th e  endpo in t for th e  experim en ta l d a ta  w ere calcu lated  

a s  ApH / AV, w ith  th e  va lues of pH  an d  volum e s trad d lin g  th e  a c tu a l 

endpoin t. D erivatives calculated  from  th e  fit model a re  calculated  from  the  

an a ly tic  d e riv a tiv e  of th e  (local) m odel described  in  equation  1 . 3  and  

A ppendix  5 ,3A. F o r th e  se sq u ic a rb o n a te  d a ta ,  th e  d e riv a tiv e s  a re  

num erically  determ ined  by a n  ite ra tiv e  bisection m ethod w ith  th e  theo re tica l 

m odel an d  p a ra m e te rs  f it to  th a t  m odel, given in  equation  . 1 2 . Since the  

e rro r  equation  1.10 is given in  te rm s of ApH /  AT, th e  derivatives w ere  also 

calculated  in  th is  m anner. E quation  1 . 1 2  is used to  convert from  ApH/AV to 

ApH / AT:

ApH ApH A pH * V enripo in t
AT = AV = AV

V c n d p o in t

Where:
V  = volume; for this paper, ml is used
T  = fraction o f material titrated;
T  = 0 when no material has been titrated;
T  = 1 at the equivalence point
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The in h e re n t e rro r in volum e due to th e  experim en t as calculated from  

th e  derivative  is  given in  Table 1.7. The m ixtures hav e  a n  e rro r in  th e  f irs t  

endpoin t volum e of 0.4% , and th e  pure  compounds a re  m uch sm aller, 0 .0 4  % 

to 0 .0 8  %. The second endpoint, w ith  la rg e r derivative h a s  sm aller p redicted 

e rro r  over a  na rrow er range of values, from  0 .0 1  % to 0 .0 1 7  %.

A nother e rro r is sim ply th e  e rro r in  th e  m ass read ing . The M e ttle r  

ba lance  u sed  h ad  a  w eighing  e rro r  of ± 0 .0 5  mg (sesqu icarbonate  w eighing  

e rro r w as ± 0 . 1  mg).

F inally , th e  e rro r in  calibration is from  the t i tra tio n  of TRIS. Since th e  

endpo in t is  very  sh a rp , the  in h e re n t e rro r in  volum e is negligible. T he 

e rro rs in th is  calib ration  should be due to w eight, flu c tu a tio n  in  volume an d  

volum e calibration. H ere, the  e rro r due to w eighing is 0.023% , The volum e 

e rro r is 0 .017%  from  read ing  . The to ta l e rro r in  th e  TRIS stan d ard iza tio n  is 

0.029% .

T he e rro rs  t h a t  come from  th e  ex p e rim e n ta l conditions an d  th e  

in h e re n t e rro rs  a re  p resen ted  in  T able 1 .8 . The to ta l  e rro rs  p resen ted  

reflect p ropagation  of erro rs from  each com ponent o f th e  equations 1.7, 1 .8  

a n d  1 .9  used  to ca lcu la te  th e  p e rcen t com position o f th e  sam ples. T he 

calcu lations for th e  pu re  sam ples have th e  sm allest p red ic ted  e rro rs of 0,06%  

for calcu lations u sing  th e  second endpoint, and ab o u t tw ice th e  erro r w hen 

th e  f irs t endpoin t is used: 0.1%  for sesquicarbonate a n d  0.08%  for carbonate. 

The m ix tu res have m uch la rg e r errors, approxim ately  0.3%  for calculations 

of th e  bicarbonate and  0 ,6 % for sesquicarbonate.
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Endpoint 1 
ApH /  AV

Endpoint 1 
ApH /  AT

Error in 
Volume

Endpoint 2 
dpH /  dV

Endpoint 2  

dpH /  dT
Error in 

Volume

Ses/Bic
0.88±0.28
0.84±0.26

1.4710.08

1.4310.03
0.43%
0.44%

3.310.7
2 .810.7

63.418.1
53.516.2

0 .0 1 0 %
0 .0 1 2 %

numeric
model

Carbonate
2 .1± 1 .0  

2.0 ±0.9
18.211.3
17.310.8

0.035%
0.037%

4.511.5
4.011.4

41.816.2

36.6+5.3
0.015%
0.017%

numeric
model

Sample#5
0.76±0.20
0.7210.19

1.4910.10
1.4210.08

0.42%

0.45%

2.710.6

2.310.5

59.913.2

51.615.1

0 .0 1 1 %
0 .0 1 2 %

numeric
model

Sesquicarb.

1.3410.33
0.9710.19

11.8813.64

8 .2 8 1 0 . 6 1

0.053%
0.076%

3.410.5
2.810.3

59.3110.4

48.115.5

0 .0 1 1 %

0.013%

numeric
model

TRIS 2 1 0 3.0-iO'5%

Tabic 1.7 Average o f  absolute values o f  numerical and model derivatives with respect to 
volume (V) and percent titrated (T). Volume errors arc from the inherent 
error only and assume ApH of 0.0063.

Mass
Volume 
e.p. 1

Mea

Values.
from
dcriv.

n Relative Err 

# 1

Total 
#  1

prs in:
>

Volume 

C-P* 2

/alues # 2  

from  
dcriv.

Total
# 2

Ses/Bic 0.024 0.15 0.44 0.59 0 . 1 2 0 . 0 1 2 0.26
Carbonate 0.04 0.028 0.037 0.082 0.014 0.017 0.058

Sample#5 0 . 0 2 0 0.13 0.45 0.58 0 . 1 0 0 . 0 1 2 0 .2 1

Sesquicarb. 0.045 0.029 0.076 0 . 1 2 0.0097 0.013 0 . 0 5 8

Table 1.8 Relative errors in titration. Values # 1  arc the errors in % sesquicarbonate in
mixtures and % compound calculated from the first endpoint in pure samples. 
Values #2 arc from calculation o f  % bicarbonate in mixtures and % 

compound calculated from the second endpoint in pure samples.
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Equilibrium Constants

Introduction and Background

T he d issoc ia tion  c o n s ta n t va lues, K i a n d  K 2 , o f c a rb o n a te  and  

b icarbonate  a re  of im portance in  biology, geology a n d  inorganic chem istry . 

Any process w hich involves dissolved carbon dioxide or carbonic acid depends 

upon these  values, as carbonic acid is converted to  b icarbonate  an d  carbonate  

d ep en d in g  upon  th e  q u a n tity  o f b ase  or acid in  solution. T hese va lues, 

g iven  th e  m ass  action  law , re la te  th e  ra tio  o f th e  am o u n t p ro d u c ts  to 

re a c ta n ts  an d  a re  constan t a t  equilibrium . T hese values m ay be sp read  over 

m any  o rders o f m agn itude  so a n  associated  q u a n tity  is used, th e  pK  value 

defined in  equation  7.0.

pK = -Iog10( K ) (7.0)

R esu lts w ill be discussed using  th e  K  values.

T he K 2  c o n s tan t co rresponds to th e  f i r s t  d issoc ia tion  c o n s ta n t of 

carbonate  sa lts  or the  second dissociation of carbonic acid:

[H* ] + [CO3  ] = [HCOil

K a - ' n ; ^  1 (7..)
[ H C O 3] Y h c o "3

Where;
quantities in square brackets represent formal concentrations and y  represents 

the activity coefficients corresponding to the species in the subscript.
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The K i co n stan t is th e  first dissociation of carbonic acid or of b icarbonate  and 

is u sua lly  w ritten  as:

[H + ] + [H C O 3 ] = [H C O 3 ]

[H* ] [H C O 3" ] Yh+ YHcor3 

1 = [H 2 C O 3] ■ Y„ 2 a > 3 r /-2)

Where:
Yh2c o 3 *s assumcd to be 1

H ow ever, in te resting ly , the  “K j” th a t  is ac tua lly  m easu red  is only p a rtia lly

described  by th e  equation  (7.2) . 23 W hen b icarbonate  is reduced to carbonic 

acid (or for dissolved C 0 2  in non basic solution), a t  equilibrium , th e  solution

con ta in s less th a n  1% of the  dissolved carbonic acid  in  th e  form  of H 2 CO3 , 24

th e  rem ain d er in  th e  form of a  loosely hydrated  carbon dioxide.

C 02(aq) + H 2O = H 2CO 3 (aq)

„  [CO2 ]
c ° 2  =[H 2C 0 3 J (7.3)

Where:

activities arc assumed to be unity due to uncharged species.

C onsidering  only th e  process described by K i (equation  7.2), C otton’s book23 

d iscusses a p K i value of 3.58 (or KCO 2  = 2.63-10'4 ), w hich is s im ila r for oxo-

acids of s im ila r  s tru c tu re . T ak in g  th e  ra tio  o f CO 2  to carbonic  acid  or 

K 1 /KCO 2  show s th a t  there  is approxim ately  600 tim es m ore carbon dioxide

th a n  carbonic acid. The q u an tity  directly m easured  and  reported  a s  K 1( will

be designated  K im, and i t  consists of:

K] [H+] [HCO3]
lm  - 1 = [H?CO^] + [CO7 ] ' YlI+ Ynco_, (7-4)

1 + KC0 2
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T he values of th e se  c o n stan ts  va ry  som ew hat depend ing  upon th e  

l ite ra tu re  source, b u t a re  in  ag reem en t as to th e  o rder of m agnitude. A lis t 

o f som e K  and  pK  v a lu es from  various sources is  found in  T able  1.9. A 

possib le exp lanation  for the  sp read  of va lues m igh t be th a t  th e  values a re  

m easu rem en ts  m ade a t  various solution ionic s tren g th s  w here activ ities w ere 

n o t considered or com pensated for. A no ther possibility  is ju s t  th a t  d ifferent 

m ethods tend  to produce different values. M aclnnes and  B lecher24 employed 

a potentiom etric  m ethod to determ ine these  constan ts. They determ ined  th e  

K values by m aking  solutions of various ionic s tre n g th  (dissolving know n 

q u a n titie s  of chloride, carbonate , b icarbonate, carbon dioxide), p ressu re , 

and  tem p era tu re , an d  m easu ring  th e  p o ten tia l o f a  glass electrode re la tive  

to a  silver/silver chloride reference. T his p o ten tia l is linearly  re la ted  to the  

pK  value  by th e  N ers t equation . Since th e  form al concentrations w ere used 

to calcu late  pK  in stead  of activities, to correct, they  defined a  pK ' value:

PK’ = PK - l ogl0 (7 ) (7.5)

Where:

pK1 is the calculated value using solution potential and formal concentration 
y is the activity coefficient term in the K relations.

To d e te rm in e  th e  va lue  of pK, they  plot pK ' va lues a g a in st activ ity  (from 

ionic s tre n g th  calculations). The slope for th e  K2  d issociation value is m uch 

g re a te r  th a n  th a t  for K i, due to th e  presence of th e  doubly charged CO3 '.
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T he ionic s tre n g th  m ay be calcu lated  using  th e  following equation  7.6:

I1  = 0  5  X  ci 1 z i2
i

Where:
c; is the concentration o f the ith species
z j is the charge on the species.

w hich affects th e  ac tiv ity  o f each  species by th e  ex tended  D ebye H uckel

equation  7.7 for solutions u n d er 0.1 M:

, v  -0.51 z 2 Vtiog| 0 ■ = ----------- p *  (7.7)

Where:
a  is the ionic radius o f  the species

T he effect can  be seen in  F igure  2 1 , w hich shows a theo re tica l plot o f ionic 

s tre n g th  a n d  ac tiv itie s  of v a rio u s species in  a  t i t ra t io n  o f 0.0018 moles 

(0.19108g) o f sodium  carbonate  w ith  0.12246 M HC1 in  a  s ta r tin g  volume 

of 50 m l. A t th e  beg inn ing  of th e  titra tio n , ionic s tre n g th  decreases and 

ac tiv itie s  in c re a se  g rea tly  due  to th e  conversion  of th e  doub ly  charged  

carbonate  to  singly  charged b icarbonate. A round th e  f irs t endpo in t, th ey  

level off and  change only slightly, because now th ere  is only singly charged 

species in  so lu tion . T he ionic s tre n g th  levels off a g a in  a t  th e  second 

endpoint. T he ionic s tren g th  th en  s ta r ts  increasing  an d  ac tiv itie s  decrease 

a s  th e  contribution  from  the  acid take  effect.
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Dissociation Constant Determination

In  th is  s tu d y , th e  K i  a n d  K2  d isso c ia tio n  c o n s ta n ts  fo r sod ium  

c a rb o n a te  a n d  b ica rb o n a te  w ere  a p p ro x im ated  from  t i t r a t io n  cu rves of 

N a 2 CC>3 w ith  HC1 an d  for sod ium  sesquicarbonate , N a 3 -HC0 3 -C0 3 -2 H 2 0 , 

w ith  HC1, u s in g  th e  au to m atic  t i t ra to r  d iscussed  in  o th e r sections. Two 

m a in  m ethods of an a ly sis  w ere  used  for th e  c a rb o n a te  an a ly s is . T he 

re su lta n t va lues a re  p resen ted  in  Tables 1 . 1 0  th ro u g h  1.13. The m ethods will 

be discussed, and  then  the  re su lts  com pared and  discussed.

T his f irs t m ethod is a  sim ply  perform ed techn ique  to approx im ate  th e  

equ ilib rium  values. I t  req u ire s  knowledge o f th e  volum e used  to  reach  the  

f irs t  endpoin t and  pH  values a t  th a t  endpoint an d  a t  th e  volum e halfw ay to 

th e  endpoint.

To determ ine  K 2 : A t th e  h a lf  volume,

[ H C O 3 ] =  [ C O 3 - ] ( 7 .8 )

assum ing  th a t  all o f th e  acid h a s  reacted  com pletely w ith  the  carbonate. 

R earrang ing  th e  dissociation equation , 7.1 and  apply ing  equation  7.8:

Vm + Yc o *' +
[H  ^1/2 volume to first endpoint  ̂ 7 .9 )

IHCO3

or, tak in g  th e  log:

pK2 = - log 10
' 3 '

7[JCOa
3 /

P ^ l /2 volume to first endpoint ( 7 .1 0 )

T he t it ra t io n s  o f sodium  c a rb o n a te  w ith  HC1 w ere  exam ined  u s in g  th is  

m ethod  by find ing  th e  volum e an d  pH  d a ta  v a lu es  abou t th e  h a lf  volum e 

p o in t from th e  experim en tal t i tra t io n  curve. T he pH  a t  th e  h a lf  p o in t w as
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th e n  de te rm in ed  by find ing  th e  equ atio n  o f a  s tra ig h t  line  w hich  p assed  

th ro u g h  these  d a ta  values and solving for pH.

The K i value w as th en  determ ined  from  th e  equation 7.11 :

V K i K 2 *  [H +  ] at the first endpo in t t7 -1 1 )

U sing  th e  value of K 2  de term ined  previously.

A no ther m ethod  w as used  to  find K i, K2  for bo th  th e  ca rb o n a te  and  the  

sesqu icarbonate  t itra tio n . T his m ethod fit selective p a rts  of th e  titra tio n  

cu rve  w ith  th e  th e o re tic a l ex p ress io n  re la t in g  pH  an d  volum e. T he 

expression  w as derived from  th e  equ ilib ria  o f th e  various com ponents of the  

solution, charge ba lance  and th e  carbon m ass balance. The final equation  

derived  (details in A ppendix 5.4A) for th e  model is equation 7.12:

[H’]

-  V

[H ]

Where:
My is the total initial moles o f  carbonate and bicarbonate.
M t 2  i s  the total initial quantity o f  bicarbonate and twice that o f  carbonate

(quantity o f  Na)
VHQ is the volume o f HC1 added at any point in titration
V° is the initial volume in which the material is dissolved
Kw is the auto protolysis equilibrium constant for water
CHa the molarity o f  HC1
Kj is the equilibrium constant for bicarbonate/carbonic acid
K2  is the equilibrium constant for carbon ate/carbonate
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An exam ple o f a  fit m ay be seen in  F igure  2 2 . In p u t to th e  equation  7.12 is 

th e  in itia l volume of w a te r  used  to  dissolve th e  m ateria l, th e  in itia l m ass of 

sodium  carbonate, th e  in itia l m ass of sesqu icarbonate , th e  in itia l m ass of 

sodium  b icarbonate  an d  th e  m olarity  of th e  HC1 reagen t. T he equation  w as 

fitted  to th e  experim ental d a ta  using  the  sam e sim plex m inim ization  program  

as  th a t  used  w hen fittin g  th e  local model. The p a ram ete rs  th a t  w ere varied  

w ere  K i an d  K 2 . F o r each titra tio n  curve, th e  fit w as perfo rm ed  u sin g  

d ifferen t p a rts  of the  t itra tio n  curve, labeled A, B and  T. P a r t  A w as around  

th e  f irs t  endpoint, th e  carbonate  tran s itio n  to b icarbonate (Ki(A) an d  K 2 (A)), 

p a r t  B w as fit a round  th e  second endpoin t, th e  b ica rbonate  tra n s itio n  to 

carbonic acid and  CO 2  (K i(B) an d  K2 CB)) , and  a  fit of th e  en tire  titra tio n  

curve (K i(T) and  KsCT)) w as perform ed.

T h e  sim p lex  p ro g ram  re q u ire s  in i t ia l  g u e sse s  fo r th e  v a r ie d  

p a ra m e te rs . G uesses w hich a re  closer to  th e  “correct” va lues w ill u sua lly  

r e s u l t  in  f a s te r  convergence of th e  f it a n d  few er p rob lem s w ith  local 

m in im um s. For each p a r t  of th e  titra tio n  curve th a t  w as fit, several ru n s  

w ith  d ifferen t in itia l guesses for K i and K 2  w ere used. One guess consisted 

of th e  va lues from th e  l i te ra tu re 20 in  Table 1.9. A nother w as th e  previous 

re su lts  (i.e., th e  sim plex w as ru n  several tim es w ith  th e  re su lts  from  th e  

p rev ious ru n  as the  in it ia l  guess). In itia l guesses w ere  u sed  w hich w ere 

severa l o rders o f m agn itude  d ifferen t (h igher and  lower) th a n  th ese  values. 

In  all cases, except th a t  m entioned below, th ey  converged to th e  sam e values 

w ith  four significant digits.



O Experimental Data 
—  Model using same parameters as 

experimental data

0 5 10 15 20 25 30 35
Volume of HCI (ml)

Figure 22 Sesquicarbonate Experimental Data and "Exact" Model
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Dissociation Constants Results

T he dissociation constan ts  w ere determ ined  by four m ethods described 

previously: (A) fit of d a ta  p o in ts  around  th e  f irs t  endpoint, (B) f it  of d a ta  

poin ts a ro u n d  th e  second endpoin t, (T) fit o f th e  en tire  titra tio n  curve and  

(S) u s in g  v a lu es  of d a ta  a b o u t the  h a lf  vo lum e to  th e  f i r s t  en d p o in t 

(equations 7.10 and 7.11). T he resu lts  a re  p resen ted  in Table 1.10, 1.11 

and  1.12 a n d  discussed below. F o r com parison, values from th e  lite ra tu re  

a re  given in  Table 1.9.

Sodium  carbonate

The K2  value from the  f it abou t the  firs t endpo in t (K2 (A)) gave th e  best 

re su lt, 5 .16 -10 '11, w ith  th e  re la tiv e  e rro r from  li te ra tu re  v a lu es of 1.6% 

(m ean value 5.08* 10*11). The (K2 (T)) gave (4.22* 10-11) w ith and  e rro r  o f 17%. 

The spread  of values for each m ethod is sim ilar, ab o u t ± 0.7* 1 0 " 1 1  . T he h a lf  

volume m ethod (K2 (S)) did n o t differ m uch from  th a t  o f the  fit o f th e  en tire  

curve (4.30* 10"11). However, K 2 (B) gave a  la rg e  range  of va lues o rders of 

m agnitude  d ifferen t th a n  th e  lite ra tu re  values. T his is probably due to  the 

te rm s in equation  7.12 th a t  involved K2  being negligible or canceling. T his is 

reasonable, a s  the  value of K2  depends on carbonate  concentration w hich is 

negligible in  th is  region of th e  titra tio n . The sim plex program  w ill try  any 

sm all nu m b er and  finding th a t  i t  satisfies th e  convergence c rite ria , re tu rn  

th a t  value a s  th e  resu lt.

T he K i values yielded d ifferen t resu lts . Com parison of th e  fit values 

to  th e  m ean  l i te ra tu re  value  (4.39* 10-7) show s th a t  th e  f it a b o u t each 

ind iv idua l en d p o in t region gave erro rs of a ro u n d  20%. F it  o f th e  en tire  

titra tio n  curve (K i(T)) gave a  re s u l t  closer to  l ite ra tu re , (3.88* 10 '7) w ith in

11.7%. B u t th e  re su lt closest to th e  m ean lite ra tu re  value w as th a t  from  the
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pH  m ethod (K i(S)) w ith  an  e rro r  of 5.4% (K i = 4.15* 10_7), even  though  i t  

relied on th e  previous K i(S) calculation.

T he m odel equation  7.12 h as  an  inco rrect assum p tion  w hich  occurs 

a round  th e  second endpoin t o r a fte r  approxim ately  pH  5.3. A round th is  pH, 

bubbles w ere  observed, ind ica ting  th a t  th e  so lu tion  w as sa tu ra te d  w ith  CO2 . 

The equation  uses m ass balance  and  an  equ ilib rium  equation  w hich  assum es 

th e  p roduct is H 2 CO3 . M uch of th a t  p ro d u c t (600:1) ac tua lly  converts to 

CO2 . and  a f te r  ca. pH 5.3, th e  solution is s a tu ra te d  w ith  th is  gas (and  a t 

lower pH, th e  m ateria l is lost from  the  system ). T his m ight account for the  

la rg e r d is tribu tion  of values w hen  fit around  th e  second endpoint. Activities, 

w hich w ere neglected in  th e  fit, should influence th e  re su lts  less a s  th e  ionic 

s tre n g th  of th e  solution is less a fte r  th e  f irs t endpo in t (and ac tiv itie s  a re  

closer to 1 ).

Sodium  Sesquicarbonate

Sodium  sesqu icarbonate  w as analyzed  fo r K i an d  K 2  by  th e  sam e 

fitting  process and  m ethods a s  above. S im ilarly , th e  (K2 (B)) va lue  did no t 

give m ean ingfu l resu lts , for th e  reasons s ta te d  above. However, all o f the  

re su lts  a re  fu r th e r  off from  th e  accepted v a lu es th a n  th e  carbonate  re su lts  

w ere. T he va lues had  a  12% to  80% erro r and  K 2  h a d  la rger e rro rs  th a n  K i 

(Tables 1 .1 2  an d  1.13). However, K2  is more sensitive  to ionic s tre n g th  of the  

solution th a n  K i. The ionic s tren g th s  and  activ ities w as estim ated  a t  points 

in  the  cen ters o f all of the  fit (Ki(A), K2 (A), K i(B), K 2 (T), K i(T)) . T he values 

th a t  include ac tiv ities a re  ind icated  in th e  tab les  by values in  p a re n th es is . 

C onsidering th e  activ ities b rough t the  values m uch closer to th e  m ean  of th e  

accepted v a lu es (1.4% to 29%). For these  va lues, a  K2  d e te rm in a tio n  a t  

K 2 (A) had  one th ird  th e  e rro r of th a t  u sing  K 2 (T). The K i(B) f it gave the  

closest values w ith  an  e rro r of 1.4%.
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Source (2 0 ) (24) (25) (23) (18) (25)
K i 4.30-1 O'7 4.54-10 '7 4.45-lO'7 4.16-10'7 4.452-1 O'7 4.45-10 '7

k 2 5.61-10'11 5.61-10'11 4.69- 1 0 n 4.79-10 ' 11 4 .7 -1 0 - 11

Ki range: 4,16 -  4.54 -10"7 mean: 4.39-10 *7

K2  range: 4 .6 9 -5 .6 1  -IQ-H mean: 5.08-10'11

Table 1.9 Values o f K it K2  from various sources.

Run
Fit around 
1st e.p. K2 (A)

Fit around 
2nd e.p. K2 (B)

Fit o f  entire 
curve K2 CT)

K2 (S) from pH at

^1/2 to endoointl
B 5.915-lO-H 1.753-10-7 5.146-10-H 5.159-10-H
C 5.760- 10 n 8.535-1 O' 8 5.036-10-H 5.183-10-H
D 4.794-1 0 -n 3.1072-10'7 4.906-10-H 5.026-10-H
E 4.435-10 11 1.4242-1 O'6 3.899-10-H 3 .993-10-H
F 5.337-10-H 1.2845-10-** 4.432-10-H 4.540-10-n
G 5.343-10-n 4 .7263-10 6 4.166-10-11 4.211-10-H
H 6.207-10-u 9.6449-10-8 4.648-10-H 4.614-10-u
I 5.762-10-n 6.1640-1 O'8 4.038-10-H 4.058-10-H

J 4.238-10-H 4.9609-10-9 3.331-10-H 3.526-10-H
K 4.816-10'H 1.1934-10-8 3.638 10-H 3.736-10-H

L
Mean ±

4.173-10-H  

standard deviation *

2.4644-lO'8 

o‘ i

3.183-10-H 3.212-10-n

B to L | 5.16 +  0.71 
% Error as compared to average

| 4.22 ±  0 .6 8  | 4 .30±0.67  
; literature value o f  5.08-10"H :

B to L 1.61 % 16.9% 15.4%

Tabic 1 ,1 0  K2  values experimentally derived from titration o f sodium carbonate.
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Run
Fit around 
1st e,p. Kj(A)

Fit around 
2nd e.p. K](B)

Fit o f  entire 
curve K i(T)

Ki(S) from pH at 

1st e.p. and K2

B 4.085-1 O'7 4.192.1 O' 7 4.580-1 O'7 4 .7 3 7 -lO’7

C 4.253-10"7 4 .486-1 0 7 4.487-1 0 '7 4.774 -10'7

D 3.096-1 O'7 2.867- lO'7 3.409-1 O' 7 2.978 - lO-7

E 2.569-1 O'7 1.560*10'7 2.814-10'7 2.881 -1 0 '7

F 3.461-I0'7 2 .343-1 0 -7 3.834-1 O' 7 4.112 -10'7

G 3.467-10'7 2.066-10'7 3.882.10'7 3.716 -lO*7

H 4.299-1 O'7 4.292-10*7 4.294-10'7 5.827 -10'7

I 4.341-10'7 5.761.1 O'7 5.261 -lO'7 6.233 -10' 7

J 2.812-1 O'7 3 .2 0 2 -10*7 2.969-10*7 3.436-1  O'7

K 3.350-10'7 4.069-10"7 3.715-10'7 4.371 -10' 7

L

M can±

3.188-1 O' 7 

standard deviation

3 .6 6 6 -1 0 '7

* 1 0 7

3.404-10'7 2 . 6 1 6  -1 0 '7

B t o L  | 3.54 ± 0 .6 2  | 3.50 ± 1 .2 3  | 3.88 ± 0 .7 3 4  | 4.15 ± 1 .1 8  
% Error as compared to average literature value o f  4.39-10 '7  :

j B to L 19.4 % 20.3% 11.7% 5.40%

Table 1.11 K] values experimentally derived from titration o f  sodium carbonate.
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Run

K2 (A) * 1 0 n  

Fit around (with 
1st endpoint activities)

K2(B)
Fit around 
2 nd endpoint

K2 (T) * i o n  

Fit o f  entire (with 
curve activities)

A 9.666 (5.114) 3.928-10'21 12.24 (6.476)

D 10.01 (5.454) 3.440-1 O' 20 10.99 (5.988)

E 8.869 (4.943) 1.540-1 O'20 10.11 (5.635)
F 10.45 (5.640) 1.208-10'22 11.43 (6.169)
G 9.847 (5.482) 7 .629-10'23 12.51 (6.964)
H

Mcan±

12.24 (7.041) 

standard deviation * 1 0 11

1.178-1 O'22 13.95 (8.025)

B to L | 1.018 ± 0 .1 1 3  | 11.187 ± 0 .7 3 4  (6.543±o.854) 

% Error as compared to average literature value o f  5.08-10*11 :

B to L 79.9%  (10.7%) 76.6% (28.8%)

Tabic 1 . 1 2  K2  values experimentally derived from titration o f sodium sesquicarbonate.

Values in parenthesis have activities taken into account.

Run

Ki(A) * 107 

Fit around (with 
1st endpoint activities)

K i(B) * 107  

Fit around (with 
2 nd endpoint activities)

Ki(T) * 107 

Fit o f  entire (with 
curve activities)

A 5.572 4.506) 5.940 (4.915) 5.490 (4.499)
D 4.788 (3.911) 3.321 (2.767) 5.729 (4.734)

E 5.589 (4.600) 5.761 (4.826) 5.890 (4.898)
F 4.523 (3.683) 5.413 (4.500) 6.153 (5.071)
G 6.294 (5.178) 5.337 (4.470) 6.150 (5.112)

H

Mean

7.093 (5.899)

± standard deviation: * 1 0

6.186 (5.223)
7

6.970 (5.848)

% Err

5.64 ± 0 .9 5  (4.63±0.81) 

or o f mean as compared to r

5.32 ± 1 .0 3  (4.45±0.87) 

ncan literature value o f  4.3S

6.06 ± 0 .5 1  (5.03±0.46) 

M O 7  :

28.5%  (5.47%) 21.3% (1.37%) 38.1% (14.5%)

Table 1.13 K] values experimentally derived from titration o f  sodium sesquicarbonate.
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Conclusion

The au tom atic  com puter controlled m ethod of t i t ra t in g  carbonate  h a s  

ad v an tag e s  over a  m an u a l t i t r a t io n  in  te rm s of speed . N o t inc lu d in g  

p re p a ra tio n , th e  au tom atic  t i t r a to r  can  tak e  from  5 to  20 m in u te s  for a 

com plete titra tio n , including all calculation and  p r in to u t of d a ta . M odeling 

th e  d a ta  to  im prove th e  accuracy or precision of th e  endpo in t location did not 

show a consisten t advan tage . M odeling th e  carbonate  t itra tio n  show ed an  

ad v an tag e  in  te rm s of precision, b u t th e re  w as no a p p a re n t ad v an tag e  in 

m odeling th e  p u re  sesquicarbonate  or th e  m ix ture  sam ples. The accuracy of 

th e  sesqu icarbonate  / b icarbonate  m ix tu re  showed a n  im provem ent in te rm s 

of precision, b u t th e  unknow n m ix tu re , Sam ple#5, showed no difference. 

F itt in g  th e  d a ta  ta k e s  a t  th e  very  lea s t, an o th e r five m in u te s  for each  

ex p erim en t, an d  perfo rm ing  th is  function  did n o t show  a c o n s is te n t 

advantage.
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Section  2 The V oltam m etric/H PLC Instrum ent

Voltammetric Instrument Introduction

A D ig ita l E q u ipm en t C orporation  11/73 com puter w as program m ed 

a n d  in te rfa c e d  in o rd er to pe rfo rm  as  a g e n e ra l v o ltam m etric  function  

in s tru m e n t. This in s tru m e n t w as fitted  w ith  an  autom atic  m ercu ry  electrode 

an d  a  w all flow cell and  applied  a s  a vo ltam m etric  de tector for B v itam ins 

se p a ra te d  by  H igh  P erfo rm ance  L iquid C h ro m ato g rap h y  (H PL C ). The 

com puter applied  various p o ten tia l w aveform s for th e  detection a n d  acquired 

electrode c u rre n t d a ta . The experim ents perform ed d em o n stra te  th e  use of 

th is  in s t ru m e n t  a s  a d e te c to r  for H PLC , fo r s tu d y in g  th e  e lectrode 

c h a ra c te r is tic s , for op tim iza tion  of th e  e lectrode, an d  for ap p lica tio n  to 

resolving overlapping c u rren t voltage curves w ith  HPLC.

T h ere  h av e  been  o th e r  e lectrochem ical in s tru m e n ts  b u i l t  a round  

co m p u ters1*6. O ur in s tru m e n t a tte m p ts  to include th e  capab ilities  of these 

in s tru m e n ts  an d  m any more.

The Voltammetric Method

T he v o lta m m e tric  m eth o d  in  g e n e ra l is a  p ow erfu l a n a ly tic a l 

technique. I t  is based on a c u rre n t m easu rem en t ensuing  from  oxidation or 

red u c tio n  of chem ical species a t  an  e lectrode  su rface  w ith  a n  app lied  

p o ten tia l .7 B oth qua lita tive  and  q u a n tita tiv e  inform ation can  be extracted  

by exam in ing  th e  c u rre n t response as a  function  of po ten tia l. By u tilizing  

various techn iques o f po ten tia l application, inform ation  concerning reaction 

therm odynam ics, ra te  of e lectron  tran sfer, m echanism s and k in e tics  m ay
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be d iscerned . The ad v an tag es of the techn ique include species specificity, 

sensitiv ity , sim plicity, and  re la tive ly  inexpensive in s tru m e n ta tio n . 1

V oltam m etry  is an  excellen t m ethod for detection o f m a te ria l e lu ting  

from  flow analysis system s such as HPLC. The sim plest an d  le a s t expensive 

form  of th is  m ethod of detection  is w ith  a  co n stan t po ten tia l, u su a lly  called 

“am perom etric” detection. In  th is  m ethod, th e  po ten tia l is  se t to a voltage 

a t  w hich th e  elu ting  m a te ria l is expected to  be oxidized or reduced. A 

v a ria tio n  of th is  m ethod is a  sim ple d ifferen tial pu lse  in  w hich th e  electrode 

is held  a t  a  co n stan t p o ten tia l and  th en  pu lsed  to a p o ten tia l a t  w hich th e  

m ate ria l is  oxidized or reduced. The c u rre n t is  m easu red  before and  a t  

th e  end of th e  pulse, an d  th e  difference is calculated. The difference cu rren t 

d isc rim ina tes  ag a in st noise an d  provides for increased  selectiv ity , and  will 

be d iscussed  la te r. The th eo ry  behind d ifferen tia l pu lse  is  w ell developed? 

O ther vo ltam m etry  m ethods such as sta ircase  or square  w ave involve quickly 

scanning  from  one po ten tia l to  another.

HPLC and Detection

H PLC  is one of th e  m ost rapidly developing analy tical techniques. I t  

is u sed  p r im a rily  for se p a ra tin g  and  an a ly z in g  m ix tu res . M a te ria l for 

an a ly sis  is  in jected  in to  a  s tre a m  of m obile phase  th a t  tak e s  th e  m ateria l 

u n d er p re ssu re , typically on th e  order of 102  to 103  PSI, th ro u g h  a  column 

packed w ith  th e  sta tionary  phase. The s ta tio n a ry  phase  is a  su b s tra te  w ith  

a bonded organic m ateria l, such  as a long hydrocarbon chain  in  the  case of 

reverse p h ase . The flow ra te  is usually  p roportional to the  p ressu re  of the 

m obile p h a se  in  th e  colum n. The bonded organic m a te ria l h a s  vary ing  

affinity  for th e  com ponents o f th e  injected m a te ria l and  th u s  delays passage
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of th e se  su b s tan ces to d iffe ren t degrees, causing  th e  com ponents to e lu te  

from  th e  colum n a t  d ifferen t tim e periods. T he efficiency of th e  separa tion  is 

m easu red  by a  value called  th e  “n u m b er o f th eo re tica l p la te s” w hich  is 

dependen t upon th e  re ten tio n  tim e and th e  h a lf  w id th  of th e  peak 9 described 

in  equation  1 .

N  = 5 . 5 4 * ^ “ j 2 (I)

Where:
N  is the number o f  theoretical Plates
R is the retention time of the material
W  is width o f the peak at half height

T he v a lu e  of N is affected  by m any fac to rs  in c lud ing  th e  m obile p h a se  

com position, th e  flow ra te , an d  the  type, quality , an d  age of th e  colum n. 

T he re ten tio n  tim e is also dependent upon th ese  factors. The re ten tion  tim e 

is inversely  proportional to th e  flow ra te . T he m ateria l e lu ting  is detected  by 

v a rio u s  m eth o d s su ch  as spectroscopic  or e lec tro ch em ica l tec h n iq u e s . 

S pec tro scop ic  m eth o d s a re  m ore developed  th a n  e lec tro ch em ica l, b u t  

spectroscopic m ethods g en era lly  req u ire  equ ipm en t w hich is  u su a lly  m ore 

expensive th a n  electrochem ical m ethods. T hese two m ethods generally  do 

n o t sh a re  th e  sam e in te rferences, so occasionally one can be used  w hen the  

o th e r cannot.

W hen th e  electrochem ical com ponents o f a m ix ture  a re  all electroactive 

a t  a  given po ten tial, and  th e  am oun t of species overlap is no t significant o r of 

no in te re s t, am perom etric  detection  m ay be used  for H PLC. In  th is  case, 

th e  in form ation  acquired  is a  response tim e  curve, consisting  o f peaks th a t  

occur w hen th e  com ponents th a t  a re  sensed  by th e  detection  system  elu te . 

H ow ever, w hen  th e re  is  m a tr ix  in te rfe ren ce , possib ility  o f com ponents
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coming ou t a t  shortly  spaced in te rvals  and  overlapping, or m ore inform ation 

abou t th e  e lu tin g  species is requ ired  (such  a s  iden tification  of th e  species), 

th e n  scan n in g  th e  p o ten tia l is desirab le . In  th is  case, th e  in form ation  is 

contained in  cu rren t-po ten tia l curves w hich a re  recorded as a  function of tim e 

during  elu tion . T here a re  m any  exam ples of applying scanning  voltam m etric  

detection to  HPLC in  th e  l ite ra tu re .10*16

W hile voltam m etry  is a  specific an d  sensitive m ethod, selectivity  is 

som etim es a  problem  w hen a  sam ple consists o f a  m ix tu re  of m ateria ls . T his 

problem  can be especially pronounced w hen  h a lf  w ave p o ten tia ls  a re  close in  

value. In  th is  case, a  separa tion  process such as H PLC is necessary  before 

th e  m a te r ia l  c an  be su ccessfu lly  a n a ly z e d . U su a lly , H PLC  a n d  

e lectrochem istry  are  coupled in  order to provide an  ad d itio n a l d im ension to 

th e  detection  ou tpu t. R apidly scanning  th e  po ten tia l an d  acqu iring  c u rre n t 

va lues y ie lds in form ation  about com ponents w hich e lu te  a t  s im ila r values of 

tim e. The m ate ria l to be analyzed  is in jected into th e  H PLC a p p a ra tu s  and  

sep ara ted . W hen th e  e lu e n t flows p a s t th e  electrochem ical detector, the  

electrochem ically  active com ponents re a c t a t  the  electrode surface giving a 

c u rre n t w hich is  proportional to  th e  concentra tion  or m ass flow. If  a rap id ly  

v ary in g  p o te n tia l is app lied  to  th e  e lectrode, th e n  th e  c u rre n t response  

versus tim e  can  be viewed a t  any  selected potential, o r for a  given tim e slice, 

th e  cu rren t-po ten tia l response can be viewed.

The B v itam ins a t  trace  level, a re  w ell su ited  for th is  type of analysis. 

T he F a rad a ic  c u rre n t o f the  B v itam ins is  rela tive ly  sm all; however, th ese  

v itam in s a re  ab le  to catalyze hydrogen evolution a t  a  m ercu ry  electrode in  

n e u tra l  o r acidic m edia. T he catalyzed  hydrogen red u c tio n  re su lts  in  a 

c u rre n t w hich  can  be sev era l o rders o f m ag n itu d e  la rg e r  th a n  th e  d irec t
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reduction  c u rre n t of th e  v itam in  itself. W hile th e  exact m echanism  of th e  

ca ta ly tic  c u rre n t depends on th e  specific system  involved ' 7  th e  ca ta ly tic  

c u rren t is tho u g h t to be b rough t about by th e  v itam in  accepting a proton from  

a donor. T his coupling low ers th e  energy  req u ired  to  reduce th e  pro ton , 

a f te r  w hich  th e  v ita m in  re le a se s  th e  hydrogen 1. 8 A sim p le  poss ib le  

m echanism  is:

B + H A - ^  BH + + A'

BH + + c  BH (1.1)

BH - i  B + |  H 2

T his ca ta ly tic  c u rre n t occurs a t  p o ten tia ls  m uch  m ore negative  th a n  th e  

v itam in  reduction  half-w ave. Sm all concen trations of th e  v itam in  show  th e  

developm ent o f th e  c u rre n t w ave around  -1.7 volts (vs. SCE) w hile la rg e r  

concentra tions sh ift th e  po ten tia l a t  w hich th e  c u rre n t begins to increases to 

a  value as low as - 1 . 2  volts.

T he ca ta ly tic  c u rre n t w aves of th e  B v ita m in s  occur in  th e  sam e 

po ten tia l region, and  d ifferent concentrations of each can sh ift the  curves on 

th e  p o ten tia l axis. In  add ition , responses of d ifferen t v itam in s can cause 

orders o f m agn itude  differences in  cu rren t. Therefore, i t  is usually  difficult 

to exam ine m ix tu res of these  v itam ins by electrochem ical techniques alone. 

C oupling  H PLC  w ith  vo ltam m etric  de tection  allow s th e  ca ta ly tic  c u rre n t 

response to be used for chem ical analysis.
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The Mercury Electrode for HPLC

T he lis t of electrodes used for H PLC-EC detection  is s im ila r to  th a t  

used  in  voltam m etry . E lectrodes m ade of carbon or p la tinum  have been  used 

for de tec ting  oxidizable m ateria ls , and  gold, silver and  m ercury  am algam  

a s  w ell a s  liquid m ercu ry  have been used  for reductive detection. O f these  

m ate ria ls , m ercury  is un ique  in certa in  properties. The size o f th e  m ercury  

drop and  th u s the  electrode surface a rea  is easily  controlled. The electrode 

surface is a clean an d  easily  renew ed surface. In  con trast, solid electrodes 

m u s t be m anually  cleaned w hich changes th e  surface charac teristics . Since 

th e  surface  fea tu res  of an y  drop of m ercury  vary  little  be tw een  drops, the  

electrode surface is reproducible. Also one m ercury  drop m ay be replaced  by 

electrom echanical m eans, th is  electrode lends itse lf to au tom ation . M ercury 

also h a s  a h igh  overpotential to hydrogen reduction. T here  a re  d isadvan tages 

to u se  of a  m ercury  electrode, w hich include th e  toxicity of th e  m ercury, se t 

up  tim e, an d  m a in ten an ce  of th e  system  w hich g en e ra te s  th e  drops. For 

exam ple, th e  cap illa ry  tu b es  th rough  w hich  th e  m ercury  flows easily  clog. 

The m ercury  m ust be sto red  w ith  m inim al contact w ith  a ir  or else solid oxides 

w ill form  w hich  clog th e  system . In  ad d itio n , th e  grow ing drop  ad d s 

com plications to the  study  of the  theore tical aspects of th e  system .

T rad itiona l m ercury  electrode system s a re  cum bersom e. They involve 

a  m ercury  reservoir, tub ing  and fittings w hich hold m ercury, an d  a  colum n 

to  provide a head  of g rav ity  to force th e  m ercury  th rough  the  capillary . The 

colum n is usually  open to the  atm osphere. T his se tup  is subject to  accidental 

sp ills  an d  is n o t very  po rtab le . A u tom atic  han g in g  drop  e lectrodes m ay 

d im in ish  m any of th e  a rg u m en ts  ag a in st u sin g  m ercu ry 19 and  in  p a rticu la r, 

th e  a rg u m e n ts  a g a in s t a  dropping m ercury  electrode. This au to m atic  type
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of electrode u ses  m ercu ry  con ta ined  in  a  sm all reserv o ir ch am b er w hich is 

u n d e r p re ssu re  (less th a n  10 P S I o f in e r t gas) an d  is no t exposed to  the  

atm osphere. A com m ercial version of th e  electrode, used  for m y in stru m en t, 

is th e  M etrohm  M ulti-M ode electrode. I t  is  com pact and  com pletely sealed 

w ith  less chance of spills or m ercury  exposure to th e  a tm osphere  th a n  in  a 

trad itio n a l m ercu ry  electrode system . W hen th e  electrode n eed s  to  be 

opened, i t  is easily  tran sp o rtab le  to  a hood or a re a  w hich can re ta in  spills. 

The reservo ir is  eas ie r to m ain ta in , as an  in e r t a tm osphere  is  u sed  to  keep 

i t  u n d e r  p re ssu re , an d  th u s  oxides form m ore slowly. I f  th e  electrode is 

properly  m ain ta in ed , clogs can  be less common. T he q u a n tity  o f m ercury  

used  is m uch less th a n  a trad itio n a l se t up  as th e  drop size can  be sm aller. 

W hen used  a s  a  s ta tic  electrode, th e  th eo ries  describ ing  e lectron  tra n s fe r  

an d  o ther processes a re  sim pler th a n  th a t  for th e  DM E since i t  is  possible to 

neglect com plicating term s such as th a t  due to th e  continually  chang ing  area. 

The drop size w hich affects th e  c u rre n t is m uch m ore reproducible since the 

analogous m ercury  h e ig h t is controlled by p ressu re  w hich is easily  m easured  

an d  controlled.

Wall Flow Cell for HPLC-EC Detection

Solid e lec trodes can u se  th in  la y e r  cells, w hich a re  g enera lly  

im practica l for m ercury  drop electrodes. T he cham ber th a t  th e  m ercury  

electrode is s i tu a te d  in  h a s  to be as large as th e  m axim um  drop size and  

th e re  m u st be a n  ex it p a th  th ro u g h  w hich a  d iscarded  drop can  be quickly 

rem oved. The m ercury  am algam  electrode can  be easily  used in  a  th in -layer 

configuration , b u t  th is  type of electrode forgoes m ost of th e  a d v an tag e s  of
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m ercury  prev iously  s ta te d . H ow ever, th e  w all cell configuration  u sed  for 

solid electrodes can  also be used for m ercury.

The w all j e t  (W J) and  w a ll tube  electrode (WT) configurations a re  

discussed in  th e  lite ra tu re  and theore tical equations have  been derived w hich 

describe th em ? 0 ' 27 Both configurations have  s ta tio n a ry  liquid  m edia in  

w hich a  flu id  je t  is pe rpend icu lar to the  surface of th e  electrode, and  flows 

rad ia lly  over th e  surface. The W J differs from  th e  W T in  th e  re la tive  sizes 

o f th e  nozzle of th e  j e t  and  the  electrode size. The W J h as a  la rg e r electrode 

re la tive  to  th e  j e t  nozzle size; th e  W T h a s  an  electrode sm all re la tive  to the  

nozzle. The W T electrode h as a  uniform  flux of m a te ria l an d  ra te  lim itin g  

processes an d  k inetics a re  the  sam e a t  a ll poin ts o f th e  electrode; th e  form  of 

th e  c u rre n t expression is the sam e as th a t  for the  ro ta tin g  d isk .20

The W J is the  more sensitive of the  two m ethods. The reason  is r a th e r  

easy  to conceptualize. A sm all j e t  o f electroactive m a te ria l w ill have m ore 

opportun ity  to  con tact th e  W J electrode com pared to th e  W T w here m ost of 

th e  m ateria l doesn’t  touch the  electrode and diffuses in to  the  bulk. The ex tra  

sensitiv ity  occurs a t  th e  expense of tem poral resolu tion . I f  th e  com position of 

th e  e lu e n t is  considered  to be chan g in g  w ith  tim e, th e  W J will rem a in  in  

con tact w ith  e lu en t for longer tim e  periods th a n  th e  WT. T he c u rren t from  

th e  W J w ill show  som e w eighed average  of th e  e lu e n t from  various tim e  

periods.

The w all j e t  is  a  pow erful tool in  con tinuous flow or hydrodynam ic 

vo ltam m etry  applications, w hich includes HPLC. I t  offers ease  of use, h igh  

sensitiv ity  an d  low solution re ten tio n . I t  is a ttra c tiv e  for u se  in  H PLC-EC 

as  i t  provides h igh  convective m ass tran s fe r  charac teristics and  a cell volum e 

independen t of th e  geom etric cell volum e.
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T he W J de tec to r does n o t need to be in  a  th in  cell configuration; in  

fac t, G u n a s in g h a m 2 3 " 25 h a s  show n th a t  i t  is p refe rab le  to  position  th e  

e le c tro d e  a d is ta n c e  from  th e  nozzle. I f  th e  nozzle is  in s id e  th e  

h y d ro d y n am ic  b o u n d a ry  la y e r , e lec tro ch em ica l c u r re n ts  a re  red u ced  

significantly . D a ta  from  Y am ada 21 show c u rre n t a t  various flow ra te s  and  

nozzle sizes; d istances sm alle r th a n  ca. 0.3 mm show a m arked  reduction  in  

th e  electrical cu rren t, w hile m oving th e  nozzle u p  to 1 0  mm aw ay re su lts  in  

little  reduction  in  peak  cu rren t. G unasingham 25 concluded th a t  th e  effective 

cell volum e is a lm ost in d ep en d en t of geom etric cell volume an d  is less th a n  

th e  volum e of th e  hydrodynam ic boundary  layer. I t  shows litt le  re la tion  to 

th e  physical size of th e  cell.

The voltam m etric  c u rren t charac teristics o f th e  flow cells a re  expressed 

by th e  following equations. According to Albery and  B ruckenste in 20 th e  w all 

tube  is described by:

iwT = 0.6ljc n f C  D 2/3 v ‘u& V 1/2 a'3'2 R2 (2)

The w all je t  c u rre n t i s :2 1 >24>27

iWJ = 0.439 7E n F C  D 2/3 V 5112 V 3'4 a 'U2R 514 (3)
W here:

n = number o f  electrons transferred 
F = Faraday constant 
D  = diffusion constant
C = bulk concentration o f  clcctroactive material in eluent 
v = kinematic viscosity 
V  = Volume flow rate 
a = radius o f  nozzle 
R = radius o f  (disk) electrode

The co n stan t te rm  for th e  WT is 30% la rg e r th a n  for th e  W J. Increasing  th e  

electrode or th e  viscosity increases th e  c u rre n t m ore for th e  WT. T he W J 

c u rre n t w ill increase  more w ith  increasing  flow ra te  or nozzle size.
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The Electrochemical Instrument

A h ig h ly  v e rs a tile  e lectrochem ical in s tru m e n t  w a s  designed  an d  

constructed  for voltam m etiy , polarography, an d  electrochem ical flow analysis 

detection. The in s tru m e n t w as designed around  a com puter w ith  stan d ard  

p a rts  an d  coupled w ith  o th er in stru m en ts . T he com puter w as program m ed 

a n d  in te rfaced  to  be a  v e rsa tile  e lectrochem ical in s tru m e n t  w hich can 

perform  m ost of the  ta sk s  requ ired  in  polarography and  vo ltam m etry  as well 

a s  scann ing  or am perom etric  detection for flow system s. T h is  in s tru m e n t 

m ay be used  to perform  a  large variety  of electrochem ical experim ents. I t  w as 

developed w ith  the  following capabilities:

1 ) E lectrochem ical device for routine analysis.

2) E lectrochem ical resea rch  tool.

a) Control over all tem poral and  electrical po ten tia l a ttr ib u te s  of a 

po ten tia l waveform .
b) Ability to perform  s tan d a rd  and  cyclic voltam m etric  and  

stripp ing  analysis.

c) Ability to view d a ta  as current, d ifferential, o r sum m ed pairs.

d) Ability to view d a ta  in  m ultiple d isp lays (e.g., c u rre n t vs. tim e, 

c u rre n t vs. po ten tia l, th ree  dim ensional, etc.).

3) E lectrochem ical detector for HPLC or F I A:

a) Fixed po ten tial.

b) M ultiple repe titive  potential.

c) Sw ept po ten tia l analysis.

4) Ability to use solid electrodes, m ercury  electrodes or s ta tic  electrodes.

5) S im ple control o f th e  instrum ent.

6 ) On line help  for each function, including  exam ples and  h in ts  about use.

7) R eal tim e display, scaling, and storage of data .

8 ) R eal tim e feedback to th e  operator concerning th e  d a ta .

9) P rogram m able waveform .
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As a n  electrochem ical in strum en t, i t  can  perform  S ta ircase , N orm al 

P u lse, D ifferen tia l P u lse , S q u are  W ave, R ectangle  W ave, R everse Pulse  

and  sing le  and  m ultip le  program m able p u lse  w aveform s (F igu res 1 , 2 ) on 

so lid , l iq u id , h a n g in g  d ro p , and  p ro g ra m m a b le  M ulti-M ode  M ercury  

e lectrodes. The scann ing  p o ten tia l w aveform s m ay be o u tp u t once, in  a 

cycle w ith  reversa l back  to  th e  in itia l p o ten tia l (cyclical) an d /o r repetitively  

(F igure  3). The in s tru m e n t  can also p e rfo rm  pulse  tim e s tu d ie s  w hich 

au to m atica lly  vary  th e  tim in g  of any a sp ec t of a  se t o f vo ltage po ten tia ls  

(bottom  w aveform , F ig u re  2 ). As a device for ro u tin e  a n a ly sis  an d  a 

resea rch  tool, p a ram ete rs  can  be set up  for a  specific w aveform  and th en  

rep ea ted  over and over w ith o u t hav ing  to  re e n te r  th e  p a ra m e te rs . An 

exam ple o f a m enu for se ttin g  up a w aveform  is p resen ted  in  F igure 4. 

All p a ra m e te rs  of th e  w aveform s a re  v ariab le , such as tim ing , po ten tia ls , 

rep e titio n s, th e  knocker an d  a ir  valve tim ing , etc. As a de tecto r, i t  can 

perform  co n stan t voltage, a lte rn a tin g  pulse  voltage and m ultip le  successive 

voltage detection  (F igure  2 ). I t  can also perfo rm  repe titive  o u tp u ts  of th e  

w aveform s u sed  for v o lta m m e try  to p rov ide  th re e  d im en sio n a l c u rren t- 

p o ten tia l-tim e  curves for u se  in  flow a n a ly sis  (F igure  3). In  all of these  

modes th e re  is  the  capab ility  of exam ining  an d  m an ip u la tin g  th e  d a ta  in 

rea l tim e e ith e r  as th e  experim en t progresses or w hen the  experim en t h a s  

com pleted. The da ta , th e  detected  c u rre n t signal, m ay be d isp layed in  a  

d ifferen tia l o r sum m ed p a ir  mode or in  a  no rm al mode, w here  the  display 

w ill show  th e  c u rren t a s  i t  w as sam pled  a t  each p a r t  o f th e  po ten tia l 

w aveform  (Figure 5).

T here  are  m any fe a tu re s  which m ake th is  in s tru m e n t versa tile , b u t 

th e  two w hich  stand  out a re  th e  ability to view  d a ta  in  several form s and the
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ab ility  to  vary  all of th e  p a ra m ete rs  of th e  w aveform s. T hese capabilities will 

be discussed  and  defined.

D a ta  is  collected u n d e r  control o f th e  p ro g ram  HSWAVE as  a  l is t  of 

s ig n a l c u rre n t  va lues, a t  a  specific tim e  an d  p o te n tia l according  to  th e  

w aveform  used . T hese values, for the  purpose of th is  tex t, a re  called the  

“norm al” values. The d a ta  m ay be displayed a s  six d ifferen t types, lis ted  in  

Table 2 . 1 . The two m ost im p o rtan t d isp lays a re  c u rre n t vs. tim e (used 

m o stly  fo r H PLC  an d  flow  system s) a n d  c u rre n t  vs. p o te n tia l (for 

vo ltam m etric  experim ents). For each d isplay type, i t  is possible to d isp lay  

th e  d a ta  in  any  one of th re e  m odes: Norm, D iff, o r Sum . Only one 

experim en t is  necessary, un like  an  analog in s tru m e n t w here  th e  experim en t 

w ould have  to be repeated  for each mode or d isp lay  type. An exam ple of 

th e  Norm and  Diff display m ay be viewed in  F igure  5. In  th is  exam ple, the  

w aveform  is differential pu lse  and  the  difference d isplay is th e  difference of 

th e  c u rre n t ob tained  w hen  th e  p o ten tia l is pu lsed  from  th e  step  p o ten tia l. 

W hile a  w aveform  m ay have  a  m ode associated w ith  i t  (e.g., th e  s ta ircase  

d e fau lt is “Norm ” and  d ifferen tia l pulse an d  sq u are  w ave is “D iff’), i t  is 

easy  to  sw itch  to d ifferen t m odes, and  w ith o u t affecting th e  experim en tal 

da ta .

W hen d a ta  is d isplayed as “Norm ”, th e  d a ta  is no t processed and  is 

d isp layed  in  its  no rm al form . W hen d a ta  is  d isp layed  a s  “D if f1, th e  

difference betw een pairs of d a ta  a re  displayed. The d isp lay  mode “Sum” will 

d isp lay  th e  sum  of pa irs  of d a ta . To fu rth e r conceptualize the  display mode, 

T able  2.3 h a s  a sho rt l is t  of num erica l d a ta  w ith  each colum n lis tin g  th e  

values w hich a re  plotted in  th e  various display m odes. T hese d isplay m odes 

a re  se t au tom atica lly  w henever a  waveform  is ru n , b u t  m ay be changed  a t  

any  tim e w ith o u t affecting th e  d a ta  by sim ply en te rin g  th e  mode desired.
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Som e of th e  w aveform  p a ra m ete rs  w ill be  d iscussed  now. C hanging 

p a ra m e te rs  m ay change n o t only the scan  ra te ,  b u t  also th e  type  of 

experim ent. A waveform  m ay be se t up  for stripp ing , oxidative, reductive, 

voltam m etric , polarographic, or o ther analysis. W hile the  p a ra m e te rs  which 

describe  each w aveform  v a ry  from  one w aveform  to an o th e r, th e re  a re  

p a ra m e te rs  w h ich  a re  s im ila r  enough  th a t  th e y  m ay be  described  

in d ep en d en t o f th e  type of w aveform . T hese  w ill be described here ; they  

a re  also described in  more d e ta il in  the  m an u a l for th e  in stru m en t.

T he In itia l P otentia l defines the  s ta r t in g  p o ten tia l reference  for a 

scan n in g  w aveform . I t  is app lied  for th e  v a lu e  of tim e in  th e  p a ra m e te r  

In itia l Time. The Step P otential d e te rm in e s  th e  ra te  o f a  scann ing  

w aveform . I t  is th e  am oun t by  w hich the  p o ten tia l changes for each cycle 

of th e  w aveform . The sim p lest scanning  w aveform  is the  s ta ircase , which 

consists only of step s (F igure  1 ). D ifferential pu lse  in  F igu re  6 , 7 consists 

of pu lses superim posed upon a sta ircase . The Final P otentia l is  th e  lim iting 

va lue  of th e  s tep  p o ten tia ls . I t  defines the  u p p e r (or lower) p o ten tia l bound 

of a  scan n in g  w aveform . A scann ing  w aveform  w ill s ta r t  a t  th e  In itia l 

P oten tia l, an d  th e  waveform  ends (or in  th e  case of a cyclical waveform , 

is  a t  th e  tu rn in g  point) w hen th e  sum  of th e  Step Potentials reach  (bu t not 

exceed) th e  value of th e  Final Potential.

T here  a re  two p a ra m e te rs  w hich m ay be u sed  to control a  dropping 

m ercury  electrode or th e  M ulti-M ode E lectrode. T hese p a ra m e te rs  affect 

th e  w aveform , and  a re  th u s  im p o rtan t to u n d e rs ta n d  even w hen  a m ercury  

electrode is n o t employed.
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O ne of th e se  p a ra m e te rs  is  K n ock . T h is  p a ra m e te r  d e te rm in e s  

w h e th e r th e  drop knocker is activated , as w ell a s  th e  po in t in  th e  w aveform  

th a t  i t  activa tes. W hile i t  does no t affect th e  w aveform  by itself, w hen i t  h as  

any  value except Off, th e  a ir  valve is enabled , and  th e  p a ra m e te r  Tair m ay 

affect th e  form  and tim in g  of th e  voltage waveform , as illu s tra te d  in  F igures 

7-9. T he four possib le  va lues th a t  th e  K nock p a ra m e te r  m ay have  a re  

lis ted  in  Table 2 .2 .

T he  Tair p a ra m e te r  con ta ins th e  value of tim e  for w hich th e  a ir  valve 

is tu rn e d  on. T he a ir  valve controls th e  m ercury  drop grow th  tim e in  the  

M ulti-M ode E lectrode. The longer th e  a ir  valve is  on, th e  la rg e r  th e  drop 

w ill be. T he only ev en t for w hich  th e  value in  T a ir  w ill n o t effect th e  

w aveform  is if  i t  h a s  th e  value of zero or if  the  p a ra m e te r  K nock  h as  the  

value Off. Tair is  th e  drop grow th tim e, and th e  app lied  p o ten tia l does no t 

change w hen  th e  tim ing  period of Tair h as  been  com pleted. For exam ple, if  

Tair precedes the  In itia l Potential, th e n  th e  m ercury  drop w ill grow w ith  

th e  In itia l P otentia l applied , followed by th e  tim ing  period In itia l Time. 

T he In itia l P otentia l is actually  app lied  for th e  tim e  T air + in it ia l Time. 

A n o th er exam ple: i f  s ta ircase  w aveform  is se t w ith  th e  Knock p a ra m e te r  

se t for C ycle, th e  drop will grow  w ith  th e  p o ten tia l of th e  n e x t step  for a 

tim e Tair. In  th is  case, the  tim e th a t  th e  step  is applied , including th e  drop 

g row th  tim e, is Tair + Step Time.
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Plot type Description o f  Plot type

E(D Plot POTENTIAL as a function o f TIME, (i.e., what docs the potential 
waveform look like?). For one waveform, select channel numbers which 
correspond to the beginning and end o f  one scan.

1(E) Plot CURRENT as a function o f  POTENTIAL (i.e., Voltammogram). Be 
aware that multiple scans will overlap. This mode is suitable for most pulse 

waveforms.

I (D Plot CURRENT as a function o f  TIME. This is suitable for 
Chromatography (for some waveforms) and less often for voltammctry. (It is 
useful in voltammetry when viewing the normal components o f a differential 
measurement, as 1(E) may not give a good perspective).

I(En,T) Plot CURRENT at a SPECIFIC POTENTIAL as a function o f TIME. This 
plot is valuable when using scanning or multiple pulse waveforms in 
chromatography, as well as when doing multiple scans in voltammctry. This 
mode gives a “slice” o f  data at a constant potential.

I(E,T) Plots a 3 dimensional perspective o f the data: a simple surface plot (no 
“hidden line” removal: if  that is desired, use another program!) with lines 
along I(T). It is a plot, as if you selected I(T) or each scan and moved the 
paper for each scan.

I(T,E) Plots a 3-dimensional perspective o f the data, as above, with lines along 1(E). 
Each line is I(En,T). N ote that this may yield a better view than I(E,T), but 
the plot takes a much longer time.

Table 2.1 Description o f plot types in HSWAVE.

Off The drop knocker is never activated.

Once The drop knocker is activated once only at the beginning o f the scan set.

Scan The drop knocker is activated at the beginning o f  each scan.

Cycle The knocker is activated (once) before the scan set starts and then only at the 
beginning o f each cycle (i.e., after the Initial Potential, then the drop knocker 
activates before each step). At the end o f the very last step, the drop knocker is 
N O T  activated (the drop is left hanging). If Initial Time is 7.cro, then the 
initial activation docs not occur before the scan set starts.

Table 2.2 Possible values o f  the parameter Knock which controls the drop knocker.
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#
N orm al 
values (Norm)

D ifferential 
values (Diff)

Sum m ed 
values (Sum)

1 0 . 1 2

2 0.14 0 . 0 2 0.16
3 0.15
4 0.16 0 . 0 1 0.31
5 0.15
6 0.14 -0 . 0 1 0.29
7 -0.03
8 0 . 1 2 -0.15 0.09
9 0 . 1 0

1 0 -0.04 -0.14 0.06

Tabic 2.3 Demonstration o f  how data is manipulated for the three display modes in
HSWAVE. The normal values arc the actual currents measured, differential 
values are differences o f  current pairs (currcnt(2 i) - currcnt(2 i- l)) , summed 
values arc sums o f current pairs (current(2 i) + currcnt(2 i-l)).
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Staircase

Normal Pulse

Differential Pulse

Square W ave

Rectangle W ave

R everse Normal Pulse

Figure 1 V oltage-T im e C urves o f  Scanning W aveform s in  H SW A V E
Waveforms illustrated use typical parameters.
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Dual Pulse,
all voltages are equal

Differential Dual Pulse

Differential Dual Pulse, 
Knock = "cycle", 
initial time *  0

Differential Dual Pair

Differential Dual Pair, 
Knock = "once", 
initial time *  0

r - 1

Differential Four Pair
I s

r 1— l .

Dual Potential Time 
Study

Figure 2  Exam ples o f  Som e V oltage-T im e Curves o f  N o n -S ca n n in g
W aveform s in  H SW A V E
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Square W ave set up for one scan, 
TO 0, Knock = "Scan" p

Square W ave se t up for repetitive (3 scans), 
TO 5* 0, Knock = "Scan"

Differential Pulse set for cyclical, one scan

Note that reversal causes 
the pulse to be in the 
revere direction.

Staircase se t  for cyclical, three scan s, 
initial time = 0

Figure 3 V o ltage-T im e Curves o f  V arious M od es o f  Scanning
W aveform s in  H SW A V E
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command/parameter identifier 

Pulse Menu commands:

A
B
C
D
E
F

G
H
I

J
K

L
M
W

Z

name of 
■menu

initial potential 
step potential 
pulse potential 
final potential 
tO initial time 

t l time each step 
t2 pulse time 
tair SME time 0=off 
max scans;0=nonstop 
knocker cycle 
cycle type normal

go
save and go 
Wait/save 
exit menu

-999.962 mV 

-4.997 mV 
-74.960 mV 

-1949.989 mV 
0.000 ms

650.000 ms 
50.500 ms

300.000 ms 
1.000

values and units of param eters

approximate scan rate with param eters 
chpsen

total number of data points in one scan

Rate -0.76882E-02V/s; 384 points; 
-999.9619 to-1947.1656 mV; 182.400 sec

H sw avevl.43 --Diffpulse command:

approximate time for one 
scan

potential range of scan 
with selected param eters

prompt for command

Figure 4  D ifferential Pulse W aveform  Param eter M en u
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DifferenliaLPulse Waveform. 2 cycles shown
Experimental Param eters: 

Differential Pulse Waveform

Riboflavin 2 110 '5 M 
S tep -5 mV

Pulse -50 mV

Tair 300 ms

Step Time 650 ms

pulse time 50 ms

point in a cycle that 
current for the pulse is 
measured ( .

point in a cycle that 
entrant for the step is 
measured

Differential Current = I

differential current

normal currents: 
step pulse

-1100 -1300 -1700-1500
Potential vs. SCE (mV)

Figure 5 Differential Pulse Polarography (Static Drop) of Riboflavin, 
with Potential Waveform

-1900

--4.2

-3 .2

- 2.2

— 1.2

- 0.2

^ 0.8

o

D
iff

er
en

tia
l 

C
ur

re
nt

, 
pA



102

|  step height

pulse height

pulse height

The square w ave is a  staircase with a symmetric 
square w ave which extends negative and positive 
relative to the step

i f .

pulse height
|  step height

The differentia! pulse is a staircase with a (short 
duration) pulse added to the end of each step

Figure 6 Square W ave and Differential Pulse Waveforms 
with Steps
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P ulse
Tim e
T 2

Initial
Potential VO

\ .

P u lse
potential

S te p
Potential

(drop
grow th)

•

Tim e TO Tim e T1 ' T im e Tair T im e T1
(drop
growth)

A) Differentia! Pulse, Knock = "cycle", tO & 0

P u lse  AE

E0 initial-

Tair
Drop
growth

J J S te p  potential

T im e TO P u ise  
Tim e

B) Square Wave, TO ^  0, Knock = "Scan"

C Data Collection points ^  
indicated by * J

Figure 7  D ifferential Pulse and Square W ave P otentia l T im e
D iagram s w ith  Param eters Labeled
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Initial * 
Potential E0 Tair TO T1

J s ,S te p  V1

S tep  V1

T1 T1

A) Drop Knocker set to activate at each scan

Initial 
Potential EO l ^ jr

S tep  V1

B) Drop Knocker set to activate at each new cycle

C Data Collection points | 
indicated by »______ )

Figure 8 Staircase P oten tia l-T im e Curves for D ifferen t "Knock"
Param eters
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V2-

V1

-Tair^  ̂ T1 + * H -— *H-' T O  I  " T - i *  IT2 'Tair 1 T1 'T2 ' Tair 1 T1 'T2

A) 3 cycles o f Dual Pulse TO = 0, Knock = "Scan"

I •V2-

V1

Tair

V2-

I "" T1 | T2 I T1 ^T2 I *  T1

B) 3 cycles o f  Dual Pulse TO = 0, Knock = "Once" 

• I

IT2

V1

V0-

Tair I Tul T1 I T T  I " to  I T1 I I TO I ^  1

C) 3 cycles o f  Dual Pulse, TO =£ 0, Knock = "once"

T2

V2

V1

VO

Tim e TO
T im e Tair
(drop
growth}

Time
T1

Tim e Tair
(drop
growth)

Time
T2

D) Dual Pulse Tair & 0, TO & 0, Knock = "Stcpt’/ ^ T  _ „
(VI and V2  are applied on different drops) Da!a P0intSr indicated by »______ y

Figure 9 D ifferentia l D u al Pulse P oten tia l-T im e Curves w ith
Various Param eter Settings
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Overview of the Instrument

The in s tru m e n t and  its  various p a rts  a re  depicted in  F igures 10-17 and 

th e  c ircu itry  is described and illu s tra te d  in  A ppendix section 4B. The overall 

se t-up  of th e  in s tru m e n t in one of its  configurations as an  H PLC detecto r 

u s in g  th e  M ulti-M ode E lectrode and  th e  flow cell is show n in  F ig u re  10. 

T his configuration is described la te r.

T he co m p u te r w as p ro g ram m ed  to  con tro l th e  e x p e r im e n t by 

o u tp u ttin g  p o ten tia l w aveform s th rough  a 16 b it D ig ital to Analog converter 

(D/A), acqu iring  c u rre n t in fo rm ation  th ro u g h  a  12 b it  A nalog to D ig ita l 

converter (A/D), an d  controlling a M ulti-M ode M ercury  E lectrode (MME) 

v ia  an  a ir  valve an d  a  drop knocker. T he c u rre n t signal in fo rm ation  is 

d isplayed on a  d isp lay  m onitor, o u tp u t from  th e  com puter th ro u g h  12 b it 

D/A converters to a n  oscilloscope, pen p lo tte r, s tr ip  ch a rt recorder, an d  as 

h a rd  copy on p a p e r or m agnetic m edia. T he p rogram  for th e  com puter is 

nam ed  HSWAVE.

The para lle l o u tp u t of th e  D igital E qu ipm en t C orporation (DEC) 11/73 

com puter is connected to a B urr-B row n 729K D/A converter w hich is used  to 

o u tp u t a  po ten tia l. T his po ten tia l w as applied  to th e  control p o ten tia l in p u t 

o f a W enking Model 68 FR  0.5 po ten tio sta t. The p o ten tio sta t controls the  

p o ten tia l betw een  a SCE reference electrode and  th e  M etrohm  M M E by 

apply ing  a c u rre n t to th e  P t coun ter electrode. The com puter contro ls the  

M M E using  a n  A ngar Scientific 339V6H8 electronic a ir  valve to control the  

m ercury  flow and  a  P rinceton  Applied R esearch  174/70 drop knocker to 

rem ove th e  drop. C u rre n t a t  th e  MME is m easu red  via a  K e ith ley  614 

E lec tro m eter w hich serves bo th  a s  a  cu rren t-to -vo ltage (I/V) converter 

an d  a s  a n  am plifier. The cu rren t m ay be offset in  th e  e lectrom eter an d  by



a c u rre n t offset device, controlled by a po ten tiom eter, w hich injects c u rre n t 

in to  th e  electrom eter. The c u rre n t d a ta  are  sto red  in  th e  com puter in  norm al 

form. D ifference or sum m ed cu rren ts  m ay be d isplayed and listed , a n d  the  

orig inal n o rm al form is availab le  for exam ination . The d a ta  a re  p resen ted  

th rough  a large  varie ty  o f m eans. As th e  experim ent progresses the  c u rre n t 

(norm al, d ifferen tia l o r sum m ed) is d isp layed  (“rea l tim e d isp lay”) on an  

oscilloscope and/or s tr ip  c h a r t recorder connected to th e  com puters 12 b it D/A 

converters. I t  can also be d isp layed  a s  c u rre n t  values on th e  m onito r. 

W hen th e  ex p e rim e n t is com pleted , th e  d a ta  m ay be d isp layed  on a 

T ektron ix  4014 com patible m onitor and p lo tted  on a H ew lett-Packard  7475 

Pen  P lo tte r . An exam ple of th is  d isp lay  is in  F igu re  18. D a ta  m ay  be 

au to m atica lly  o r m anua lly  sto red  on m agnetic  m edia. D a ta  m ay also be 

lis ted  as values on a p r in te r  o r on the  display screen. D etails o f th e  p a r ts  of 

th e  in s tru m e n t and connections a re  given in  th e  A ppendix section 4B.
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The Control Program and Use of the Instrument

The com puter along w ith  th e  program , HSWAVE, is th e  h e a r t  o f the  

in s tru m e n t, se rv in g  as th e  o p e ra to r’s contro l p a n e l for ru n n in g  an  

experim ent. T here a re  several add itional u tility  p rog ram s for m an ipu la ting  

d a ta  w hich a re  listed  in  Appendix 5.4B. The p rogram m ing  for HSWAVE and 

u tili ty  p rog ram s w as w ritte n  u s in g  two languages, FORTRAN-77 an d  the  

a ssem b ly  lan g u ag e  specific for th e  DEC LSI-11 an d  PD P-11 com puters, 

M acro-11. M ost o f th e  p rog ram m ing  w as done in  FORTRAN, w ith  d a ta  

acquisition, device control and  rea l tim e display w ritten  in  Macro-11.

The p rog ram  HSWAVE i tse lf  consists of 75 FORTRAN files an d  21 

M acro files. A l is t  o f th e  files con ta ined  in  th is  p ro g ram  as  w ell as 

in structions for recom pilation a re  in  Appendix section 5B.

HSWAVE is a  waveform  generation  program  for H PLC detection and  

g en era l vo ltam m etry . I t  is th e  m ain  program  used  in  th is  in s tru m e n t for 

d a ta  acquisition, experim ental control, and  ou tpu t o f voltage waveform s. I t  

perform s th e  g raph ical display and  m anipu lation  of th e  d a ta  an d  allow s the  

u s e r  to  change experim ental p a ra m ete rs  and  store an d  re triev e  d a ta . The 

in terface  to  th e  experim enter uses h ierarch ica l m enus w hich d isplay m ost of 

th e  com m ands and  th e  p a ra m e te rs  to th e  com m ands. T h ere  a re  he lp  

fu n c tio n s  w h ich  prov ide  on-line  ex p la n a tio n  of th e  m en u s  a s  w ell as 

in fo rm atio n  concern ing  o th er fe a tu re s  o f th e  in s tru m e n t. T he HSWAVE 

p rog ram  w as c rea ted  w ith  th e  concept o f ease  of u se , w hile  rem a in in g  

v e rsa tile . I t  is  con tro lled  by com m ands th a t  a re  e n te re d  th ro u g h  th e  

te rm in a l keyboard . Some o f th e  com m ands include chang ing  p a ram ete rs , 

ru n n in g  an  experim ent, and  d isp laying  d a ta . A ctivating  a  com m and m ay 

change a  p a ra m e te r , a  m enu  or s ta r t  som e action  (such  a s  in it ia te  a 

waveform  scan).
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A ty p ica l e x p e r im e n t w ould  involve p re p a ra tio n  o f ch em ica ls , 

d eae ra tio n  of buffers, and  p rep a ra tio n  of th e  a p p a ra tu s  (for exam ple, H PLC 

req u ire s  ru n n in g  th e  system  w ith  th e  m obile phase flowing for an  h o u r before 

u se  in  o rder to stabilize the  system ). I f  th e  MME is used  in  th e  experim ent, 

i t  w ould have  to be pressurized , s ta rte d , an d  a ligned w ith  th e  drop knocker. 

T hen  th e  desired  w aveform  is selected from  th e  m enu  an d  p o ten tia l and  

tim e p a ra m e te rs  a re  selected to  fit the  experim ent. The A ppendix section 3B 

show s exam ples of d isp lay  screens and  w h a t happens du rin g  s ta r tu p  of the  

in s tru m e n t. The m a n u a l h a s  in s tru c tio n s  concern ing  th e  in itia tio n  an d  

opera tion  of th e  in s tru m e n t as w ell as sections for d iagnostics and  solving 

problem s.

Instrument Specifications and Considerations

Specifications of th e  in s tru m e n t system  a re  p resen ted  in  T ables 2.4- 

2.6. T hese specifications a re  for th e  in s tru m e n t sy s tem  as configured in  

F ig u re  10. D etails p e rta in in g  to th e  in te rp re ta tio n  of th ese  specifications 

follow.

The tim ing  of any  p o ten tia l and  th e  a ir  valve is perform ed by a  DEC 

KWV11-A program m able  clock located inside the  com puter. T he sm alles t 

feasible tim e is  lim ited  by the  com puter response tim e and is conservatively  

se t a t  0.1 m s for th e  tim e  of th e  in itia l p o ten tia l an d  0.3 m s for a ll o th e r  

tim in g  values. S h o rte r  values o f tim e a re  possible an d  m ay be se t u sing  

HSWAVE, b u t some com binations of w aveform  p a ra m e te rs  m ig h t cause  

p o ten tia l tim ing  to be in accu ra te . The m axim um  tim e  is seven  o rd ers  of 

m agn itude  g rea te r, a t  2.5 hours. T he com puter’s KWV11-A 10 M Hz clock 

h a s  a  ra te d  accuracy of 0.01%. Response tim e of th e  com puter to th e  clock 

can v a iy  u p  to 6 ps, b u t th is  e rro r is no t cum ulative.
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Description Value

Tim ing Accuracy (internal clock) 0.01%

Precision (non cumulative) < ±6 ps

Tim e o f Initial Potential 0.1 ms to 2.5 hours

Tim e o f  Anv Potential 0.3 ms to 2.5 hours

Response time o f air valve 10 ms (recommended use is > 50 ms)

Data per 

Scan

Number o f  points depends 

upon available disk space

Approx. 500,000 points using a 1 meg floppy

Potential

Output

Range

(The range is set by jumpers 

on the D/A comerter sec Figure 3B)

-2.5 V  to +2.5 V  (default) 

-5.0 V  to +5.0 V  

-1 0 V  to + 1 0 V

Resolution;

Change in potential A

1 part in 65536; full range •+ 65536  

0.0763 mV @ range = +2.5 volts

D /A  converter Slew rate 2-107 V/s

Scan Rate (see text) 50 V/s for 100 points

Current

Input

(A/D converter onlv)

A /D  converter Voltage Range 

A /D  converter Gain

±10, ±1, ±0.1 ± 0 .0 1  volt

1, 10. 100. 1000: set using HSWAVE

Resolution 

Chanec in voltatre

1 part in 4096; Range -+ 4096  

0.488 mV @ ±1 V  (eain *= 10)

(A/D converter & Electrometer)

Range ±20.±200,±200 nA. |lA. mA (electrometer)

Changc@± 1 V  A /D  scale 0.00488 pA @ ± 20 LlA electrometer scale

Resolution Range /  4096 for all ranges except at A /D  

converter gain 1 which is Range +■ 409.6)

Current

Offset

Electrometer 20 and 200 range 

Electrometer 2000 multiplier 

Current Offset Device

±  electrometer full scale, maximum 

± 0.1 * electrometer full scale, maximum 

± 1 1 0 0  pA, maximum

Tabic 2.4 Specifications o f  the instrument as currently configured.
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Electrometer 

Full Scale 

fnA, pA, mA)

Full s(

(Com p

(1 , ±10V)

:ale current o f  i

uter A /D  convcrtet

(10 , ±1V)

nstrument for each

G ain , V oltage m A /D  c

( 100 ,  ±0.1V)

combination

onvertcr Range)

(1000, +0.0IV )

20 20 10 0.1 0.01

200 200 100 1 0.1

2000 2000 1000 10 1

Table 2.5 Actual Full Scale o f  the instrument from combinations o f the computer A /D
converter Gain and Electrometer Full Scale. To calculate full scale when a 10kI2 
resistor is across the electrometer output, multiply values in 10, 100 and 1000 
columns by 2.

Electrometer 

Full Scale 

{nA, pA, mA}

M inim um  C

(C om p ut 

(1 , ±10V)

Current Resolut

er A /D  converter

(10 , +1V)

ion o f  instrument fo

ja in ,  V oltage in  A /D  co

(100 , ±0.1V)

r each combination

nverter Range)

(1000, ±0.01V)

20 0.0488 0.00488 4.88 10-5 4.88 10 6

200 0.488 0.0488 4.88 10-4 4.88 10-5

2000 4.88 0.488 4.88 1 0 '3 4.88 10 -4

Table 2.6 Actual Minimum resolution o f  the instrument from combinations o f  the
Computer A /D  converter Gain and Electrometer Full Scale. When a 10kt2 

resistor is across the electrometer output, multiply values in 10, 100 and 1000 
columns by 2.



112

The m axim um  n u m b er of d a ta  po in ts  in  an  experim en t is  4096 po in ts 

if  th e  experim en t is n o t se t to have d a ta  stored  autom atically . I f  d a ta  a re  se t 

to be au tom atica lly  stored, th e  lim it of th e  q u an tity  o f d a ta  po in ts is th e  size 

of availab le space on th e  storage device. In  the c u rre n t configuration of the  

in s tru m en t, an  em pty  double sided double density  d isk  can hold a  m axim um  

of 0.5 m illion points.

The range  of th e  control p o ten tia l m ay be changed from  ± 2 .5  volts to 

±5 volts or ±10 volts by changing ju m p e rs  on th e  D/A c ircu it board. The 

schem atics of th e  D/A converter a long  w ith  in s tru c tio n s  a re  given in  th e  

A ppendix section 4B. The range is  norm ally  set to  ±2.5 volts as th is  is  the  

m ost common range  of po ten tials used  in  electrochem istry.

A figure of m e rit  quoted for electrochem ical in s tru m e n ts  is th e  scan

ra te . The scan ra te  is th e  tim e for a  com plete scan and  is expressed  in te rm s

of V/s. In  th is  in s tru m e n t, th e  scan  r a te  is n o t re la te d  to  th e  slew  ra te ,

discussed la te r , as  in  an  analog in s tru m e n t. The scan  ra te  is a  value w hich

is m ean ingfu l only w hen  viewed to g e th e r  w ith  d a ta  acqu isition  reso lu tion  or

th e  nu m b er or po in ts of d a ta  per scan. A scan ra te  should  be defined by a

reasonab le  range of values, for exam ple, a  voltage excursion of 2.0 volts and

w ith  100 d a ta  points to  define th e  d a ta  curve. In  th is  case, th e  fa s te s t ra te
2 0for a s ta ircase  p o ten tia l waveform  is 100  ̂3 1 0 -4 o r 66-7 V/s. Obviously, if

g re a te r  reso lu tion  is desired  along th e  voltage axis, th e  value of scan  ra te  

w ill decrease; conversely, if  few er d a ta  poin ts a re  req u ired , th e  ra te  w ill 

increase. The lim it o f th e  scan ra te  is im posed due to th e  fac t th a t  th e  d a ta  

acqu isition  is perfo rm ed  u n d er so ftw are  control. A sy stem  in  w hich th is  

function  is perform ed u n d e r h ardw are  control could be m uch m ore rapid .
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The slew  ra te , or se ttlin g  tim e  for th e  app lied  p o ten tia l, is the  tim e 

req u ire d  for th e  vo ltage  to change and  se ttle  to  a  v a lu e  w ith in  a specific 

range . The w orse case occurs for a  large change. The factors w hich lim it 

th is  value a re  th e  D/A converter, th e  p o ten tio s ta t, and  th e  capacitance  

(re la ted  to th e  len g th )  of th e  cab le  connected  to  th e  o u tp u t of th e  D/A 

converter. F rom  th e  B urr-B row n d a ta  sh e e t for th e  D/A converter, th e  

w orse case for i t  to se ttle  to w ith in  ± 0.00076% of full scale ran g e  is 8 ps w ith  

a  load of 2kfl an d  capacitance of 100 p F  . In  th is  case, th e  slew  ra te  is 

2-107 V/s. The slew  ra te  of th e  change of a  po ten tia l should  be w ith in  th is  

o rder of m agn itude  for th e  in stru m en t.

The s igna l m easu red  is an  electrical cu rren t, w hich is processed by 

several devices. The cu rren t of in te re s t a t  th e  w orking electrode is m easured  

by  a n  e lec trom eter w hich converts th e  c u rre n t to a  p roportiona l value of 

voltage . T his voltage ou tpu t is th e n  connected to a 12 b it (1 p a r t  in 4096 

resolution) d ifferen tia l in p u t A/D converter w ith  p rogram m able gain. The 

A/D in p u t range m ay be se t u sing  th e  HSWAVE program  GAIN com m and for a  

ga in  of 1, 10, 100 an d  1000, or in  u n its  of voltage, +10.0V, ±1.0V, ±0.1V or 

±0.01V respectively . The equation  th a t  m ay be used  for ca lcu la ting  th e  

resolution of th e  converter is:

A /D  converter resolution (mV) =
Voltage Range 

o#A /D  bits

W hen the  range is ± 10V,

A /D  converter resolution (mV) = * 1000 (5)

th e  A/D converter h a s  a  resolution value of 4.883 mV.
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T he sig n a l in fo rm ation  ob ta ined  by th e  A/D converter is  a  n u m b er 

p ro p o rtio n a l to  th e  vo ltage  a p p lied  to th e  A/D co n v erte r. S ince  th e  

in fo rm ation  o f in te re s t  is  th e  cu rren t, in  o rder to  convert th is  n u m b er to 

c u rren t, th e  com bination of th e  A/D converter an d  th e  I/V converter m u st 

be considered. T he in p u t of th e  A/D converter is connected to th e  o u tp u t o f a 

K eith ley  e lec trom eter. The e lec trom eter h a s  a n  o u tp u t vo ltage w hich is

p roportional to th e  in p u t signal. W hen i t  is se t to  c u rre n t m ode, it serves

as a  curren t-to -vo ltage  converter. W hen th e  e lec trom eter c u rre n t in p u t is 

a t  fu ll scale, th e  o u tp u t o f the  e lectrom eter is 2 volts. The full scale c u rre n t 

selection of th e  e lectrom eter is  ±20, ±200 or ±2000 w ith  ranges in  pA, nA 

or pA. To calculate th e  actual c u rre n t resolution for d a ta  in th e  com puter:

A /D  converter current resolution -
. . , ,  „ Full scale Current

reso ution (mV) p ^ j  s c a j c  o u t p U t  voltage (mV)  ̂ ^

or:

A /D  converter current resolution =
Voltage Range Full scale Current

4096 * 1 0 0 0 *  2000 m V (7)

w here th e  A/D converter reso lu tion  is in  u n its  of pA, nA, o r pA depending  

upon th e  range selected on the  electrom eter. W hen th e  e lectrom eter is se t on 

th e  20 pA scale (and th u s  2 volts o u t m eans th a t  20pA  c u rren t is  m easured) 

an d  th e  A/D converter gain  in th e  com puter is se t to  10 (±1V), th en

A /D  converter current resolution =
2 V  mV 20 pA

4096 V  * 2000 mV

or th e  resolution of th e  c u rre n t is  0.00488 pA.
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F or c u rre n ts  o u t o f ra n g e  of th e  c u rre n t m easu rin g  devices, o r to 

provide increased  c u rre n t resolu tion , th e  in p u t c u rre n t m ay be offset by one 

o f two m ethods. The e lec tro m eter h as a  b u ilt-in  c u rre n t offset w hich can 

su b tra c t som e of th e  DC background an d  help  keep  th e  in p u t c u rre n t from  

going ou t o f range, b u t i t  is lim ited . O n th e  20 and  200 m u ltip lie r scales, 

th e  offset is lim ited  to  full scale. On the  2000 (2K) m ultip lier range, th e  full 

scale is lim ited  to 0.1 of full scale. For exam ple, on th e  20 pA scale, a  signal 

up  to 40 pA m ay be re a d  before going off scale. O n th e  2000 nA scale, th e  

signal m u st be lower th a n  2200 nA.

In  o rder to com pensate  for lim ited  offset c u rre n t of th e  electrom eter, 

a  c u rre n t in jector h a s  been  placed in  para lle l a t  th e  in p u t of th e  e lectrom eter. 

The offset range  of th is  device is ±1100 pA. The schem atic  for th is  c ircu it is 

described in  th e  A ppendix section 4B. The device is sim ply a po ten tiom eter 

across a stab le  DC voltage source, a  m ercury  b a tte ry , shielded in  a  box w ith  

ap p ro p ria te  tr iax ia l connector and  a sw itch th a t  controls bo th  po larity  an d  

power.

The ac tu a l full scale of th e  in s tru m e n t depends upon th e  following factors:

1) th e  full scale of th e  electrom eter

2) th e  selected gain  of th e  A/D converter

3) th e  c u rre n t offset in  or applied to th e  electrom eter

The effects o f 1) and  2) on the  full scale a re  exam ined in  T ables 2.5 

an d  2.6. A ga in  of 1 w ill allow  th e  A/D converte r to  read  th e  fu ll ran g e  

o u tp u t o f th e  e lectrom eter, b u t  th e  d raw back  is th a t  th e  reso lu tion  of th e  

d a ta  w ill be low due to th e  e lectrom eter o u tp u t (±2) being  less th a n  th e  A/D 

full scale (+10V). In  th is  case only one fifth  of A/D will be used, or 1 p a r t  in
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819 ra th e r  th a n  1 p a r t  in  4096. Therefore, a  ga in  of 1 should be  used  only 

w hen  absolutely requ ired . The h ig h e r g a in  values should  be avoided as well, 

since th e  signal trav e lin g  from th e  e lectrom eter to th e  A/D converte r w ill be 

subject to noise; typically  in  th e  ran g e  of several fractions of a m illivolt. A 

p re fe rred  so lu tion  w ould be to u se  a  vo ltage  d iv id er to  scale  th e  voltage 

coming from  th e  electrom eter. A lO K il re s is to r a ttach ed  betw een th e  voltage 

o u tp u t and  th e  “com” connection located a t th e  back  of the  e lectrom eter will 

divide the  o u tp u t by 2 (the in p u t resistance  is 10KQ), providing a n  ou tpu t of 

± 1.0 V for full scale.

The th ird  factor, th e  c u rre n t offset, should  be used  to offset th e  DC 

c u rre n t such th a t  th e  signal will be on scale u sing  th e  sm alles t possible value 

on th e  e lec tro m ete r. T he offset ob ta in ed  sh o u ld  be e n te re d  in to  the  

in s tru m e n t ( OFF com m and ) so th a t  th e  value of th e  offset is  recorded 

w ith  th e  experim en ta l d a ta . I f  a n  offset is provided  by th e  e lectrom eter, 

th e  offset is m easured  by p ressing  in  the  “zero check” b u tton  an d  recording 

th e  value on th e  e lec trom eter d isp lay . T hen  th e  offset p rov ided  by the  

c u rre n t in jecto r should be m easu red  by tu rn in g  th e  e lec trom eter “c u rre n t 

offset” to “off”, th en  disconnecting the  connection to th e  w ork ing  electrode 

an d  tu rn in g  th e  c u rre n t injector on. The value on th e  e lec trom eter display 

is th en  th e  offset produced by th e  c u rre n t injector. The addition of th e  values 

of th e  e lectrom eter offset and  th e  c u rre n t in jecto r offset is th e  value  w hich 

should be en tered  in to  th e  in s tru m en t u sing  th e  OFF com m and.
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Working Electrodes

A w ork ing  electrode is  connected to th e  in p u t o f th e  I/V converter, in 

p a ra lle l w ith  th e  c u rre n t in jector. The choice o f th e  w ork ing  electrode 

depends upon  th e  experim en t. T he app lied  voltage o u tp u t ran g e  of th e  

in s tru m e n t is betw een  ± 2.5 volts (expandable to ± 10 volts). The electrode 

choice m ay be e ith e r  reductive (e.g., silver or m ercury) o r oxidative (e.g., 

g lassy  carbon or gold) and  i t  m ay be solid or liquid . The in s tru m e n t can 

drive a drop knocker, described below, for liquid electrodes. T he in s tru m e n t 

h a s  been designed to control a  special liquid electrode, a  p ressu rized  m ercury 

electrode, w hich is also described below.

Multi-Mode Mercury Electrode System

T here  have  been  severa l p ap e rs  p e r ta in in g  to th e  co n stru c tio n  of 

au tom atic  electrodes?0*31 These designs w ere  unsuccessfu lly  reproduced in 

ou r labora to ry . In  each design, i t  w as n o t possible to com pletely stop the  

grow th  of th e  m ercury  drop (i.e., form a com pletely s ta tic  drop). T herefore 

we used  th e  com m ercially availab le  M etrohm  M ulti-M ode E lectrode (MME) 

m ercu ry  e lectrode. The M etrohm  M M E can  be p u rch ased  w ith  p re ssu re  

control devices, a  cell and  a drop knocker; how ever these  item s w ere added 

in-house. The care an d  use of th is  electrode is detailed  in  the  m a n u a l . This 

is a  liquid electrode w hich can perform  several functions: it  can  be used  as a  

D ropp ing  M ercury  E lectrode (DME), a  H ang ing  M ercury  D rop E lectrode 

(HM DE), o r a S ta tic  M ercury  D rop E lectrode  (SM DE), A sim plified  

d iagram  of th e  electrode is shown in F igure  11.
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The MME itse lf  is composed of th ree  m ain  parts :
i) A specialized cap illary  tube w ith a  flu ted  inlet.
ii) A m ain  cham ber w hich holds a  m ercury  reservoir and  is m ain ta in ed  a t

a  co n stan t p ressu re  by N itrogen or A rgon or o th er in e r t  gas applied  a t
the  m ain  cham ber’s in let.

iii) A sm a lle r  cham ber w hich is sep a ra ted  from  th e  m ain  cham ber by a
d iaphragm . T his cham ber is usually  m ain ta ined  a t  e ith e r a tm ospheric  
p ressu re  or a t  th e  sam e p ressure  as th e  m ain  cham ber. T his cham ber 
has no d irect con tact w ith  th e  m ercury . A ttached  to th e  d iaphragm  is 
a s ta in less  steel needle. The needle is  tap e red  a t  the  end opposite the  
d iaphragm  and  se a ts  o r is n e a r th e  flu ted  p a r t  of th e  cap illary . The 
needle m ain ta in s  electrical contact w ith  th e  m ercury in  th e  cap illary  a t  
all tim es.

T he M M E electrode re q u ire s  severa l e x te rn a l p a r ts  w hich c o n s titu te  th e  
electrode system . T his electrode system  consists o f th e  m ajor p a rts :

1) T he MME, w hich  provides physical an d  e lec trica l co n tac t to  th e  
solution and contains th e  m ercury w hich is forced th rough  a capillary.

2) An a ir  valve w hich controls the ro u tin g  of p ressu re  to th e  M M E and  
th u s  controls th e  flow of m ercury from  th e  MME.

3) A p ressu re  ro u te r w hich w as bu ilt to provide for an in terface to  th e  gas 
connectors on th e  MME and  the  a ir  valve to th e  gas cylinders.

4) An A ir Valve C ontrol u n it  (AVC). T his electronic device w as b u ilt to 
provide for m anual control of the a ir  valve and  to provide an  in terface 
to th e  com puter (or TTL voltage source) for au tom atic  control.

5) A D rop Knocker to shake the  capillary an d  knock off a m ercury  drop.
6) An in terface to th e  drop knocker th a t  w as b u ilt to allows th e  com puter 

(or TTL voltage pu lse  source w ith  an y  du ty  cycle) to drive th e  PARC 
D rop Knocker. T h is in terface h as two controls: one w hich controls the  
s tre n g th  of th e  kn o ck er 's  s tr ik e  an d  th e  o th e r  w hich con tro ls th e  
sw iftness of th e  s tr ik e . The in terface w as placed w ith in  th e  housing  
of th e  drop knocker.

These p a rts  a re  described in  deta il in  A ppendix 4B.
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How the MME System Works

T here a re  two s ta te s  th a t  th e  electrode system  m ay be in  w hen  pow er 

an d  p ressu re  a re  applied . One s ta te  is  holding a  drop or no flow of m ercury  

an d  th e  o th er s ta te  is growing a new  drop or flowing m ercury . T hese modes 

a re  illu s tra te d  in  F igu res 12 an d  13. The m ain  reservo ir cham ber is he ld  a t  

co n stan t p ressu re , u sua lly  less th a n  10 PSI. T he p ressu re  in  th e  cham ber 

above th e  d iaphragm  controls th e  m ercury  flow. W hen th is  cham ber is k ep t 

a t  th e  sam e p re ssu re  as th e  m ain  rese rv o ir (F igure  12), th e  d iap h rag m  is 

dow n and  th e  needle  se a ts  upon th e  cap illa ry  tube , b locking an y  m ercury  

flow. T his is  the  position w hen th e  in s tru m e n t is off o r w hen a  drop is being  

held . W hen th e  p ressu re  in th is  cham ber is less th a n  th e  m ain  reservo ir or, 

in  no rm al usage, is ven ted  a t  a tm ospheric  p ressu re , a s  show n in  F igure  13, 

th e  p ressu re  in  th e  m ain  reservoir pushes th e  d iaph ragm  an d  th e  needle 

up  w hich allows th e  m ercury  to flow.
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Modes of Operation of the MME System

The MME HPLC Electrochemical Detector

In  one of the  m odes of th e  in s tru m en t, th e  M M E is used  as a  w ork ing  

e lectrode  d e tec to r in  H PLC or FIA . I t  w as c o n stru c ted  of a m ach ined  

Teflon™  fittin g , concen trica lly  ho ld in g  th e  H PLC e fflu en t tu b e  a n d  the  

cap illa ry  o f th e  M M E, form ing a j e t  type electrode. T his is  im m ersed  in  a  

vessel con tain ing  th e  sam e buffer a s  th e  mobile phase, w ith  P t coun ter and  

SC E  reference e lectrodes, as depicted  in  F igure  15. In  ac tu a l operation , 

th e re  a re  several m odes of operation  for th is  electrode. I t  can  be used  as a 

h an g in g  drop electrode, and w hen response de te rio ra tes, a  new  drop can  be 

form ed w ith  th e  sam e size as th e  p revious one. I t  can  also be u sed  as a  

dropping m ercury  electrode, w here th e  drop continually  grow s u n til  the  drop 

knocker forces i t  off to  s ta r t  a  new  drop. F u rth e rm o re , i t  can be used  a s  a  

s ta tic  drop electrode w here a new  surface is created for each m easurem ent.

Dropping Mercury Electrode Mode (DME)

As a  DM E, th e  operation of th e  MME is s im ila r to  a  trad itio n a l DM E, 

th e  difference being  th a t  the s ta n d a rd  electrode uses th e  w eight o f a  m ercury  

colum n to  push  out a  drop, w hile th e  M M E uses p ressu rized  gas. The drop 

tim e of th e  s ta n d a rd  DM E depends upon he igh t of th e  m ercury  colum n and  

cap illary  leng th , w hile th e  MME drop tim e depends upon  th e  p ressu re  of the  

gas, as w ell as the  cap illary  length . The special cap illa ries for th e  MME are  

only available in  one length .

T here a re  two d ifferent m ethods to se t th e  M M E as  a  DM E. O ne is to 

disconnect th e  p ressu re  a ttach m en t on th e  cham ber above th e  d iaphragm  and  

connect th e  tube to th e  in le t labeled "DME" on the  M M E. The "DME" in le t is 

m erely  a  convenient blocked in le t and  is ju s t  a  place to p u t  th e  p ressu re  tube.
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The second m ethod (which I recom m end for th is  in s tru m en t) is to  sw itch the  

A ir V alve C ontrol (AVC) to “m an u a l”. T his will v en t th e  cham ber and  allow 

th e  m ercury  to flow freely, a s  in  a  DM E, u n til th e  control is tu rn e d  to “off’. 

T he red  ind icato r on th e  AVC will be on in  th is  mode to ind icate  th a t  m ercury  

is enabled to  flow.

In  th e  H SWAVE p ro g ra m , for th e  u s u a l  p o la ro g ra p h ic  DM E 

experim en t, th e  K nock selection would be se t to  C ycle to synchronize  the  

drop knocker so th a t  th e  drop size will be th e  sam e for each d a ta  poin t. For 

consistency, Tair, th e  tim e th a t  th e  AVC is tu rn e d  on and off (drop grow th  

tim e) should  be se t to zero, even though  w hen th e  AVC is on “m an u a l”, the  

a ir  valve is no t activated .

Static Mercury Electrode (SME)

T he d ifference betw een a  SM E an d  a DM E is th a t  w ith  th e  DM E, 

m ercury  is flowing a ll th e  tim e w hile  in  th e  SM E m ode, a  m ercu ry  drop is 

grow n quickly and  th e n  held a t  a  co n stan t size for a period of tim e. The size 

of th e  drop depends upon the  sam e p a ra m e te rs  a s  in  DM E m ode: p ressu re  

and  capillary  length .

T his in s tru m e n t is se t up  to  w ork  th e  electrode a s  a SM E as long a s  th e  

A ir V alve Control no t se t on “m an u a l”. In  th e  program , Knock should  be se t 

e ith e r to Cycle or Scan, and Tair to  th e  tim e in  w hich th e  drop grows.

Hanging Mercury Electrode (HME)

A H M E is a  SM E which grow s a drop w hich is fixed an d  is changed a t  

reg u la r  in te rv a ls  in  th e  experim ent.

U sing  HSWAVE, th e  Knock is  se t to Once (se t to Off i f  a  drop a lready  

ex ists  and  chang ing  i t  is  no t req u ired ) an d  Tair is  se t to th e  desired  drop 

form ation tim e.
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The Electrochemical Cell and the Flow Cell

T he cell for flow de tec tio n  (e.g., H PL C , FIA, hy d ro d y n am ic  

voltam m etry) consists o f two p a rts : the  flow cell an d  th e  m ain cell. The m ain  

cell is  also u sed  for non-flow an a ly sis  (vo ltam m etry , po larography) a s  well. 

I t  consisted  of a B rinkm ann  6.1415.250 electrochem ical cell (250 ml) w ith  

a  ca. 2 m m  hole drilled  in  th e  g lass ca. 20 m m  from  the  top to provide for 

overflow of liquid.

T he flow cell is  i l lu s tra te d  in F ig u re  16. I t  is co n stru c ted  of a 

m achined  cylindrical Teflon™  fitting , ca. 26 m m  in  leng th  an d  20 m m  in 

d iam eter. A pproxim ately halfw ay along th e  long dim ension th e re  is  a 10mm 

hole to a llow  for expulsion  of th e  drop an d  e lu e n t. The hole is  ta p e re d  

dow nw ard so a s  to ease rem oval of m ercury drops. On the  top th e re  is a  hole 

for f ittin g  th e  MME electrode. O n th e  bottom  is a n o th e r  passage  for f ittin g  

th e  e lu en t tube  from  an  H PLC colum n. Both passages a re  concentric w ith  

each  o ther. T he B io-A nalytical System s CS-2 H PLC  w ith  a C is  packed  

colum n w as used for m ost m easurem ents.

T he flow cell is  im m ersed  in  the  m ain  cell w hich  con tains th e  sam e 

buffer a s th e  m obile phase, w ith  P t  counter and  SCE reference electrodes, 

depicted in  F igu re  15. In  operation, m ateria l e lu ting  from the colum n flows 

across th e  m ercu ry  drop and  th e n  diffuses in to  th e  b u lk  so lu tion . T his 

configuration  form s a W all J e t  /  W all Tube electrode system . T he overflow 

hole is  loosely coupled to a p ip e tte  w hich d ra w s  overflow  in to  a  la rg e  

collection vessel. T his overflow can  be used to collect excess so lu tion  for 

disposal or for m easu rem en t and  determ ina tion  of flow ra te .
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Experimental Section

Samples and Solutions

For all experim ents, th e  buffer and  mobile p h ase  consisted of ace ta te  

b u ffe r/ace to n itrile  (50:50, v/v) p rep a red  w ith  d isso lved  sodium  a ce ta te  

(4.1g/l) an d  (ca. 20ml/l) acetic acid to b ring  the  pH  to 5.0. The w a te r  w as 

deionized an d  purified  th rough  h igh  capacity ion exchange and  carbon filter 

cartrid g es an d  th e n  d istilled . T he ace ton itrile  w as F ish e r  H PLC grade. 

T he sam e b a tch  of buffer w as u sed  b o th  for th e  m obile p h ase  a n d  for 

dissolving an d  d ilu ting  sam ples. The cell (F igures 10, 15) w as filled w ith  

th e  sam e buffer.

Experimental Procedure

T he b u ffe r in  th e  H PLC  re se rv o ir  an d  in  th e  d e tec tio n  cell is 

continually  degassed  w ith  argon or n itrogen . Both vessels a re  k ep t covered 

to m inim ize oxygen in filtra tio n . T he H PLC w as ru n  for a t  le a s t 1 h o u r 

before each day 's work. A background ru n  w as perfo rm ed  a t  th e  s ta r t  and  

m idw ay in  th e  experim ents to de term ine  th e  quality  of th e  buffer.

The m obile p hase  w ere con tinually  degassed  w ith  argon or n itrogen . 

T he so lu tion  in  th e  cell w as degassed  betw een  ex perim en ts , an d  d u rin g  

ex perim en ts , th e  flow of gas w as h e ld  ju s t  above th e  liqu id  to p rev e n t 

tu rbu lence . In  addition , th e  e x h a u s t from  th e  M M E w hich consists of 

argon  w as vented in to  th e  a ir  space in  th e  cell.

Sam ples of size ca. 25 pL  w ere injected in to  a  20 pi loop, w ith  the  

overflow discarded. The injected sam ples w ere no t degassed . The com puter 

in s t r u m e n t  a n d  th e  H PLC  w a s  sych ro n ized  m a n u a lly . T h is  w as 

accom plished  by tu rn in g  th e  knob  on th e  BAS H PL C  from  “LOAD” to
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“IN JEC T ” w hile p ress in g  the e n t e r  key  on th e  com puter a fte r  a ll p a ram ete rs  

hav e  been en tered  an d  th e  sam ple h a s  been  injected w ith  a  syringe into th e  

loop. T u rn in g  th e  H PLC  knob from  “LOAD” to “IN JE C T ” places th e  

con ten ts of th e  injection loop into th e  mobile phase stream .

T he flow ra te  of th e  e lu en t from  th e  HPLC colum n w as determ ined  by 

m easu rin g  th e  volum e of mobile phase  o u tp u t for a given tim e, abou t five 

m inu tes. The e lu en t w as collected from  th e  detection vessel's overflow hole 

a n d  th e  volum e of th e  fluid w as m easu red  u s in g  a  g ra d u a te d  cylinder. 

T im ing w as m easured  u sin g  th e  stopw atch  functions and  w aveform  tim ing  in  

th e  HSWAVE program .

Instrumentation

T he ex p erim en ts  w ere perfo rm ed  u sin g  th e  in s tru m e n t  system  an d  

HSWAVE p ro g ram  p rev iously  described . All o f th e  ex p e rim en ts  w ere  

perform ed u sin g  th e  M etrohm  M ulti-M ode M ercury E lectrode (MME) an d  

th e  flow cell p ic tu red  in  F igu re  15. U n less  o th e rw ise  in d ica ted , th e  

experim en ts used  th e  dua l pu lse  w aveform  w ith  th e  MME se t up  as a  s ta tic  

electrode (SME). The w aveform s applied  w ere chiefly s ta ircase , d ifferen tial 

p u lse  an d  sq u are  w ave. P o larographic  experim ents u sed  th e  MME as  a  

s ta tic  drop electrode, w ith  th e  electrode being renew ed  a t  each cycle o f a 

w aveform  scan. E xam ples o f th e  w aveform s used  m ay be view ed in  

F igures 5, 19, 7 and  a t  the  bottom  of F igu re  8.
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Applications of the Instrument

System Deaeration Methodology: 

Background Staircase Polarography of the Buffer

H eliu m  is freq u en tly  used  in H PLC  as a  d eg asser to  d isp lace o th e r  

g a ses  from  th e  m obile p h ase . O th e r gases w hich m ay in te rfe re  w ith  an  

electrochem ical detector in HPLC include oxygen, w hich h as reductive peaks 

a t  -0.2 vo lts and -1.2 volts, and  n itrogen, w hich u n d e r ce rta in  conditions, 

w ill go o u t of solution w hen  th e  e lu en t is  decom pressed a t  th e  colum n ex it 

an d  fo rm  bubb les w h ich  m ay cau se  la rg e  c u r re n t  f lu c tu a tio n s . T he 

in s tru m e n t system  used  h a s  two solutions w hich need degassing, th e  mobile 

p hase  e n te rin g  the  H PLC colum n and th e  solution in  th e  in s tru m e n t flow 

cell. A background s tu d y  of th e  ace ta te /ace to n itrile  bu ffer u n d e r various 

conditions w as perform ed u sin g  sta ircase  polarography. The c u rre n t voltage 

curves a s  w ell as th e  p a ra m e te rs  of th e  s ta irc ase  w aveform  a re  depicted in  

F ig u re  20. Five so lu tions w ere exam ined: 1) p la in  b u ffe r u sed  as th e

background  solution, 2) buffer w ith  hydrogen peroxide, degassed  w ith  argon,

3) buffer w ith  oxygen gas bubbled through, 4) buffer w ith  argon  gas bubbled 

th rough , and  5) buffer w ith  helium  gas bubbled th rough .

G ases were bubbled th rough  the  liqu id  for a  m in im um  of five m inutes. 

The cell w as kep t loosely covered as i t  w ould be in  an  H PLC  experim en t. 

W hen th e  sta ircase  voltage waveform  w as ru n , th e  tu b e  u sed  for bubbling  

gas w as rem oved from th e  liquid  and held above th e  surface of th e  liquid.

T he buffer w ith oxygen (Figure 20) shows two w aves of equal he igh t 

w ith  half-w ave po ten tia ls a t  -0.2 and -1.25 V vs. SCE, corresponding to the  

w aves found  in  the background  solution. T he p la tea u s  for th e  oxygenated
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b u ffer occur a t  values m ore negative  th a n  -0.45 V a n d  a t  -1.47 V. T he 

hydrogen peroxide solution show s only th e  second h a lf  wave a t  -1.24 V and  a 

steep  leveling off poin t a t -1.34 V. The background solution before degassing, 

w hich  w as allow ed to  s i t  covered, show ed th e  tw o ha lf-w ave  p o te n tia ls  

co rrespond ing  to oxygen. T he solution degassed  w ith  a rg o n  h a s  a f la t 

background u n til around -1.64 v, w here hydrogen is evolved. H elium  did no t 

fare  well as a  degasser, a s  th e  voltam m ogram  shows th e  hydrogen peroxide 

and  oxygen waves.

A rgon is a  b e tte r  d eg asse r th a n  he lium  for th e  flow cell in  th e  

conditions o f th is  experim ent. A possible reason  th a t  argon is b e tte r  m igh t 

be th a t  i t  is heav ier th a n  a ir  and  covers th e  solution, w hile he lium  is lig h te r 

th a n  a ir  an d  oxygen from  th e  a ir  h a s  m ore of a chance to dissolve in  th e  

solution. H elium  w orks well for degassing  th e  m obile phase  liquid, a s  i t  is 

e a s ie r  to k eep  the  con ta in e r a ir  t ig h t an d  tu rb u len ce  of th e  liqu id  in  th e  

reservo ir is o f little  im portance.
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Differential Technique

T h e re  a re  se v e ra l ex am p les w hich  i l lu s t r a te  th e  u t i l i ty  of th e  

d ifferen tial technique. F igure  21 shows background c u rre n t before and a fte r 

th e  pum p for the  HPLC is f irs t  tu rn ed  on. The norm al background c u rre n t 

sh ifts in  response to th e  e lu en t flow and  to  th e  colum n stab ilizing , b u t  the  

d iffe ren tia l c u rre n t is re la tiv e ly  constan t. A n o th er exam ple is  w hen  th e  

pum p is tu rn e d  on, as show n in F igure 22. In  th is  case, acetone w as injected 

to help  clean  ou t th e  colum n. The d ifferential c u rre n t is  no t sensitive  to th e  

large sh ifts in  the  norm al c u rren t and  d iscrim inates a g a in st th e  oxygen peak, 

since the  voltages selected for detection a re  beyond th e  oxygen p la teau . The 

effect of in jection of oxygenated buffer is seen in  F igure  23. The d ifferen tial 

c u rre n t is slightly  elevated w hen th e  oxygen elu tes, b u t  the  response is very 

sm all. In  th e  case o f F ig u re  24, a sam ple  of 10-5 M v itam in  B 1 2  w as 

in jected before the  oxygen from  a  previous in jection  w as allow ed to  e luen t. 

The tim ing  w as such th a t  the  B 1 2  e lu ted a t  th e  sam e tim e th a t  the  oxygen 

from  th e  previously  in jected  sam ple e lu ted . V iew ing th e  norm al d a ta , the  

two peaks overlap. The d ifferen tia l view show s only th e  B 1 2  peak  w ith  no 

con tribu tion  from oxygen. T his occurs because  th e  voltage t h a t  is be ing  

app lied  is  on the  p la tea u  of th e  oxygen w ave (F igure  20) w hich occurs a t  

-1400 mV. W hen -1660 mV is applied, an d  th e  oxygen elu tes, th e  norm al 

c u rren t changes, b u t th e  difference c u rren t is  constan t. A chrom atograph  

w here  n iac in  is the  in jected  sam ple, w ith  a  re te n tio n  tim e of 1.1 m in, is 

show n in  F igu re  25. The oxygen contained  in th is  non -deaera ted  sam ple 

e lu tes  la te r , approxim ately  a t  2 m inu tes from  th e  in itia l in jection. I f  one 

view ed only the  d iffe ren tia l cu rren t, one w ould m iss th e  oxygen peak . 

T here  is a lso a  sm all oscillation th a t  occurs before th e  n iacin  e lu tes  w hich
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does no t show  up  w hen view ing th e  d ifferen tia l c u rre n t. T hese exam ples 

dem onstra te  th e  selectivity of th e  d ifferential m ethod.

T here  is a price to be paid  for exam ining the  d ifferen tial cu rren t. The 

level of random  noise increases by a  factor of two. The m in im um  of th e  noise 

from  the  A/D converter is 1 b it or the  num erical value ± 0.5 b its . To tak e  a 

d ifferential, tw o d a ta  values a re  requ ired . Com bining the  values re su lts  in  

possible e rro rs  o f 0, ± 0.5 or ± 1.0 b its. Since th e  c u rre n t is p roportional to 

th e  A/D converter num erica l va lue , th e  e rro r is doubled. T his is c learly  

eviden t in  F ig u re  26 w hich is a  chrom atograph  o f a  m ix tu re  of riboflav in  

an d  B 1 2  a n d  show s th e  n o rm a l background  is re la tiv e ly  f la t  b u t  th e  

d ifferen tial background  is noisy. T his noise can be reduced by u tiliz ing  the  

full range  of th e  A/D converter o r by using  an  A/D converter w ith  h ig h e r 

resolution.
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Figure 21  H PLC  D ual Pulse Background, w ith  the Pum p  
Turned O n.
Note that the differential current varies much 
less than the amperometric current.
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Catalytic Current

T he concept of th e  cataly tic  c u rre n t h a s  been described e a rlie r  an d  a 

possib le m echanism  is given in  equation  1.1. The v itam in s s tu d ied  exh ib it 

bo th  cata ly tic  and  non-catalytic  (Faradaic) electrochem ical w aves. G enerally  

th e  F a rad a ic  w aves of th e  B v itam ins a re  o f low am plitude  a n d  th u s  do no t 

h av e  p rac tic a l use  for detection , un less th e  v itam in  is very  concen tra ted . 

F o r exam ple , th e  top p a r t  o f F igu re  27 show s th e  F a ra d a ic  w ave of 

ribo flav in  a t  -300mV. W hile th e re  is a  sign ifican t am oun t o f c u rre n t (2.2 

pA), th e  concentra tion  of riboflavin is 10'3M w hich is an  a lm o st s a tu ra te d  

so lu tion . The cataly tic  c u rre n t is off scale  and  sh ifted  to -1200 mV. F o r a  

so lu tion  w hich is two o rders o f m agn itude  less concen tra ted , 1 0 '5 M, th e  

F a rad a ic  c u rre n t canno t be d istingu ished  from  th e  background  noise a t  th e  

sam e in s tru m e n t se ttings (bottom  p a r t  of F igu re  27). A t th is  concen tra tion , 

th e  ca ta ly tic  wave is -0.6 |xA w ith  a  p la teau  th a t  ends a t  -1700 m V. A nother 

exam ple of cataly tic  w aves is p resen ted  in  F igu re  28. V itam in  B 1 2  a t  

1-10-5 jvr an<j rib o flav in  a re  analyzed  se p a ra te ly  u s in g  s ta irc a se  

po larography . The B 1 2  shows a large adsorp tion  peak  a t th is  concentration . 

A t low er concentration, th e  B 1 2  shows w aves sim ilar to th e  riboflav in  in  the  

figure. T he catalytic w ave provides a signal of large  am plitude  for detection, 

b u t  th e  position  and  sh ap e  of th e  wave v aries  w ith  co n cen tra tio n  of th e  

species.
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Studies Involving Variation of Mobile Phase Flow

To dem onstra te  som e of th e  HPLC p roperties  o f th e  system , s tud ies  

w ere  perform ed w ith  th e  in s tru m e n t a t  various flow ra te s . T he flow ra te  

w as ad ju sted  by slowly changing  th e  pum p speed w hich changes th e  colum n 

p ressu re . A m inim um  of 10 m inu tes w as allow ed a fte r  each change before 

perform ing  an  experim ent. The colum n p ressu re  w as de te rm ined  by no ting  

th e  peak  p ressu re  on th e  gauge b u ilt in to  th e  H PLC device. T he flow ra te  

w as d e te rm in ed  by collecting th e  effluen t overflow from  th e  cell in to  a 

g rad u a ted  cylinder. The tim e w as determ ined  by th e  stopw atch  fea tu re  of 

th e  HSWAVE program . T he flow ra te  in  m l/m in w as th en  calcu lated . T he 

flow ra te  ranged  from 0.85 m l/m in to 3.28 m l/m in w ith  an  e rro r  in  precision 

of ± 0.02 ml /  min.

Flow Rate and Column Pressure

The flow ra te  w as l in e a r  w ith  (peak) colum n p ressu re  for th e  range  of 

p ressu res  serviceable w ith  a m ercury  electrode (F igure  29). H ow ever, flow 

ra te  va lues varied  from  th is  ca lib ra tion  w henever th e  in s tru m e n t w as s h u t 

dow n and  re s ta r te d , by as m uch as 25%. Suddenly  changing  th e  p ressu re  

could a lso  change  th e  c a lib ra te d  flow by a few p e rc e n t. T h ere fo re , 

ex p erim en ts  involving flow ra te  should  be d e te rm in ed  d irec tly  by flow of 

m a te ria l r a th e r  th an  by colum n pressure .
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Flow Kate and Retention Time
N iacin  a t  a  concen tra tion  of 10 '5 M w as in jected  (20 p.1 a liquo ts) a t  

various flow ra te s . R e ten tio n  tim e w as d e te rm ined  u sin g  th e  functions in  

th e  HSWAVE program  to find peaks an d  th e n  record ing  th e  corresponding 

tim e values. F igure  30 shows reciprocal re ten tio n  tim e  versus flow ra te  of 

th e  d iffe ren tia l peak  of n iacin  as well a s  th e  no rm al oxygen p eak  c u rre n t. 

Both curves show a lin e a r  re la tio n sh ip  w ith  flow ra te , w ith  th e  slope of the  

oxygen curve h a lf  th a t  o f th e  n iacin . A m ix tu re  o f n iacin  an d  B 1 2  w ere 

in jected  a t  various flow ra te s  a s  de ta iled  in  F ig u re  31. T here  a re  th ree  

curves for n iacin , B 1 2  and  oxygen. C om parison w ith  the  curves in  F igure  

30 show th a t  th e  curve w ith  th e  h ighest slope, or th e  peak  w hich e lu tes  first, 

is th e  B 1 2 . The m iddle curve is th e  niacin , and  the  bottom  curve is oxygen.

Theoretical Plates and Flow Rate

The n u m b er of th eo re tica l p la tes  w as e s tim a ted  by u sin g  th e  in fo r­

m ation  com m and in  th e  HSWAVE program . This com m and tak e s  a  selected 

portion o f d a ta , de term ines th e  background, and  th e n  calculates an d  lis ts  

th e  background, the  range  of th e  data , th e  a rea  betw een th e  background  

and  th e  curve, the re ten tio n  tim e of a  peak, th e  h a lf  w id th  o f a  peak , and  

th e  n u m b er of theo re tica l p la tes. E quation  1 is used  for th e  calcu lation  of 

p lates. T h is com m and is discussed in de ta il in  A ppendix 2 .IB . The re su lt 

of a  stu d y  of n iacin  a t  various flow ra te s  w as a  narrow  peaked  curve, show n 

in  F igu re  32. The peak  occurred a t  1.88 m l/m in, w ith  3600 p la tes . At 

e ith e r end of th e  flow ra te , 0.7 an d  2.95 m l/m in, th e  nu m b er of p la te s  w as 

calculated  to be 2600.
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Area under the Peak Current and Flow Kate

T he a re a  u n d er th e  d ifferential c u rre n t peak w as exam ined a t  d ifferen t 

flow ra te s . The a re a  w as calculated in  th e  HSWAVE program  w hich uses the  

trapezo id  m ethod for approx im ating  th e  in teg ra l u n d e r  th e  curve. F igure  

33 show s th a t  th e re  a re  two regions w hich describe how  th e  a re a  changes. 

Below 1 m l/m in, th e  a re a  decreases rap id ly  w ith increasing  flow ra te . Above 

1 m l/m in, th e  a rea  decreases an  order of m agnitude m ore slowly as th e  flow 

ra te  increases. By tak in g  the  log of th e  flow and th e  a re a  and  determ in ing  

th e  slope of th e  resu ltin g  curve, i t  w as determ ined  th a t  in  th e  region of low 

flow ra te , th e  a rea  is proportional to V '1, which ind ica tes th a t  the  detector in 

th is  reg ion  is concen tra tion  sensitive . In  th e  h igh  flow region, the  a re a  is 

p ro p o rtio n a l to  V"0*2 in d ica tin g  convective m ass flow.28 An em pirica l 

exp lanation  m igh t be th a t  a t  low flow ra te , m ost of th e  m ateria l is reduced a t  

th e  e lectrode, w hile a t  h igh  flow ra te , some m a te r ia l does n o t reach  th e  

electrode an d  is no t reduced.

Characterization of the Electrode

T he electrode w as exam ined  for its  p roperties a s  a  w all je t  o r w all 

tu b e  e lectrode. E q u a tio n s for th e  w all tube  (WT) and  w all je t  (W J) 

e lectrodes have  been derived in  th e  lite ra tu re  for a  f la t d isk  and  a  grow ing 

drop electrode. S ta tic  m ercury  electrodes have n o t been  exam ined. I t  is 

a ssum ed  th a t  th e  form  of th e  equations for the  d isk  electrode holds for th e  

s ta tic  H g electrode (equations 2 and 3 ). The nozzle size rad iu s  is  0.15 m m  

(m a n u fa c tu re r’s d a ta ) and  d iam e te r o f th e  m ercury  drop  is 0.752 m m  

(determ ined  by w eigh t an d  density  of severa l h u n d red  drops). I f  only th a t  

p a r t  of th e  drop facing th e  s tre am  con tribu tes sign ifican tly  to  th e  cu rren t,
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th e n  th e  drop a rea  is 0.5 n D2 or 0.888 m m 3 Since th e  electrode size is 

la rg e r  th a n  th e  nozzle, i t  is expected th a t  th e  c u rre n t w ill h av e  W J 

ch arac te r. In  th e  aforem entioned equations, th e  easiest p a ra m e te r  to  vary  

experim entally  is th e  volum e flow rate . F rom  equations 2 and  3, a  W T has 

th e  p ro p erty  th a t  th e  c u rre n t is proportional to th e  square  ro o t of th e  flow 

ra te ; in  th e  W J, th e  flow is proportional to th e  flow ra te  to th e  th ree  fourths 

power. E quation  9 p resen ts  th e  general concept:

ipcak = C - V  (9 )

an d  th e  exponent x is de term ined  by tak ing  th e  log of both sides:

^Opcak) = fn(c) + x • (n(V) (10)

P lo ttin g  th e  log of th e  c u rre n t versus th e  log of th e  flow w ill p rovide the 

pow er of th e  volume flow ra te  from  the slope of th e  line.

The sam e d a ta  from  th e  experim ent exam in ing  flow ra te  a n d  re ten tion  

tim e w as used  (Figures 30 an d  31). P eak  cu rre n ts  were d e te rm ined  from 

th e  d iffe ren tia l c u rre n t peak  w ith  baseline  background  u sin g  th e  HSW AVE 

program . T he baseline w as determ ined  by fitt in g  a line betw een  th e  base  of 

th e  peak  an d  in te rpo la ting  to obtain  the  c u rre n t a t  the  tim e of th e  m axim um  

peak . The flow ra te s  ranged  from  0.70 to 2.95 ml/m in. The log of cu rren t 

w as p lo tted  a g a in st th e  log of th e  peak  c u rre n t, as show n in  F ig u re  34. 

These d a ta  po in ts w ere f it u sin g  linear le a s t sq u a res  and a slope of 0.695 

w as determ ined . This value is  close to th e  V 3/4 flow property  in  equation  2 

w hich  d em o n stra te s  th a t  th is  electrode h a s  w all j e t  ch arac te r. T his also 

d em o n s tra te s  th a t  flow is re la te d  to cu rren t, an d  for reproducib le  resu lts , 

th e  flow ra te  of the  system  should  be controlled.
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Optimization of Parameters

Effect of Varying Pulse Height

T he effect of v a ry in g  th e  h e ig h t o f th e  V2  pu lse  in  d iffe ren tia l dua l 

p u lse  H PL C  de tec tion  on a SM DE w as in v es tig a ted . V itam in  B 1 2  a t  a  

concentra tion  of 10'5 M w as injected in to  th e  HPLC colum n. The voltage of 

th e  f irs t  po ten tia l, V i, w as se t a t  -1400 mV. The second p o ten tia l w as se t 

a t  a  d u ra tio n  of 50 m s for each in jection to  range  from  -1500 to -1670 mV. 

T he d iffe ren tia l c u rre n t w as d e te rm ined  a t  th e  p eak  and  th e  in te rp o la ted  

b ase lin e  w as su b trac ted  to re su lt  in  th e  re la tiv e  d ifferen tia l c u rre n t. The 

re su lt  is show n in  F igure 35. The c u rre n t increases linearly  a t  a  rap id  ra te  

u n til  th e  pu lse  is -1640 mV, a fte r  w hich th e  slope of th e  curve becom es very 

sm all. T he reason  for th e  leveling off becom es a p p a re n t i f  th e  ind iv idua l 

background  an d  p eak  cu rren ts  are  exam ined, in  F igure  36. The slope of the  

background  d iffe ren tia l c u rre n t is  con tinua lly  in c re as in g  a s  th e  pu lse  

becom es la rg e r  w hile th e  slope of the  pu lse  curve gets sm aller. The theory  

p red ic ts th a t  F igure  35 should be in  th e  shape  of a sigm oid?9 O th e r s tud ies  

in  o u r lab o ra to ry  w ith  m ore points both a t  sm alle r and  la rg e r  pu lse  h e ig h ts  

co rre la tes w ith  theory.

Effect of Varying Pulse Starting Point

T his experim ent studied  the effect of vary ing  th e  s ta r tin g  po in t for the  

pu lse  w ith  th e  dual pu lse  waveform . The firs t po ten tia l w as varied  betw een 

-1500 mV an d  -1600 mV, w hile th e  second applied  p o ten tia l w as a lw ays 

k e p t a t  a  va lue  of th e  firs t po ten tia l p lu s  -100 mV. A m ix tu re  o f v itam ins 

B 1 2  and  riboflavin  w as in jected in to  th e  colum n for th is  study . B oth 

v itam ins show a peak  w hen th e  value of th e  f irs t  po ten tia l is -1550 mV and  

th e  pu lse  is -1650 mV, w ith  a  gain  of c u rre n t in  th is  exam ple of 0.2 |iA  (see 

F igure  37).
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Figure 35 Dependence o f  Relative Differential HPLC Current 
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Effect of Varying Pulse Time

The effect of changing th e  pulse tim e  on th e  HPLC d ua l p u lse  detection 

o f v itam in  B 1 2  w as exam ined. T he f i r s t  p o ten tia l va lue , V i, w as se t to 

-1400 mV an d  the  pulse, the  second po ten tia l value V2 , w as se t to  -1660 mV, 

w ith  th e  V2  pu lse tim e rang ing  from  15 m s to  700 m s. T he drop form ation 

tim e w as se t to  300 m s, w ith  a constan t to ta l cycle tim e (drop form ation tim e 

p lus V i tim e p lus V 2  tim e) equal to a  co n stan t 1 second.

The c u rren t a t  sh o rt values of V2  tim e, from  15 m s to 75 m s, shows a 

reciprocal sq u are  root dependence on pulse  tim e, a s  show n in  F igure  38. In  

th is  region, c u rre n t is F arada ic  diffusion controlled an d  is very  sensitive to 

p u lse  tim ing . T h is is  to be expected from  the  response  of a f irs t o rder 

ca ta ly tic  process to a two step  p o ten tia l waveform ?9 C h an g in g  th e  pulse 

tim e  y ields no effect on the  c u rre n t a t  75 m s an d  longer, u p  to 700 ms, 

because  a t  th a t  po in t th e  c u rre n t is  controlled by th e  solution hydrodynam ic 

control. T his m ay be seen in  th e  in se t d iag ram  in  F igure  38.

Mixtures

F o u r B v itam ins (B i2 , riboflavin, n iacin , and  th iam ine) w ere injected 

indiv idually  and a s  a m ix ture  in to  the  H PLC colum n opera ting  a t  a  flow ra te  

of 1.78 ml /  m in. The detection waveform  w as differential d u a l pulse, se t a t  

-1571 mV for 950 m s (including  drop g row th  tim e) and  -1671 m V for 

50 ms. T hese p o ten tia ls  a re  a t  a  po in t w here  th e  d iffe ren tia l techn iques 

d iscrim inates a g a in st oxygen and  is on th e  cataly tic  wave of th e  vitam ins. 

T h e  c o n c e n tra tio n s  w ere  each  1-10'5 M , excep t rib o flav in , w h ich  w as 

4*10"5 M. The chrom atographs of th e  ind iv idual in jections a re  depicted  in 

F igure  39. B 1 2  e lu ted  first, a t  1.65 m inu tes. R iboflavin followed a t  1.88 min;
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th e n  n iacin  appeared  a t  2.07 m in  and th e  th iam in e  came la s t a t  2.13 m in. A 

m ix tu re  o f th e se  v ita m in s , a t  a  q u a r te r  o f th e  co n cen tra tio n  of th e  

ind iv idua l in jections, w as in jected  an d  th e  ch rom atograph  is depicted in  

F igure  40. The B 1 2  an d  riboflavin  a re  w ell se p a ra ted  w ith  m in im al overlap, 

b u t  th e  n iac in  and  th iam ine  overlapped to  form  one peak.

A m ix tu re  o f tw o of th e  v ita m in s  w ere  th e n  an a ly zed , B 1 2  an d  

riboflavin . As depicted  in  F ig u re  41, th e  voltam m ographic  w aves overlap  

each o ther, w ith  riboflavin being  very broad  com pared to B 1 2 . T he m ix tu re  

w as in jected  in to  th e  colum n an d  detection  w as se t for sq u a re  w ave. 

T here  a re  several rep re sen ta tio n s  of th e  re su lts . F igure 42 gives a  th ree- 

d im ensional overview  of how th e  c u rre n t voltage curves evolve over tim e. 

V iew ing all o f th e  d a ta  a t  th e  sam e tim e  gives an  overall view  of th e  

experim en ta l re su lt, b u t  adds com plexity to  th e  im age. U sing  th e  HSW AVE 

program , slices m ay be tak en  from  the  curve and  chrom atogram s displayed 

in  F igure 43, w hich m axim ize e ith e r  the B 1 2  o r th e  riboflavin peak . F igure 44 

show s th e  d is tin c t ind iv idua l c u rre n t voltage cu rves of B1 2  a n d  riboflavin 

ex trac ted  from  th e  d a ta  in  F igure  42. The f irs t few c u rren t voltage curves in 

th a t  figure show  th e  background. Then, th e  curves grow an d  decay due to 

th e  cataly tic  c u rre n t of B 1 2  as i t  passes th e  e lectrode. A fter th e  B 1 2  p eak  

subsides, th e  rem a in in g  curves show th e  ribo flav in  ca ta ly tic  w aves a s  i t  

elu tes.
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Figure 38 Effect o f  Pulse Time on Vitamin B ̂  Current
HPLC with dual pulse detection o f  vitamin B ]2 current plotted vs reciprocal 
square root o f  pulse time to demonstrate diffusion controlled region at short 
values o f pulse time. Inset plot shows that longer values o f  pulse time has 
constant current dependence.
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Figure 39 Dual Pulse HPLC o f Seperate Samples o f  B j2 > 
Riboflavin, Niacin and Thiamine.

All concentrations arc 1-10 M , except riboflavin which is 4-10 ^M. 

Backgrounds are offset in this graph for better visibility.
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Figure 40  Dual Pulse HPLC o f a Mixture o f  B j 2» Riboflavin,
Niacin and Thiamine,
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All arc 2.5*10 M except riboflavin which is 1*10 M.
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Concentration Calibration Curves

T he detection  lim it for v itam ins B 1 2  and  n iac in  w as d e te rm ined  by 

in jec ting  v a ry in g  concen tra tions a t  a c o n s ta n t flow ra te . T he ca lib ra tion  

curves ob tained  a re  p lo tted  in  F igures 45 an d  46. Both curves show  linearity  

for low er concentration, and  h ig h er concentration  show c u rre n t drop off from  

lin earity , b u t  s till d ep en d en t upon concentration . The B 1 2  h a s  the  la rg e r  

low er lin e a r  dynam ic range  of th ree  o rders o f m agnitude, w hile  the  n iacin  

w as experim en tally  detectab le  to two o rd ers  o f m agnitude. N iacin  is lin e a r  

to  h ig h e r concentra tions, w ith  3*10-5 M being  lin ea r and  5-10-5 M no t fa r  

o ff th e  ca lib ra tio n  curve. B 1 2  is l in e a r  u p  to 1.25-10‘5 M, w ith  la rg e  

d e v ia tio n s  from  l in e a r i ty  a t  h ig h e r  c o n ce n tra tio n s . A t very  h ig h

concentra tions (>10-4 M), th e  differential pu lse  cu rren t becom es independen t 

of concen tra tion  as would be expected for a n  electrochem ical process w hich 

involves adsorbed electroactive species.17
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Conclusion

T he com puter based  vo ltam m etry  in s tru m e n t developed in  th is  thesis  

h a s  been  d em onstra ted  for ju s t  a  sm all se t of its  capabilities, m ain ly  in  its  

function  as a de tector for H PLC using  th e  cataly tic  w aves of B v itam ins. In  

th is  se t of experim ents, oxygen in  the  sam ple did n o t requ ire  deaera tion , as 

th e  oxygen e lu ted  la te r .  H ow ever, i t  w as show n th a t  by u s in g  th e  

d ifferen tia l technique, oxygen could easily be d iscrim inated  again st, a t  the  

p o te n tia ls  u tilized . T he flow electrode h as  w all j e t  c h a ra c te r is tic s  as 

described by the  dependence of c u rren t on flow ra te  to the  0.7 power. Pulse 

tim e  sh o r te r  th a n  100 m s give large  increases in  c u rre n t. F in a lly  i t  is 

possib le  to  exam ine th e  overlapp ing  cataly tic  cu rren t-v o ltag e  curves of B 

v itam ins using  a  HPLC as  a separa tion  device.
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Appendix A Automatic Titrator
(for section 1)

1.0A The Automatic Titration Instrument Hardware

1.1A Circuits & Details of Buret & pH Meter Modifications
T he in s tru m e n t w as bu ilt w ith  a com puter a s  th e  m ain  control. In  

o rd er to in terface th e  com puter to control and  acquire d a ta  from  th e  titra tio n , 

custom  designed  c ircu its  w ere added  to  th e  m otorized  b u re t  a n d  th e  pH  

m e te r . T his h a rd w a re  is described  in  d e ta il in  th e  follow ing sections. 

In fo rm atio n  concerning  th e  in te g ra te d  c ircu its m ay be found in  references 

(26) and  (27).

1.1.1A Control of Reagent Delivery Relay Circuit Details

T here is a  “rem ote” selection on th e  fron t panel function sw itch on th e  

T hom as Scientific Model 258 m otorized b u re t w hich allow s th e  forw ard b u re t 

m ovem ent (reagen t delivery) to be controlled by a n  ex te rn a l sw itch. Since 

th e  voltage to contro l th e  m otor is  n o t com patible w ith  th e  o u tp u t control 

signal from th e  com puter, a  re lay  circu it w as m ounted in te rn a lly  in  th e  b u re t 

ch ass is  an d  a ttac h ed  to the  ex te rn a l sw itch  contact. T h is allows th e  TTL 

level signal from  th e  com puter to tu rn  th e  b u re t m otor on and off.

T he c ircu it d iag ram  for th e  re la y  c ircu it is in  F ig u re  1A and  p a r ts  

loca tions a re  in  F ig u re  2A. T he c irc u it h a s  b een  designed  to  p rev e n t 

superfluous operation of th e  b u re t w hen i t  is  generally  n o t desired; w hen the  

com pu ter is off, w hen  th e  com puter is  f irs t tu rned  on, an d  w hen  th e  connector 

is n o t a ttached , e ith e r  purposefully or accidentally . T he re lay  and  b u re t is 

ac tiva ted  w hen the  in p u t to th e  circu it is a t  TTL low or n e a r  zero volts. The 

c ircu it and  re lay  m ay be sim ply tes ted  by connecting th e  in p u t b a n an a  jack  

to  ground, which w ill activa te  th e  relay.
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The pow er to control th e  re lay  is from  a w all tran sfo rm er, described in 

A ppendix  1.1.3A. Looking a t  F ig u re  1A, th e  vo ltage  is  dropped  to an  

accep tab le  level by  th re e  diodes in  series, D1,D2, D3. I t  is filte red  by 

capacito r C l. T he signal is in v erted  and  am plified  by tra n s is to r  Q1 and 

th e n  am plified an d  inverted  again  by  Q2. Since Q2 carries th e  m ost cu rren t, 

i t  is  h e a t s in k ed  to  p rev en t possible overheating . R esis to r R1 keeps th e  

in p u t high an d  th u s  th e  relay  off w hen  com puter pow er is off o r th e  leads to 

th e  com puter a re  disconnected so th a t  the  b u re t w ill no t move in  these  cases. 

T he ou tpu t o f th e  com puter is  norm ally  h igh  w hen i t  is tu rn ed  on a s  well, so 

th is  design tak e s  superfluous m ovem ents o f the b u re t  in to  account. Diode 

D4 p ro tects th e  c ircu itry  from inductive  spikes w hen  th e  re lay  is tu rn ed  on 

a n d  off. C apac ito r C2 and diode D5 p reven ts  sp ikes form th e  m otor. The 

b u re t m otor is  k e p t a t  a  sep ara te  ground from th e  c ircu it to  m inim ize noise 

an d  cu rren t loops.

1.1.2A M e a s u r e m e n t  o f  B u r e t  V o lu m e  T a c h o m e te r  c i r c u i t  d e ta i l s

The m ethod u sed  to m easu re  th e  q u an tity  o f a liquo t delivered w as to 

add  a chopper to th e  DC m otor an d  a hom em ade tachom eter. T his m ethod 

is th e  leas t expensive of several possible m ethods. T here  is no contact o f the  

flow m eter w ith  th e  so lu tion  a n d  no possib ility  o f co n tam in a tio n . The 

accuracy of th is  m ethod  depends on th e  precision of th e  bore of th e  g lass tube 

of th e  b u re t and  th e  num ber of vanes on th e  chopper. The tachom eter w as 

in sta lled  inside  th e  case of the m otorized bu ret. Since the  pow er supply for 

th e  m otorized b u re t  w as found to be noisy, an  e x te rn a l pow er supply w as 

used  (see F igure 3A).

The tac h o m e te r is re la tive ly  sim ple, consisting  of a  L ig h t E m ittin g  

Diode (LED), a photo  tran s is to r, a n  in teg ra ted  c ircu it and  a few resisto rs, 

capacito rs an d  diodes. The c ircu it d iagram  is in  F ig u re  4A a n d  th e  p a rts  

location is in  F igu re  5A. The ac tu a l counting  a n d  tim in g  of th e  signal is
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perform ed by th e  com puter. The LED is a  h igh  in te n s ity  re d  type  w ith  a 

sm all ang le  of lig h t d ispersion . The photo  tra n s is to r  is N PN . They a re  

m ounted  in side  th e  in s tru m e n t in  sockets on a  PC board, lead s bend such 

th a t  the  active sites o f each device face each o th er and  they  a re  sep ara ted  by 

abou t 5 m m. An opaque ta b  is m ounted on th e  m otor's sh a ft (w ith  epoxy) 

and  th e  PC  board  ho ld ing  th e  tach o m ete r electron ics is  a lig n ed  in  such  a  

m an n e r th a t  th e  tab  w ill in te r ru p t  the  lig h t beam  four tim es each ro ta tion , 

b u t w ould no t contact th e  tab s. The photo tra n s is to r  h a s  electrical leads for 

both its  e m itte r  and  collector. The base is  th e  ligh t sensitive surface. W hen 

illu m in a ted , a  positive p o ten tia l is  developed (referenced to th e  em itte r) 

w hich  tu rn s  th e  t r a n s is to r  on. The photo  t r a n s is to r  is configured  as a 

switch: w hen  th e  lig h t is blocked, the  tra n s is to r  is off and  th e  voltage ou t is 

th e  voltage th ro u g h  th e  collector res is to r, 4.9V. W hen th e  beam  is no t 

in te rru p te d , th e  lig h t from  th e  LED causes sa tu ra tio n  and  th e  tra n s is to r  

conducts, effectively b rin g in g  th e  collector n e a r  g round  : ca. 0.17 volts. 

T hese tw o voltages a re  w ith in  th e  levels req u ired  for a  TTL signal (0.8V 

m axim um  for low; 2 volts m in im um  for h igh). The a lig n m en t o f th e  two 

devices a re  im portan t; i f  th e  a lignm ent is  off, th e  low signal (0.17V) m ay rise  

to  u n accep tab le  levels. T h ere  is an  easily  accessib le  te s t  p o in t shou ld  

a lig n m en t be requ ired . In  fu tu re  designs, an  op tical sw itch  or optical 

in te r ru p te r  m odule shou ld  be in co rp o ra ted  to  e lim in a te  p rob lem s w ith  

alignm ent.

T he p h o to tra n s is to r collector is connected to  a  74LS14 hex  S ch m itt 
tr ig g e r in v erte r. A S chm itt tr ig g e r h as h y ste resis  so th a t  a slowly changing  
or noisy signal will no t cause superfluous ou tpu ts. The rise  an d  fall tim e  of 

th e  sig n a l from  the  p h o to tra n s is to r  w as found to be -1 2 0  pS , T h is is 

re la tive ly  slow for a  TTL signal, therefore th is  circuit w as u sed  to  elim inate  

false triggering . The in teg ra ted  circuit h a s  six Schm itt tr ig g e rs  w hich w ere 

used to condition th e  signal. The f irs t in v e rte r  (in p u t p in  11) c leans th e  

signal (for sh a rp  rise  tim e and  elim ination of m ost noise). The o u tp u t of the
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firs t tr ig g e r is  capacitively  coupled to  th e  n ex t in v erte r (pin 9). This second 
in v e rte r  is configured as a  one shot to  provide a pulse of co n stan t w idth. The 
one sho t's  d u ra tio n  is controlled by th e  coupling capacitor a n d  th e  d ischarge 
res is to r. A fa s t response diode (1N914 type) is used to  c lam p th e  in p u t for 

nega tive  going tran s itio n s , w hich m ig h t o therw ise e v en tu a lly  dam age th e  

in teg ra ted  circuit. The o u tp u t is th en  buffered  by th e  th ird  in v erte r (pin 5). 

T he o u tp u t of th e  3 rd  in v e r te r  is connected  to th e  in p u ts  o f th e  two la s t  

in v e rte rs . O ne in v e rte r  (p in  3 inpu t) is  u sed  as th e  o u tp u t driver. W hen  

th e re  is a  signal, th e  o u tp u t goes from  norm ally  h igh  to low. The o th e r  
in v e rte r  (pin 1) goes to a n  LED m ounted in  th e  fron t o f th e  b u re t to serve as 

an  ind ica to r and  d iagnostic  for th e  operation  of th e  tachom eter. W hen th e  

m otor is  in  opera tion , th e  LED will b lin k  w henever th e  tach o m ete r lig h t 
beam  is in te rru p te d  by th e  chopper.

1.1.3A Circuit for Powering Buret Modifications
T he pow er supply for th e  b u re t m odifications could no t be derived from  

th e  low voltage DC pow er in  th e  b u re t, since the  m otor g e n e ra ted  sp ikes 
la rg e  en o u g h  to d is ru p t  th e  c irc u its  p rev iously  d esc rib ed , even w h en  

su p p ress in g  diodes an d  bypass capacito rs a re  insta lled . T he  pow er supp ly  

(F igure  3A) comes from  a  sim ple w all tran sfo rm e r w hich h a s  a n  in te rn a l 

diode bridge an d  capacito r to convert th e  120 VAC to (9 ~ 12 volts) DC. T he 
o u tp u t goes to a  phono jac k  connection on th e  buret. Inside th e  buret, th e re  

is a  c ircu it board  w hich w as added  w ith  th e  voltage reg u la to r  circuit. T he 

reg u la to r c ircu it consists of a protective diode (to p rev en t dam age if  a  w all 

tran sfo rm er of th e  w rong po larity  is a ttached), then  to 1000 p F  C apacitor for 

ad d itio n a l filte ring , an d  th e n  to  a  LM 7805 5 volt re g u la to r  in te g ra te d  
circuit, w hich m a in ta in s  th e  voltage a t  5 volts ± 0.1%. T he o u tp u t is  th e n  
filtered  by various bypass and  storage capacito rs in th e  re la y  an d  tachom eter 
c ircuitry  for noise suppression .
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1.1.4A pH Meter Amplifier
The pH  electrode is connected to a  C om ing  m odel 125 pH  m e te r  to 

provide bu ffering  of th e  h igh  im pedance signal a n d  provide a  con tinuous 
d isp lay  of th e  pH. The o u tp u t of the  m eter is connected to th e  com puter v ia  
a n  analog  to d ig ita l converter (A/D) in  th e  com puter. The o u tp u t of th e  pH  
m ete r w as m ean t for an  older s tr ip  ch art recorder w hich  operates a t  fu ll scale 
±5 mV. T he A/D in p u t range  is ±5.115 Volts. T herefore, an  am plifie r w as 
added  inside the  pH  m eter to m ultip ly  th e  ou tpu t by 1000 to m atch  th e  range 
of th e  A/D. T he ±5 mV sig n a l o u tp u t a t  e x te rn a l b a n a n a  ja c k s  w ere  
disconnected and th e  am plified signal w as connected to  these te rm in a ls . The 
c ircu it is  extrem ely simple, w ith  a n  L F 13741 opera tional JF E T  am plifier and  
a 100Q in p u t res isto r, a  lOOkfl feedback res is to r to provide am plification  of 
1000 tim es, and  a  capacitor across th e  pow er supply  w hich comes form  the  
pH  m eter. T his circuit is  m ounted inside th e  chassis o f the  pH  m eter.

1.2A Computer Hardware Requirements
T he co m p u te r p e rip h e ra l h a rd w a re  req u ire d  for th is  e x p e rim e n t 

consists  o f th e  item s in  T able 1.1 A. T he ta b le  h a s  a  colum n, labe led  
“m in im al functional requ irem en ts” for each item . T his should be used  as a  
reference i f  an o th e r titra tio n  in s tru m e n t w ill be b u ilt using  a com puter o ther 
th a n  a MlNC-11 or th e  LSI-11 series and  if  a  m in im um  of reprogram m ing  is 
desired . N ote th a t  th e  type of board does n o t alw ays directly  p e r ta in  to the  
function th a t  is used  in  th is  in stru m en t. For exam ple, the  clock board  is not 
u sed  as a  clock, b u t  as a  counter, and  any counter w ith  the  p roperties listed  
in  th e  tab le  m ay be su b s titu ted  in  a new  design o f th is  in s tru m e n t. The 
s e r ia l  lines a re  u sed  to d rive  te rm in a l, p r in te r  an d  p lo tte r, b u t o th er 
com pu ters such a s  th e  M acintosh use  a  m onitor in s tea d  of a  te rm in a l, and  
th e  IBM  PC u su a lly  u ses a p a ra lle l p o rt in stead  of a  seria l line  to drive a 
p r in te r . The softw are aspect o f th is  subject m ay be found in  th e  A ppendix 
2.4A. I t  is no t necessary  to use th e  sam e graphics te rm ina l, as m ost m odem  
com puters an d  Basic languages have  th e ir  own g raph ics specifications and  
drivers.
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D E C # Board Type M inim um  Functional Requirements

ADV11 12 bit A /D 12 bits, ±  5 volt input range, high input impedance, 

< 40jlS conversion time, only one channel is needed

KWV11 Real Time Clock 16 bit counter with Schmitt trigger input. Computer 

can read counter at any time without altering count. 

Computer can initialize the counter. Minimum 1kHz 

count rate input.

DRV11 16 bit output port Only one bit is used. Output should be TTL levels, 

with no handshaking required.

DLV11J Serial Ports This is used for the terminal, plotter and printer.

VT105 Graphics Output Graphics Display, VT105 compatible desirable

Tabic 1.1 A Computer hardware requirements for the TTGHTC automatic titrator.
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2.0A The Auto Titrator Instrument Software

2.1A Description of Titration Control Methods
T his section  d iscusses in  d e ta il som e of th e  o rig inal a lg o rithm s and  

eq u a tio n s  u se d  in  th e  t it ra t io n  p ro g ram  T I G H T C .  S u m m aries  and  

overviews of th ese  algorithm s, w hich m ay provide add itional unders tan d in g , 

a re  discussed in  th e  m ain  body of the  tex t. P a ram e te rs  nam es a re  given in 

quotes. P a ram e te rs  such as “pH maximum deviation slope” an d  “pH noise” a re  
described in  Table 1.1 in  Section 1.

2.1.1A  M e th o d  U s e d  to  O b ta in  a  V a lu e  o f  p H

a) F irs t, th e  average  change of a m inim um  of forty  sam ples m u st be less 

th a n  th e  c rite r ia  “pH maximum deviation slope”. In  th e  ex p e rim en ts  
perform ed for th is  thesis , th e  value u sed  w as 4.0* 10 3 volts. I f  th e  
average is g re a te r  th a n  the  p a ra m e te r  “pH maximum deviation slope”, an o th e r 

se t of read ings is  repeated  un til th e  c rite ria  is  m et.
E xp lana tion : W hen th e  read in g s  a re  la rg e r  th a n  “pH maximum deviation 

slope”, th e  pH  is assum ed  to be chang ing  quickly and  n o t y e t n e a r  th e  
se ttling  point.

b) Then, se ts o f 8 values a re  read  in  and  averaged. A t le a s t 20 se ts of these  

8 values a re  w eighed and  averaged , each  se t w eighed  by th e  factor: 

0.925(n-i) W here n  is th e  num ber of se ts an d  i is th e  n u m b er of the  ith  set. 
A t the  20 th  set, th e  s ta n d a rd  deviation  is calcu lated . I f  th e  s ta n d a rd  

deviation is g re a te r  th a n  th e  pH  noise crite ria , "pH noise”, an o th e r 20 sets 

a re  averaged . I f  m ore th a n  400 se ts  a re  m easu red  an d  th e  s ta n d a rd  

deviation  is s till la rg e r  th a n  “pH noise”, th en  th e  s ta n d a rd  dev ia tion  is 

displayed along w ith  the  m essage:

Noise in pH measurement: deviation = ....

The average value  is  erased  and  step  a) is  repeated .
E xplanation : T his procedure requ ires th a t  th e  noise on th e  m easu rem en t 

be below th e  c rite ria  “pH noise”. This helps com pensate for any  noise in  th e
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electrode or electronics o r from  the  chem istry  an d  serves as a secondary 

check th a t  th e  m easu rem en t h a s  settled  to its  final value,
c) W hen th e  s ta n d a rd  dev iation  h a s  gone below  th e  th resho ld , “pH noise”, 

th e  program  w a its  0.1 sec., th e  average an d  s ta n d a rd  dev ia tion  a re  re se t 

and th e n  steps a) and  b) a re  once again rep ea ted . If  the  second ite ra tio n  

m eets th e  c rite ria , th en  th e  w eighed m ean of th e  voltage defined above is 
re tu rn e d  to  th e  program  as  th e  pH  m easu rem en t. O therw ise  th e  en tire  
process is repeated .

E xp lanation : The procedures a re  repeated  to confirm  th a t  th e  read in g s 
have settled .

In  th e  above procedures, d a ta  is acquired  in  a “b u rs t” mode: th e  tim e 
delay be tw een  d a ta  values depend  upon A/D tim in g  and  in s tru c tio n  tim es. 

Insertion  of a  w a itin g  period betw een  acquisition of d a ta  points and  se ts w as 

te s te d  and  re s u lts  w ere no b e tte r  th a n  w hen  no w a itin g  period  w as used . 

U nder d iffe ren t circum stances, th is  m ay no t be th e  case, so th is  cau tion  
should be considered w hen using  th e  above algorithm .

2.1.2A Method to Determine and Predict Proper Aliquot Size

The p ro p e r a liquo t size in  th is  in s tru m e n t is  th e  am o u n t of re a g e n t 

th a t  should be added  so th a t  th e  change in  pH  w ill be th e  sam e a s  th e  

p a ram ete r “pH change”. The va lue  of “pH change” is u sua lly  se t to 0.1 pH  

u n it. The decision process used  by the  in s tru m e n t to  de term ine  a liquo t size 

is based m ain ly  on th e  num erical derivative calcu lated  from th e  previous two 
d a ta  points, th e  change of th e  p H  of these poin ts, and  th e  p a ra m e te rs  listed  

in  Table 1.1: “pH change”, ’’minimum aliquot”, ’’maximum aliquot” an d  “pH change 

correction”. T he following describes exactly how th e  softw are de te rm ines and 
predicts th e  p ro p er aliquot size.

T he  goal o f the  t i t r a t io n  decision p rocess is to  m a in ta in  pH  
changes to  be a s  close as possible to th e  value  in  “pH change” . F ir s t  th e  

previous va lue  o f th e  actual delivered  reagen t volum e is stored in  a variable ,
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oId_volumc. T hen a  value is calculated, “modify”, in  u n its  o f pH . T his value 

re flec ts  th e  am o u n t th a t  th e  p rev ious delivery  o v ersho t th e  goal in  “pH 

change”. I f  th e  previous change in  pH  w as less th a n  th e  ta rg e t, th en  change 
is se t to  0. I f  th e  pH  change w as la rg e r, “modify” is se t to th e  d ifference 

betw een th e  goal an d  th e  actual change, u p  to the  value of th e  goal. The value 
of “modify” is in  th e  following range:

“pH change” < modify ^ 0

T h en  an  offset, “ counts”, is d e te rm in ed  from  th e  difference betw een  “pH 
change” and  “modify” divided by th e  derivative  of th e  data :

volume = “pH change” - modify
ApH

Avolumc

A t th is  point, “ volume" contains th e  volum e w hich would have been  correct to 

m eet th e  goal for th e  previous d a ta  point. T his value will be decreased  such 
th a t  large  derivatives w ill decrease th e  n u m b er of counts m ore th a n  sm alle r 
derivatives.

volume = volume

1 + “pH Change correction” *
ApH

Avolumc

volume a t  th is  point is approxim ately  p roportional to th e  num erica l derivative, 
so th e  equation  is of th e  form:

volume =

ApH
Avolumc

Avolumc

As opposed to w hen th e re  is no correction, th e  equation  would be of the  form:

volume = G * Avolumc
ApH

 + r
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The la t te r  case m eans th a t  th e  volume is proportional to  the  derivative. This 

correction is app lied  to correct for th e  fac t th a t  a t  la rge  deriva tives th e  pH  
w ill change fa s te r  an d  in  a non lin e a r  fash ion  th a n  a t  sm all values. For 

sm a ll va lues o f th e  deriva tive , “ volume” is a lm ost unchanged . W hen th e  

derivative  is large, “ volume” levels off and  becom es alm ost constan t.
I f  th e  f irs t  deriva tive  is zero, m axim um  delivery  from  “maximum aliquot” is 

used:

IF ^volume = ® THEN volume = “maximum aliquot”

T h en  th e  am o u n t to delivered  is checked to d e te rm in e  i f  i t  is  beyond 

re a so n a b le  v a lu es . I f  so, “minimum aliquot” or “maximum aliquot” is 
substitu ted :

IF volume >“maximum aliquot” THEN
counts = “maximum aliquot”

IF volume < “minimum aliquot” THEN

volume = “minimum aliquot”

T he signal th a t  specifies m axim um  delivery  is a  tilde  (- ) , an d  w hen  p ressed  
by th e  chem ist, regard less  of the  volum e calculated, th e  delivery will be the  
am oun t in  “maximum aliquot”:

IF M9<>0 THEN volume = “maximum aliquot”

W here M9 is a  flag th a t  indicates, w hen non zero, th a t  the  tilde  w as p ressed  

ea rlie r. Then th e  a liquo t is prevented  from  exceeding four tim es th e  previous 

q uan tity :

IF volume > 4 * old_vo!umc THEN

volume = o!d_volumc * 4
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T he final re su lt is used to  calculate th e  volum e th a t  th e  b u re t should ou tpu t 

for th e  n ex t delivery. The value in  volume is th e  po in t a t  w hich th e  m otor w ill 
be tu rn e d  off by th e  program . The m otor w ill still be sp inning, so a percen t 

com pensation, “Spin Down percent”, is used to  reduce th e  volume.

volume to be delivered = volume - volume * “Spin Down percent”

T he a c tu a l volum e, w hich m ay be sligh tly  m ore or less th a n  “volume”, is 

m easu red  by th e  tachom eter count and  stored w ith  th e  da ta .

2.1.3A Method Used to Determine the Actual Aliquot Delivered
The am oun t of reag en t to be delivered is determ ined  by th e  c rite ria  in 

A ppendix 2.1.2A. A ta rg e t is determ ined by:

Target pH Change = Amount Desired * (1 - “Spin Down”)

T he a liquo t is de te rm ined  by s ta r tin g  th e  b u re t  an d  con tinually  exam in ing  

th e  n u m b er of counts on the  counter w hich come in  from  th e  tachom eter. I f  

th e  b u re t doesn’t  move in  0.2 seconds, th e  am oun t th a t  i t  previously  moved 
(volum e o f reagen t) is recorded and  an  e rro r  is flagged (This m ay occur if  

th e re  is a  bad  connection or i f  th e  b u re t is em pty). O therw ise, w hen  the  

ta rg e t  h a s  been  m et, th e  b u re t  rem ote  is  se t to off and  th e  coun ts a re  

exam ined  u n til th e re  a re  no m ore counts for 0.5 seconds (the  m otor in  the  
b u re t h a s  in e rtia  and  tak es tim e, less th a n  a second, to stop sp inn ing . T hen 

th e  p rogram  pauses for “Mix time” (the defau lt is  2 seconds), an d  th en  reads 

an d  stores the  counter read in g  as th e  final am oun t of reagen t delivered.
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2.1.4A  p H  C a l ib r a t io n s
The pH  electrode o u tp u ts  a  voltage w hich is d irec tly  p roportional to 

voltage in  th e  ran g e  in  w hich it  is considered useful, pH  1 to pH  12. In  a pH  
m eter, th is  voltage is converted  to th e  n u m b er th a t  we recognize a s  pH . 
S ince d iffe ren t pH  e lectrodes h av e  d iffe ren t ch a rac te ris tic s , an d  th ese  
ch arac te ris tic s  can vary  over tim e 28 and  w ith  d ifferen t tem p era tu re s , th e re  
a re  controls on th e  m eter w hich change th e  conversion factors from  voltage to 
p H  num ber. U sually , th is  consists of tw o d ials: “zero” (also called “offset”) 
a n d  “te m p e ra tu re ” (also called “slope”). T he zero d ial is  comm only used
w ith  pH  7.0 buffer to offset th e  conversion line, an d  th e  “tem p era tu re ” d ial is 
u sed  w ith  pH  4.0 or 10.0 buffer to  ro ta te  th e  conversion line w ith  the  pH  7.0 
p o in t fixed. The o u tp u t of th e  pH  m eter (w hich is a ttached  to th e  com puter) 
is  a  voltage w hich is proportional to pH. The com puter needs th e  conversion 
fac to rs by w hich it  can tra n s la te  the  voltage th a t  i t  read s  in to  a  pH  value. 
The equation  in  th e  com puter software is possibly th e  sam e equation  th a t  th e  
m e te r im plem ents in  hardw are ,

E = pH * C + K (2.1 A)
or,

pH = (2.2A)

Where:

E is the voltage from the electrode or the meter

K is an offset ( ^  is analogous to the zero control)

C is the slope ( ^  is analogous to the temperature control)

T he values for K and  C a re  calib ra ted  before a  titra tio n  begins. Since K and  
C a re  unknow n, a  m in im um  of two buffers a re  requ ired  to dete rm ine  th ese  
values. T IG H T C  gives th e  choice of doing a two po in t titra tio n , en te rin g  K 
an d  C values, u sin g  previously  determ ined  values o r doing a  m ultip le  po in t 
calibration . T he m ultip le  po in t calibration  is perform ed by record ing  values 
of pH  and voltage an d  th en  perform ing a lin e a r  le a s t sq u ares to f it th e  b est 
line  to  those values. Previously  determ ined  values m ay be included in  th is  
calibration.
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2.2A The Computer Environment of TIGHTC
T he p ro g ram s to  contro l and  acqu ire  d a ta  from  th e  t i t ra t io n  

ex p erim en t w ere w ritte n  and  ru n  on a  D ig ita l E q u ip m en t C orporation  
M INC-11 com puter w ith  an  LSI-11/23 m icroprocessor u s in g  MlNC Basic. 
T he language  is an  extended Basic, w ith  m ost o f th e  ex tensions designed to 

control th e  in p u t /  o u tp u t devices availab le  for th is  com puter. T he d isk  

storage w hich is used to s ta r t  Basic and  th e  titra tio n  p rogram s requ ires some 

in te rac tio n  from  th e  chem ist (i.e., the  p rogram  does n o t s ta r t  im m ediately; 

some in form ation  is needed to be en te red  into the  com puter).

2.3A The Program TIGHTC and Support Programs
T he p rog ram  w as w ritte n  in  severa l p a r ts , a n d  th e re  a re  several 

sup p o rt program s. These a re  lis ted  in  T able 1.2A. The p rog ram s w hich are 
requ ired  to  ru n  th e  experim ent a re  T IG H T C , T IG H T Z  and  TTGHTY. The 

m ain  p rog ram  is T IG H T C , w hich perform s all o f th e  ca lib ra tions, control 
and  d a ta  acquisition. T IG H T Z  does all of th e  p lo tting , s to rin g  and  d a ta  

ou tpu t. A no ther p a r t  of th e  program , T IG H T Y , is only for ed itin g  the  d a ta  

an d  is an  optional com ponent of th e  program . The reason  th a t  th e  program  

w as w ritte n  in  severa l p a r ts  is th a t  a ll p a r ts  w ould n o t f it in to  th e  56k 

m em ory of th e  com puter a ll a t  one tim e, so an  overlay schem e w as used. 

W hen one p a r t  of th e  p rogram  w as no longer needed, th e  nex t p a r t  would be 

called in  a n d  w ritten  over th e  old p rog ram  in  m em ory. T h is is  a ll a lm ost 

tra n s p a re n t  to the  operator. The only th in g  th a t  th e  opera to r w ill notice is a 

w a it tim e (-60s) w hen th e  different sections a re  called into m em ory.
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Program Version Description

T IG H T C 5.75 This is the main program for the titration. It performs all the 

experimental control: it controls the buret and acquires data.

T IG H T Z 5.81 This is the overlay for TIGHTC. T IG H T Z  is called in when the 

experiment has been completed and display, storage, analysis and 

output o f  data arc required. Do not run T IG H T Z  directly.

TIG H T Y This is another overlay for TIGHTC. It allows for editing and 

smoothing o f  data. D o not run TIGHTY directly.

T IG H T D 5.70 This program is used when it is not desired to run an experiment, 

but it is desired to examine titration data stored from previous 

experiments . This program initializes variables so that the 

T IG H T Z and TIGHTY overlays can be called in.

TIG H T M 5.61 This program is an older version o f TIG H TC. It is a manual 

version o f  the program. It requires the operator to manually decide 

the quantity o f  reagent delivered.

NO ISE This program looks at the noise coming in over the A /D  converter, 

does some simple statistics and plots the data and lists the results.

TITA D C This program demonstrates how to write a program to read data in 

from the A /D  converter.

T1TO N C This is a simple program which demonstrates how to write a 

program to control the relay which turns the buret on and off. It is 

also used to help calibrate the conversion factor for motor turns to 

reagent volume, as well as trouble shooting.

TACCAL This is a more powerful program than T IT O N C  for calibrating 

flow rate. |

Tabic 1.2A List o f Programs and Files for Titration Experiment.
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2.4A Portability of the Programs, Overview
P ortab ility  o f th e  program s is a  sub ject which concerns th e  problem s of 

im p lem en ting  th e  t itra tio n  program s on a n o th e r  com puter. T his is of some 
concern for th is  in s tru m e n t, as th e  MlNC-11 h a s  no t been  produced by DEC 
in  m an y  y ea rs . T h ere  a re  two th in g s  to  consider w h en  p o rtin g  th e  
program s: th e  h a rd w are  and  the  softw are of the  ta rg e t com puter.

F o r m in im al a lg o rith m  rew ritin g , th e  ta rg e t  co m p u te r m u st have  
h a rd w a re  w hich  perfo rm s th e  sam e functions a s  in  th e  M lNC-11. T he 
m inim um  requ irem en ts a re  a  counter, a  d ig ita l o u tp u t line a n d  a 12 b it A/D 
converter. T his topic is  discussed in  A ppendix 1.2A and  lis ted  in  Table 1.1A.

The softw are w ill need some changes. E lem ents o f th e  B asic language 
v a rie s  w ith  com puters, and  w ith  th e  a u th o r  of th e  lan g u ag e . MlNC-11 
B asic  consists of e lem en ts  w hich can be  found in  o th e r ve rs io n s of Basic, 
along w ith  its  own specialized bu ilt in ex tensions. T hese extensions, w hich 
m ake up  th e  b u lk  o f th e  variab ility  of th e  language, a re  m ostly  functions 
w hich  control th e  in p u t-o u tp u t devices a n d  m an ip u la tio n  of th e  g raph ics 
display. The o th er difference is th e  env ironm en t w hen f irs t  s ta r tin g  up  the  
com puter, ru n n in g  p rogram s, and  ed iting  an d  m an ipu la ting  th e  file directory.

T he d a ta  acq u is itio n  an d  con tro l in s tru c tio n s  m ay  have  th e i r  
eq u iv a len ts  in  o th er system s. I f  not, PEEK  and POKE in s tru c tio n s  m igh t 
ta k e  th e ir  place. The o th er sections involve p rin tin g  and  p lo ttin g  and m ay 
need a  m ore extensive rew rite  for th e  configuration of th e  com puter for o th e r 
id iosyncrasies o f th e  com puter such as opening  files and  p r in te rs  and  p r in te r  
device nam es. The overlay struc tu re  m igh t be abandoned, a s  new  com puters 
h a v e  m uch  m ore m em ory th a n  th is  MlNC-11. G rap h ic s  a n d  te rm in a l 
functions on th e  M INC Basic are  m ean t for a  DEC VT105 te rm in a l, w hose 
g raphics s ta n d a rd  is n o t common. H ow ever m ost of th e  g raph ics functions 
should  have  a  d irect equivalent.

M uch of the  code h a s  com m ents for function and a lgo rithm . T here a re  
m a n u a ls  for th e  M ine, references 30 to  32, w hich d esc rib e  a ll o f th e  
s ta te m e n ts  in  M INC Basic. Reference 29 describes m uch of th e  p e rip h e ra l 
devices, and  m ay give som e additional in s ig h t into program m ing.
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3.0A Operation of the Instrument

3.1 A The Basic Monitor
The Basic m onitor allows you to m an ipu la te  files and  ru n  program s. 

W hen you a re  com m unicating w ith  the  Basic m onitor, you w ill g e t a  p rom pt 
w hich is displayed: R EA D Y  .

3.2A Starting and Operating the Instrument
T he configuration of th is  in s tru m e n t uses two rem ovable floppy disks 

(nam es th a t  you in p u t to th e  com puter w hen  referencing  th e  d isks a re  DYO: 
on th e  left, DY1: on th e  righ t). The in s tru m e n t should in  m ost cases be 

s ta r te d  by p u ttin g  th e  t itra tio n  s ta r tu p  d isk  in  DYO:, and  yo u r d a ta  d isk  in 
DY1:. W hen th e  in s tru m e n t is firs t s ta r te d , th e  RT - 1 1  sy s tem  and  th e n  

MlNC Basic is  loaded in to  m em ory and run . You will ge t p rom pted  for the  

da te , and  th e n  you w ill g e t th e  Basic m onitor. Since the  T IG H T C  program  

is large, m em ory space a llocated  for I/O opera tions m u s t be a llocated  to 
p rog ram  space by invoking  th e  EX TR A _SPA C E com m and. T hen , an y  of 

th e  p rogram s lis ted  in  Table 1 .2 A m ay be ru n ; to s ta r t  the  titra tio n , R U N  
T IG H T C  is en tered .

An ex p erim en t is  perfo rm ed  by u s in g  controls on th e  b u re t  to  load 

re a g e n t in to  th e  b u re t. T he m ate ria l to be t i t r a te d  (su b s tra te )  is w eighed 

ou t, dissolved and  con tinuously  m echanically  s tir re d  in  a n  a p p ro p ria te  

vessel. The p ro g ram  T I G H T C  is s ta r te d , th e  e lectrode  is c a lib ra ted  

according to directions in  the  program , a  few sim ple p a ram ete rs  a re  given to 

th e  com puter and  th e n  th e  com puter perform s th e  titra tio n . T he end of th e  

t i t ra t io n  is d e te rm in ed  by a p re se t pH  value . I t  is up  to th e  o p e ra to r to 

decide w hen th e  titra tio n  h a s  been  com pleted. T his m ay be done from  pH  
va lues or by v isually  inspecting  th e  curve th a t  the  com puter p re sen ts  in  real 

tim e. The com puter w ill pause  th e  titra tio n  au tom atica lly  w hen  th e  b u re t is 

em pty. Then d a ta  m ay be plotted, p rin ted , sto red  or m an ipu lated .
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3.3A Examples of Experimental Runs and Output

3.3.1 A Titration Experiment, A Sample Run

The following pages show a  exam ple of w h a t m ay a p p ea r on th e  screen 

w hen perform ing a n  experim ent. T his is in tended  to  dem onstra te  operation  

of th e  p rogram  an d  a id  u n d e rs tan d in g  of each step. Italicized te x t does no t 

a p p ea r on th e  sc reen  and  is p re sen te d  h e re  a s  a  descrip tion  of w h a t is 
h ap p en in g . U n d e rlin e d  v a lu e s  a re  va lu es w hich  m ig h t be e n te red . 
E very th ing  else is exactly  w h a t w ill a p p ea r on the  te rm in a l screen.
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First screen (Introduction)
Automatic Titrator: TIGHTC.BAS

*** Version #  5.75 auto tach gds 
by George D  Sukcnick 

volume determined by buret tachometer

(pause, then the screen is cleared...)

Second screen (instructions)
TIG H TC  INSTRUCTIONS:
1) Manually fill Motorized Buret with titrant.
2) Remove all bubbles, remove backlash from buret.
3) Set buret direction to REMOTE.
4) Turn stirring motor on.

Values in braces are default:
If you don't enter a value and press return, you will select the default value.

This program determines the pH by looking at the voltage output o f  the pH electrode (or
meter) and by applying this equation : E = K + C * pH
where:

E is voltage output and K, C arc constants which must be determined before this 
experiment can be run.

Determination o f  the constants may be done cither by using values o f  the constants 
previously found or, preferably, by program calibration

D o you want to:
1 )2  point Calibration o f  K & C under program guidance”
2) Multiple point”
3) Enter K & C”

(a 4th choice is given i f  values were previously calculated):
4) Use same K & C as the last run ?

enter a number {1}

return is pressed for choice # 1,  calibrate witl) two buffers_________________________________________
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We will now  calibrate. 
pH Meter instructions:

(Always place the pH meter on standby and rinse electrode when moving electrode 
between solutions. Take o ff standby when electrode is in the solution. D o not change CAL 
SLOPE or TEM P when you start the computer calibration.)
This calibration requires several standard buffers
1) First calibrate the METER by inserting the electrode in pH  7.0  

Adjust the CAL knob until the meter reads 7.00
2) Then, insert into another standard buffer (e.g., 4.0) and adjust the SLOPE knob so 

that the correct reading is obtained.
3) Now, we will determine K &  C.

Place the electrode into a buffer solution”
wait for equilibrium and enter the exact pH .1.0,0

The p H  ofthe solution is entered when the reading i t  appears stable.
In this case, the p H  buffer was .1 0 ,0 .

* +

4) N ow  place the electrode into a different buffer (e.g., pH 7.0) 
wait for equilibrium and enter buffer's pH .7 ,0

The p H  ofthe second buffer solution is entered 
In this case, the p H  o f  the buffer was . 7 , 0 ,

Now, the screen is cleared The computer will use the calibration values and report a p H  value. 
I f  the pH  value is not close to the correct value, you should do the calibration again. The values 
for C and K  will vary depending upon the electrode and the meter calibration.

The value for the pH coefficient C is 0.744342

and the value for the pH constant K is -5.10212

This program will now test and measure the pH o f the present solution.

The EQ UATIO N is : VOLTS = -5.10212 + 0.744342 * present solution pH.

Test with above constants gives a pH o f 7.0
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What would you like to do now:
1 Recalibrate
2 Test again

3 Continue to next step
enter a number {3}

Press return to get the third choice, continue

Enter molarity o f  titrant if  known, or an estimate if  not known {.I};
Enter Molarity; this is used in calculating # moles used; i f  you do not have a value, 
just press return.

Enter Flow conversion: ml/#counts {.001875}

Enter a value only i f  you have recalibrated the conversion from pulses to ml

Calibration complete. Ready to titrate.
Rinse and place pH electrode into solution 
Enter pH Stop value {-1000}

Enter the value of pH  that you want the titration to stop at. I f  you are not sure, enter a value 
beyond the final pH  (e.g., i f  the titrant is acid, enter a number such as .0; i f  the titrant is 
base, use a value such as ..]$), and then you can later stop the titration manually. The pH  stop 
value is to provide a convenient method to stop the titration, but it is not the only method which 
can end the titration. Note that once the value is reached, you cannot continue the titration.

To change internal parameters before starting, enter CHANGE.
If parameters arc ok, press return to start titration {START}

Press return to start titration or enter the word " . START ” I f  you wish to change internal 
parameters (see Table 1.1), you may enter ..CHANGE-

When the titration has started, the screen is cleared, a graphics area is set up, the titration is 
started and data is plotted on the screen as it comes in. Appearing on the top o f the screen:

rrcss * to pause titration, #  to change parameter
-  to deliver max @ dpH dcriv criteria____________________________________________
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This instruction tells you that a t any point in the titration, you may enter * to stop the titration, 
ft when you want to change a titration parameter (see Table 1.1), -  to deliver a maximum 
aliquot (for each -  pressed) and ,(® to change the delta pH  derivative criteria.

The bottom o f the screen has room for viewing the last 3  values o f data:

# Volume pH Voltage Deriv 1 Deriv 2
1 0.0169 11.452 3.4223
2 0.0469 11.4411 3.4139 0.3633
3 0.3019 11.366 3.3580 0.2945 -0.48280

In this example, the first 3  deliveries were made. All listings o f data consist o f  data channel ft, 
volume delivered, pH  at that volume, Voltage (proportional to pH) at that volume, first 
numerical derivative calculated that volume andpH  and the previous, and the second numerical 
derivative calculatedfrom that volume, p H  and the previous two volumes and pH's. Only the 
first two values dO not have entries for derivatives, as there is not enough information to calculate 
them.
When the buret is empty or you have pressed .* to end the titration, you will get this message: 

Titration pause
Enter STOP to call in storage/display or press RETURN to continue

I f  you press return, the titration continues. Entering ..S.TQP will stop the titration and then:

TITRATION ENDED .... TIME N O W  IS :: 4:00:00  
W ould you like to re-do this titration (Yes or {No}) ;

Press return to continue...

Calling the display program into memory

Now, TIGHTZ is being called into memory. This takes about one minute. Then a menu will

e m e s i____________________________________________________________________________________
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TIG H T Z VERSION 5.81 gdsukcnick OPTIONS:
( i f  the word READY appears on the screen, enter G O TO  10 or RETURN)
( if  you get an error concerning OPEN, enter CLOSE#! \ G O T O  10 )

0 T o start a new titration”
1 pH vs. volume Display and Plot"
2 First Derivative Display and Plot”

3 Second Derivative Display and Plot”
4 List all data on your terminal”

5 List endpoints on the terminal”
6 Output the data to the printer”
7 Store data on a diskette”
8 Replace data with data from disk”
9 Leave this program”
10 Recall data, Print, Plot (8,6,1,2,3)”
11 Store, Print, Plot, then new titration (7,6,1,2,3,0)”
12 Advanced option menu”

Enter a number (0-12)

To select any ofthe options from the menu, enter the number on the tefi ofthe option. In most
cases, option 11 would be the one to choose.

The advanced menu has the following screen:

Advanced options:
20 Edit data
21 Fit data
22 Find percent; normality

23 Select display: dual/single
24 Return to previous menu

25 Start N ew  Titration directly
26 Stop

Enter a number (20-25)
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3.3.2A Sample Data Report

The following page show s a sam ple o f a  d a ta  rep o rt w ith  in form ation  
concerning th e  titra tio n  produced by TIGHTC. T he firs t line h a s  th e  nam e of 
th e  file w here  the  d a ta  is sto red  (if any). The second line con ta ins com m ents 
en te red  w hen the  d a ta  w as stored. The nex t five lines contain p a ra m ete rs  of 
th e  titra tio n , in  the  sam e order as th a t  listed  in  Table 1.1 , Following th a t  is 
th e  d a te  and  tim e th a t  th e  d a ta  w as stored. The te n th  line lis ts  th e  num ber 
of d a ta  po in ts. T hen  th e  flow ra te  conversion factor, in ml /  pu lse  and  the 
reag en t m olarity , an d  coefficients of the  pH -to-voltage equation  a re  listed.

A fter th is  in form ation , th e re  is a lis t o f d a ta  in  five colum ns. The 
colum ns consist o f th e  channel num ber, th e  volum e a t  th e  channe l, the  
m easu red  pH , and  th e  calculated  firs t and  second derivatives. A t th e  end of 
th e  d a ta  lis t a re  colum ns of p o in ts a t  w hich th e  second deriva tive  changed 
sign (suspected endpoints). In  th e  lis t is the  n e a re s t channel n u m b er and  the 
volume, pH, and  moles in te rpo la ted  to the  po in t w here  th e  second derivative 
is zero.

D a ta  po in ts a re  sto red  on d isk  in  a form  s im ila r  to th e  d a ta  report. 
T he f irs t  an d  second d e riv a tiv e s  a re  n o t s to red  (as th ey  can  be easily  
calcu lated  form  th e  d a ta ) and  th e  volume is s to red  in  u n its  o f tachom eter 
counts. The p rogram  w hich rea d s  the  d a ta  w ould convert coun ts back to 
volum e by m u ltip ly ing  th e  d a ta  by  the  flow ra te  conversion fac to r, and  
calcu late  first and  second derivatives by using  the  Appendix 4.1A equations.

M ethod to in te rp re t da ta :
Look a t  l i s t  o f possib le  en d p o in ts , find th e  m ax im um  v a lu e  for f irs t  
derivative. In  the exam ple, -1.05301 is th e  m axim um  derivative  for the firs t 
endpo in t. T his is n e a r  d a ta  channel # 33. Volum e(i) l is ts  th e  volum e 
determ ined  by the in te rpo la tion  of th e  second derivative  to zero. T his case i t  
is  11.5947. T his is th e  volum e th a t  should be used , b u t i t  should  be firs t 
checked for reasonableness. Look up  the values around  channel 33, 32 to 34 
we see th a t  i t  is the  m axim um  derivative and  th e  volum e in th is  case is on 33, 
an d  th e  volum e a t  #33 is n o t m uch different, 11.6025.
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D Y 1:N A 2C 03.G 2H  
N a2C 03: 0.15204 g 
$Paramcters:
4.00000E-03 , 4.00000E-03 , .1 , 7.50000E-03 , 
2 , .02 , 2  , .4 ,
0 , 0 , 4 ,  7.10525 ,

.281906 , 2 .31939 , 4 , 10 ,

; 23-JUL-88 16:19:54 
#  OF DATA POINTS, 100 
FLOW  RATE USED =, 1.87500E-03 
TITR A N T MOLARITY as entered from terminal, 0.12246  
equation used to CO N VERT VOLTAGE T O  pH: E = K + C * pH

W HERE K=, -5.00641 C=;, .744283
(volume delivered & pH at each point):

Volume PH 1st Deriv 2nd Derivative
1 0.0000 11.400 0.000 0.0000
2 0.0188 11.396 -0.224 0.0000
3 0.0619 11.383 -0.292 -2.2035
4 0.3806 11.305 -0.244 0.2658
5 0.7688 11.213 -0.237 0.0177
6 1.1719 11.123 -0.224 0.0330
7 1.5919 11.030 -0.220 0.0097
8 2.0194 10.944 -0.199 0.0494
9 2.5031 10.854 -0.187 0.0274

10 3.0262 10.763 -0.173 0.0268
11 3.5850 10.671 -0.165 0.0158
12 4.1644 10.581 -0.154 0.0185
13 4.7981 10.484 -0.152 0.0031
14 5.4300 10.390 -0.148 0.0067
15 6.0863 10.293 -0.148 0.0005
16 6.7406 10.192 -0.154 -0.0097
17 7.3650 10.094 -0.157 -0.0043
18 7.9744 9.989 -0.171 -0.0238
19 8.5106 9.888 -0.189 -0.0300
20 9.0131 9.782 -0.210 -0.0414
21 9.4481 9.678 -0.239 -0.0604
22 9.8381 9.570 -0.275 -0.0879
23 10.1700 9.460 -0.331 -0.1546
24 10.4306 9.360 -0.384 -0.1786
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25 10.6800 9.245 -0.463 -0.3124
26 10.8656 9.138 -0.574 -0.5086
27 11.0194 9.035 -0.668 -0.5569
28 11.1544 8.927 -0.801 -0.9190
29 11.2650 8.830 -0.879 -0.6338
30 11.3850 8.688 -1.177 -2.5876
31 11.4506 8.603 -1.298 -1.2952
32 11.5256 8.503 -1.338 -0,5722
33 11.6025 8.385 -1.529 -2.5200
34 11.6606 8.297 -1.523 0.0977
35 11.7300 8.194 -1.473 0.7753
36 11.7975 8.098 -1.426 0.6818
37 11.8706 8.011 -1.196 3.2790
38 11.9569 7.920 -1.051 1.8149
39 12.0506 7.827 -0.987 0.7119
40 12.1425 7.748 -0.862 1.3544
41 12.2550 7.665 -0.740 1.1871
42 12.3806 7.584 -0.643 0.8140
43 12.5363 7.495 -0.572 0.5063
44 12.6994 7.416 -0.481 0.5718
45 12.8963 7.333 -0.422 0.3270
46 13.1194 7.251 -0.366 0.2651
47 13.3819 7.165 -0.327 0.1612
48 13.6800 7.081 -0.280 0.1676
49 14.0269 6.994 -0.250 0.0931
50 14.4113 6.908 -0.225 0.0676
51 14.8388 6.821 -0.203 0.0563
52 15.3019 6.733 -0.189 0.0305
53 15.8063 6.644 -0.175 0.0284
54 16.3575 6.552 -0.166 0.0166
55 16.9425 6.468 -0.144 0.0399
56 17.6156 6.363 -0.155 -0.0824
57 18.2025 6.272 -0.155 0.0002
58 18.8156 6.174 -0.158 -0.0051
59 19.4175 6.073 -0.168 -0.0165
60 19.9744 5.973 -0.179 -0.0177
61 20.5200 5.865 -0.197 -0.0333
62 20.9737 5.769 -0.212 -0.0307
63 21.4238 5.659 -0.243 -0.0674
64 21.7913 5.553 -0.290 -0 .1166
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65 22.1044 5.446 -0.338 -0.1411
66 22.3744 5.338 -0.402 -0.2173
67 22.5938 5.230 -0.489 -0.3568
68 22.7831 5.114 -0.615 -0.6146
69 22.9200 5.012 -0.747 -0.8127
70 23.0475 4.893 -0.926 -1.3531
71 23.1375 4.786 -1.192 -2.4450
72 23.2181 4.663 -1.521 -3.8561
73 23.2706 4.579 -1.608 -1.3000
74 23.3325 4.434 -2.350 -12.9783
75 23.3662 4.350 -2.486 -2.8462
76 23.4112 4.206 -3.191 -17.9084
77 23.4394 4.108 -3.484 -8.0031
78 23.4769 3.974 -3.563 -2.4094
79 23.5106 3.862 -3.330 6.5230
80 23.5444 3.759 -3.057 8.1144
81 23.5744 3.677 -2.706 10.9975
82 23.6119 3.587 -2.403 8.9723
83 23.6512 3.505 -2.084 8.3184
84 23.7037 3.409 -1.832 5.4905
85 23.7563 3.331 -1.483 6.6403
86 23.8181 3.250 -1.310 3.0220
87 23.9025 3.155 -1.130 2.4556
88 23.9963 3.071 -0.896 2.6260
89 24.1087 2.987 -0.740 1.5126
90 24.2325 2.908 -0.640 0.8511

POSSIBLE ENDPOINTS:
(i) means value is interpolated to point 2nd derivative - 0

Approx # Volutne(i) pH{i) Moles(i) 1st Deriv 2nd Deriv
15 5.4648 10.389 6.69216E-04 -0.1481 0.0005
33 11.5947 8.397 1.41989E-03 -1.05301 -2.5257
55 16.7767 6.494 2.05447E-03 -0.1443 0.0399
56 17.5864 6.368 2.15362E-03 -0.1558 -0.0182
57 17.6197 6.364 2.15771E-03 -0.1556 0.0002
78 23.4500 4.064 2.87169E-03 -3.5633 -2.1386
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3.4A Performing an Experiment

3.4.1A  C a l ib r a t io n  o f  t h e  F lo w  R a te

T he re la tio n  b e tw een  m otor tu rn s  o f th e  b u re t  a n d  th e  a m o u n t 

delivered  m ay  be ca lib ra ted . One m ethod  w ould be to u se  th e  p rog ram  

IT lO N C  w hich  rep o rts  th e  n u m b er o f s igna ls  received by th e  com puter. 

TA C C A L is an o th e r p rogram  w hich is a n  a id  in  th is  calib ration . TA C C A L 

uses sev era l delivery  ru n s  to  calib rate , a n d  values a re  sto red  on disk and  
prin ted . I t  is b es t to deliver a  large am oun t o f reagen t, to reduce erro rs due 

to errors in  w eighing and  counts. S ta rt th e  p rogram  by en te ring
R U N  TA C C A L

P rep are  a  d ry  beaker, e n te r  th e  in itia l m ass, weigh, en te r  final m ass, and  
repeat. I f  th e  delivery tim e needs to be changed, e n te r  th e  tim e value  w hen 

prom pted. W hen finished, th e  d a ta  is sto red  on th e  disk.

U sin g  th e  data , de te rm ine  m ass /  tu rn . F rom  th e  tem p era tu re , find 

th e  density  of th e  liquid from  a  reference such as th e  CRC H andbook 20 and  
divide to de te rm ine  ml I tu rn :

mass (a)
„ ... . clicks (buret turns)
How rate calibration = density ofliquid (g/ml)

The value ob tained  should be around  0.001875 m l/tum .

3.4.2A  P e r f o r m in g  a  T i t r a t i o n

I f  th e  p rogram  isn 't a lready  running , s ta r t  i t  by en tering:

R U N  T IG H T C

Dissolve th e  m ateria l, p lace a  stirring  b a r  in to  a (ca. 200ml) b eak e r on the  

s tirrin g  m otor and ad ju s t th e  s t ir re r  to a  reasonab le  m ixing speed.

I t  is  a  good idea to ca lib ra te  pH before each ru n . W hen perform ing the  

calibration , f ir s t  use th e  bu ffer w ith  pH  m ost d ifferent from  th e  m a te ria l to 
be titra te d . Follow in s tru c tio n s  from th e  program , w ash in g  th e  electrode 

betw een  each  s ta n d a rd  so lu tion . W hen ca lib ra tio n  h a s  been  com pleted, 

place th e  electrode into th e  solution to be t i t ra te d  and  low er th e  delivery  tube
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so th a t  i t  is  ju s t  bare ly  is  above or touching th e  solution. S ta r t  th e  titra tio n . 
W hen th e  titra tio n  h as  been com pleted, if  th e  stop  value for p H  h a sn 't  been 

reached , you m ay p ress  sh ift 8  (*) and  e n te r  S T O P  to m an u a lly  end  th e  

titra tio n . S to re  d a ta  on th e  disk, p lo t and  lis t it. I f  the  b u re t ru n s  em pty  
before th e  titra tio n  h a s  finished, you m ay refill i t  and  continue th e  titra tio n . 

The p rogram  w ill de tect w hen th e  b u re t h a s  stopped delivering  an d  w ill w a it 
for you. Remove th e  electrode and  th e  delivery tu b e  slowly, an d  rin se  the  

outside in to  th e  m ain  solution. P o in t th e  delivery tube  to a  w aste  b eak e r and 

sw itch th e  m otor control to “down”. W hen th e  b u re t is full, p lace th e  control 
onto “rem ote” and  rin se  in to  th e  w aste  beaker. P lace tube  a n d  electrode 
back  in to  th e  solution and  p ress r e t u r n  to continue th e  titra tio n .

3.4.3A  S p e e d in g  u p  t h e  t i t r a t i o n
T he  tim e  in  w hich  a  t i t ra t io n  is perform ed depends on th e  m ethod  

used, each w ith  its own advan tages and  d isadvantages. M ost o f th e  tim e th a t  
th e  t i t r a t io n  uses is in  w aiting  for p roper m ix ing  and  ta k in g  a  stab le  pH  
read ing . T he m ethod to shorten  th is  tim e is  to  e ith e r  tak e  less read in g s or 
sh o rten  th e  tim e for a pH  read ing . In  th e  following, (a) is th e  le a s t desired  
choice.

a) C hange th e  pH  stab ility  c rite ria ; p a ra m e te rs  “pH noise” an d  “pH max dev 

slope” and/or decrease th e  “mix time”.

I f  these  c rite ria  a re  m ade less s trin g en t, th e  titra tio n  m ay speed up  due 
to sho rte r d a ta  acquisition tim e, b u t th e  pH  value m ay be less reliable.

b) U se a new  pH  electrode.
A new  electrode w ill have less noise and  b e tte r  response  th a n  an  old 
electrode, assum ing  sim ila r qua lity  w hen each a re  new.

c) O ptim ize th e  m ixing ra te .
Since w aiting  for s tab ility  is th e  m ajor con tribu to r to dead tim e, a  m ore 
efficient m ethod of m ixing will shorten  the  titra tio n  tim e.
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d) C hange th e  “pH change” goal for each aliquot.
By increasing  th e  “pH change”, la rg e r an d  few er a liquo ts a re  delivered. I f  
allowed to  rem a in  a t  an  increased  va lue  for th e  e n tire  titra tio n , few er 
d a ta  v a lu es m ay be ta k e n  a round  th e  endpo in t an d  th e  endpo in t w ill 
become less w ell defined. H ow ever, as th e  t i t ra t io n  proceeds, i t  is  
possible to  change th e  p a ra m e te r  back  to  a  sm a lle r  va lue  w hen deem ed 
necessary  (i.e., n e a r  an  equivalence point).

e) Add reag en t m anually
This can be perform ed in  two ways:
1  ) e ith e r add  a  q u a n tity  before th e  titra tio n  s ta r ts  an d  record th e  am o u n t

and  add i t  to y o u r final volum es or:
2 ) A fter th e  t itra tio n  h as s ta rted , only w hen th e  LED on th e  front of th e

b u re t is  on, sw itch  th e  b u re t from  “rem ote” to “up” u n til  the  d esired  
am oun t h as  been  delivered. In  th e  la t te r  case, th e  com puter will keep  
tra c k  of th e  am o u n t delivered  even though  i t  h a s  tu rn e d  off th e  
delivery relay. Sw itching the  knob m u st occur w hen  th e  LED is on, or 
up to “m ix tim e” (param eter: d e fau lt values is) 2  seconds a fte r  i t  tu rn s  
off. A fter th e  com puter s ta r ts  delivery of a n  aliquot, i t  keeps tra c k  of 
th e  count u n til th e  m otor has stopped moving. I f  you have sw itched 
th e  knob  a t  th e  w rong  tim e  (i.e., a  tim e th a t  th e  com pu ter is  n o t 
m onitoring th e  b u re t m ovem ent), th en  you will see th e  m essage:

ERROR - buret is moving by itself or there is noise on ST1 input:...Counts 

I f  th e  m essage occurs an d  you do no t know  th e  q u a n tity  th a t  w as 
delivered, th en  th e  experim ent is  ru ined .

f) P ress  th e  tilde -
T his w ill cause th e  n e x t delivery to o u tp u t the  m axim um  volume allow ed 
by the  program , in  p a ra m e te r "maximum aliquot”; th e  defau lt is 2  ml, b u t  
th is  value m ay be changed, i f  desired.

A p a ra m e te r  m ay  be changed  before  th e  t i t r a t io n  h a s  begun  by 
se lec ting  “change parameter” w hen  given th e  choice. W hen a titra tio n  is in  
progress, a  p a ra m e te r  m ay be changed by pressing  th e  pound key (#). A fte r 
th e  pound key is p ressed , you w ill be prom pted  for th e  p a ra m e te r  change 
a fte r  the  nex t aliquot.
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4.1 A Numerical Derivatives and Calculations

T his section d iscusses how the num erica l derivatives a re  defined and  
how th ey  a re  calcu lated  in  bo th  th e  au to m atic  titra tio n  p rog ram  T IG H T C  

an d  in  th e  curve fitting  program , E N D P O IN T .

T he  te rm  u se d  in  th is  th es is , “n u m e ric a l d e riv a tiv e ”, is n o t a 
continuous derivative; i t  is from  discrete va lues and  defined in  equation  5.1 A.

AY Yn+i - Yn 
Numerical derivative = = — ^ — (5.1A)

n+ 1 n

I f  we ta k e  two adjacent d a ta  points and  connect a  s tra ig h t line betw een them , 
equation  5.1 A is the  value of th e  slope of th e  line.

T he f irs t num erica l derivative  of a  pH  volum etric  t i t r a t io n  curve is 

calculated  from  equation  5.2A.

Numerical derivative = = — y n + '  „ y  ” (5.2A)
^  ' ( n . n + l )  n + l  " n

T he volume a t  th is  derivative is som ew here betw een V  . and  V  ,n + l  n

a s  defined by  equation 5.3A:

VI d = V /ApH\ - ° - 5 *<V»+l + Vn> (5.3A)
U V /( n .n + l )

Where:

VI d is the volume at the first numerical derivative

T herefore, w e canno t rea lly  say th a t  th e  f i r s t  num erica l d e riv a tiv e  is a t  a  
specific d a ta  point (except for convenience); i t  is  betw een the  two d a ta  points.

T he second n u m erica l deriva tive  m ay  be ca lcu la ted  from  th e  f irs t  

derivative  in  equation 5.4A.
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PH n+2 ~ PH n+l PH n+l - PH n
'Y \r \r a  r

0.5 * ( ( V n+2 - V n ) )

Where

The numerator is the difference in first derivatives 

The denominator is the volume at these first derivatives, 

as described in equation 5.3A.

U sing  a sim ila r m ethod a s  equation  5.17, the  volum e a t  the  second derivative 
is equation  5.5A.

Again, we canno t rea lly  say th a t  the  second num erica l deriva tive  is a t  one 
specific d a ta  po in t or even two for th a t  m a tte r , i t  is  betw een an d  involves

deriva tive  is  zero, th e  curve jo in ing  th e  second d e riv a tiv es  is a ssu m ed  to 

ap p ro x im ate  a  s tra ig h t  line. T hen , these  va lues a re  in te rp o la te d  a s  in 
equation  5.6A .

V

th re e  d a ta  po in ts , w ith  w eigh t g iven to  th e  m iddle  po in t (note th a t  Vn+i 
appears twice).

To ca lcu la te  th e  pH  a n d  V olum e a t  th e  p o in t w h ere  th e  second

(5.6A)

Where:

X is volume as defined in equation 5.5A

Xj is evaluated at the (n+2, n+l,n) second numerical derivative 

X 2 is evaluated at the (n+3, n+2, n+1) second numerical derivative

Y is a second numerical derivative as defined in equation 5-4A

Yl is the (n+2, n+1,n) second numerical derivative 

Y2  is the (n+3, n+2, n+1) second numerical derivative
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4.2A Equations to Calculate Molarity & Composition

T he follow ing is a  l is t  o f eq u a tio n s  an d  v a lu es  u se d  to  ca lcu la te  
m olarity  of HC1 and  percen t com position of th e  various sam ples.

Form ula w eigh ts fg/Ml:
N a 2 C 0 3  105.9887
N a H C 0 3  84.00687
N a 3 H C 0 3 .C 0 3 .2H20  226.02601

N a 3 H C 0 3 C 0 3 -2H20  226.02601
H 20  18.012245 
TRIS 121.14

Sesquicarbonate consists of 46,89% carbonate  and 37.17% bicarbonate.

THIS S tandard iza tion  of H C I :
. .    T ris weight_______________

HCI " TRIS Molecular Weight * Endpoint Volume ' ' '

. .  T ris weight
M r  -  -------------------------------------- ------HCI 121.14 * Endpoint Volume

P u re  Sodium _Carbonate Sample:
% Carbonate =

Titrant Molarity * Endpoint * Formula Weight 
Sample Weight 10 (5.8A)

„  , 0.12246 * Endpoint * 105.9887
% Carbonate = ------------Sample W eigh,----------------100

M ixtures of Sesquicarbonate  and B icarbonate:
% Sesquicarbonate *>

Titrant Molarity * Endpoint 1 * Formula Weight
Sample Weight P-9A)

0.12554 * Endpoint 1 * 226.02601
% Sesquicarbonate = -------------f  i—w , • 1 „---------------^ Sample Weight

% Bicarbonate =
(Endpoint2 - 3 * Endpointl) * Formula Weight 

100 * Titrant Molarity * ------------- Sample Weight  ~  <5 1 0 A >

0.12554* (Endpoint2 - 3 * Endpointl) * 84.00687
% Bicarbonate = --------------------- ^ , .v; : . -------------------------- * 100Sample Weight
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5.0A Modeling for Inflection Points and K Values

5.1 A Program for Modeling and Manipulating Data

A program , ENDPOINT, w as w ritten  to perform  some of th e  analysis 

o f th e  t i t r a t io n  d a ta . W ith  th is  p rog ram , d a ta  files c re a te d  w ith  th e  

TIGHTC t itra tio n  program  (as well as “ASCII” files w ith  two colum ns of 

n um bers) can be read  in  and  m an ip u la ted  in  m any  w ays. T h is includes 

e x tra c tin g  a section  or ran g e  o f ch an n e ls  o f th e  d a ta  for m an ip u la tio n , 

sm ooth ing  d a ta , rem oving g litches by av erag in g  ad jacen t po in ts , p lo tting  

a n d  g raph ics w ith  cursors an d  f ittin g  th e  d a ta  u sing  both  l in e a r  and  non­

lin e a r  m ethods. I t  is m ean t to ru n  on a  V ax UNIX system , b u t  i t  should no t 

be d ifficu lt to a d a p t i t  to o ther com puters an d  opera ting  system s. I t  h a s  a  

single m enu  w ith  th e  functions listed  in Table 1 .3A.
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Command Description

Help help for each command

U NIX go into UNIX shell without stopping the program

example gives examples on how to manipulate the data
list lists all data as well as first and second numerical derivatives

channel moves cursor to channel #  specified

find moves cursor to a channel where the second derivative changed sign

plot plots data on paper

range marks the subset o f  data to be examined: 
as a number o f point s around the cursor

fit fit the data that was marked
refit perform fit again, starting with x% o f previous parameters determined 

as a starting point

new read in new data
- move cursor left

+ move cursor right

percent marks the subset o f  data to be examined: this is the consecutive data on 
both sides o f the cursor position whose first derivative is x% to 100% of 
the current cursor position

smooth The current data point is replaced by a “smoothed” point which is 
interpolated by the first derivative o f the points around it.

glitch glitch smooths noisy points in the selected subset, except for the cursor 

channel which for most cases should be on the point closest to the 
inflection.

max Max moves the cursor to the channel in the selected subset whose first 
derivative is maximum

rchannel marks a subset o f  data by channels which arc entered

store store the selected subset into a file

sfile set up a default directory path

show re-lists fit information and statistics

quit Exit the program and return to the monitor

Tabic 1.3A List o f commands available for the E N D P O IN T  program
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5.2A Modeling Technique for the Inflection Point
The d a ta  w as m odeled using  equation  6 . 1  A described in  Appendix 5.3A 

to d e te rm in e  inflection po in ts . The p ro g ram  used to fit th e  d a ta  is called 

ENDPO INT. The fitting  m ethod used in  ENDPOINT is a  non  lin e a r  technique 
know n by  m any  nam es: N elder M ead A lgorithm , Simplex, D ow nhill Sim plex 

M ethod an d  Amoeba33-39. This m ethod is slow and th e  am o u n t of com puter 
m em ory req u ired  is N 2 +5*N (w here N  is th e  num ber of d a ta  points to be 

fit), b u t i t  is  robust and  the  p rogram  code itse lf  is com pact a n d  easy to use, 

a lte r , an d  im plem ent. I t  does n o t d iverge a s  easily a s  o th e r  m ethods. I t  

perfo rm s th e  f it  by u s in g  in it ia l  g u esse s  for th e  e q u a tio n  p a ra m e te rs , 
c re a tin g  a sim plex  form  w hose vertices a re  these  p a ra m e te rs  and th e n  
vary ing  th em  by m oving th e  vertices o f th e  sim plex th ro u g h  e rro r  space via 

reflection, contraction an d  expansion u n til  a  m inim um  c rite r ia  is m et. The 

m inim um  found is w hen a  com bination of th e  equation p a ra m e te rs  m inim ize 
th e  function . T his m in im um  m ay or m ay  n o t be th e  low est va lue  for th e  

function a s  th e  erro r space m ay contain local m inim um s. I f  th e  sim plex goes 
into one of these  local m inim um s, a b e tte r  value may som etim es be found by 
re s ta r tin g  th e  program  w ith  th e  p a ram ete rs  th a t  i t  re tu rn ed , b u t  offset by a 
sm all constan t. The ro u tin e  will continue an d  try  to find a  low er m inim um  

if  th e re  is one. Som etim es th e  local m in im um  m ay be deep a n d  i t  is difficult 
to move th e  sim plex enough to find the  low er m inim um .

The sim plex p rog ram  is a su b ro u tin e  w hich re q u ire s  a  contro lling  
program  w hich calls it, passing  a rrays, convergence criteria , in itia l guesses, 
and  a  function  which, w hen  given an  a rra y  of p a ra m e te r  g uesses th a t  th e  

sim plex p asses, can ca lcu la te  an  e rro r be tw een  the  d a ta  a n d  the  m odel 

equation  u sin g  the p a ra m e te r  guesses. The e rro r used in  th is  thesis  is the  
sum  of res id u a ls . The p rogram  h as  been published  in sev era l p laces34*35 as 

w ell as functions for specific p rob lem s35. A program  found in  the  book, 

N um erica l R ecipes , 36  is m ost u p  to  d a te  in  te rm s  o f s tru c tu re  and  

p rog ram m ing  technique b u t lacks construction  of th e  in itia l sim plex w hich 

m ay be found in  the  O lsson p ap er35.
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T he sim plex p rogram  used  w as a d ap ted  from  th ese  sources. Some 

fe a tu re s  added  by K im 37  w ere also incorpora ted , such  a s  im proved e rro r 
rep o rtin g  an d  debugging by optional lis ting  of th e  re su lts  of each ite ra tio n . I 
added add itiona l m odu larity  an d  e rro r rep o rtin g  to  th e  sim plex ro u tin e  and  

a n  aid  to  convergence in  the  function, w hich is described in  A ppendix 5.6 A .

5.3A The Model Used to Determine Inflection Points

In  ENDPOINT, th e  m odel eq u a tio n  used  to  d e te rm in e  inflection  
points o f th e  d a ta  w as of th e  following form:

F(V) = nonlinear sigmoid + linear

F(V) = pH =   (b + c .v )  + D • V -t- E (6.1 A)l + e ' '
Where:

A, B, C, D and E arc the parameters of the equation
V is Volume of reagent added at any instant of the titration

T h is sem i-em pirical equation  w as used  because i t  is  in  th e  form  of a 
sigm oid, w hich is th e  form  of a  t itra tio n  curve, an d  i t  f it th e  experim en ta l 
d a ta  very  well. I t  is s im ila r to  an  equation  w hich can be derived  from  th e  
re la tio n sh ip  betw een pH  and  pK 4,

pH = pK 4 l o g ^ )  (6.2A)
to form:

,,  Ymax
1 +e(a‘ (z' Zo))

b u t i t  h a s  a  lin ear p a r t  (D -V + E ) added.
The equation  m ay be understood as consisting  of two p a rts , illu s tra ted  

in  equation  6.1 A. T he p a ra m e te rs  in  equation  6 . 1  A: A, B and  C a re  in  the  
n o n -lin ear p a r t  and  D an d  E a re  in  th e  l in e a r  p a r t  o f th e  equation . E ach  
p a ra m e te r  is n o n d eg en era te  a n d  each h a s  p ro p e rtie s  w hich can  v a ry  th e  
curve. The lin e a r  te rm  w as added because in  titra m e tr ic  d a ta , th e  sigm oid 
is ro ta te d  som ew hat (D*V term ) an d  th e  position  of th e  curve o r pH  values
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can be tra n s la te d  up  or down (the  E term ). In  th e  n o n -lin e a r te rm , th e  
p a ra m e te r  A controls th e  he igh t o f the  curve, i.e., from  equation  6 . 1  A:

or:

V— > — 00 = A + D . V  + E (6.4A)

th e  lim iting  values of th e  sigm oid is betw een 0 an d  A. From  observation  of 
th e  curve a t  various values o f th e  pa ram ete rs , th e  p a ra m e te r  C changes the  
slope and  th e  B te rm  tra n s la te s  th e  curve left or rig h t. T his descrip tion  of 
th e  p a ra m e te rs  he lps decide in itia l p a ra m e te r  guesses w hen f ittin g  th e  da ta . 
T his is  discussed in  Appendix 5.9A and in  Table 1.4A.

E quation  6 .1A can only be used to describe a  single sigm oidal shape. 
In  th e  case of m ultip le  endpoin ts, only d a ta  abou t a  single en d p o in t can be 
used . E ven though  th is  is a n  em pirical model, th e  fit is exceptionally  good, 
a s  T able  1.5 show s. The s ta tis t ic s  used  a re  described  a n d  d iscussed  in  
A ppendix 5.10A .

The re su lt  o f in te re s t in  th e  fit o f d a ta  to equation  6 . 1  A is th e  volume 
a t  th e  po in t th a t  th e  second deriva tive  is zero. E quation  6 . 1  A is  easy to 
d ifferen tiate , and  th e  re su lt is equation  6.5A:

3F - A . C c ( 0  + CV)
av -  (c m*c.v> + 1 ) + D (6.5 A)

T ak ing  th e  second derivative re su lts  in equation  6 .6 A.

32F 2A-C 2 . e 2(B + c v > A . C 2 - e<B + c -v >
dV2 = (c (B + c - v ) + 1  f  '  (c (B + c . v ) + 1 ) 2

(6.6A)

52FE quation  6 .6 A can be zero, = 0, if  th e  value in  th e  exponent is  zero or if

A or C is zero. Since the  la t te r  y ields no inform ation , the  no n triv ia l re su lt 
is equation  6.7A:

CV + B = 0 (6.7A)
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From  Table 1.4A, I f  A is zero, th e n  the  range  of d a ta  values m u st be zero. I f  
C is zero, th e n  th e  slope of th e  curve is zero. Therefore th e  only non triv ia l 
value is w hen  equation  6.7A is zero, and  th u s  the  volum e w hen th e  second 
derivative  is zero is given sim ply by equation  6 .8 A.

V ~ §  (6 .8 A)

T hus, th e  p a ram ete rs  of g rea te s t in te re s t from  equation  6 . 1  A is B and  C.

5.4A The Model for Determining Dissociation Constants

The expression  for volume of reag en t a s  a function  of pH  is derived  in 
th e  following tex t for th e  titra tio n  of sodium  carbonate  /  sodium  b icarbonate  / 
sod ium  sesq u ica rb o n a te  m ix tu res  w ith  HCI. T he form  o f th e  derived  
eq u a tio n  is volum e a s  a  fu nc tion  of pH , th a t  is, V(pH ), even th o u g h  
experim entally  pH  is a function of t i t r a n t  volume. T he expression of pH(V) 
is m ore m a th em a tica lly  com plex th a n  V(pH) a n d  bo th  form s, fo r th is  
titra tio n , a re  single valued  functions. By using  a n  ite ra tiv e  m ethod w ith  
m odern com puters, i t  is sim ple to find a  value of pH  a t  a given volume. The 
sim plex program  w hich uses th is  equation  to  fit th e  experim en ta l d a ta  does 
n o t care  abou t the  form  or type of function. The chem ical equations are:

2  Na+ + C 0 3"  + H+ + C f «z* H C 0 3'+  Cl + 2 Na+ (6.10A)
Na++ HCO3 '  + H+ +CI'  Na+ + C f + H2 C 0 3 (6.11A)

H 2 C 0 3  <7? C02(aq,gas) + H 2 0  (6 .1 2 A)
H20  H + + O H ' (6.13A)

The corresponding equilibria are:
[H+] [C 03 ] yn Y

K2 = ---------------:------------------ 3 (6.14A)
[H C 03 ] Yhcoj

[H+] [H C 03' ] yH Y h c o ,

K‘ = [ H 2C 0 3 ] Yhzco,  (615A)
I CO 2  ] Yco2 

^2C 0 3  J Yh3.

Kw = [H+] Y„ • [OH] Yon

Kl,= [H2CO3J Y„,co. <616A)
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From  th is  point, i t  w ill be assum ed  th a t  yco an d  yH co a re  u n ity .
2  2  3

T he am o u n t o f sod ium  is co n stan t, since its  only source is  th e  in it ia l  
concentration  of carbonate  sa lts:

.  _ 2 • Mcoj + Mf,co, _

' ' Ha + V° VHa + V
Where:
M coT is the initial quantity o f  moles o f  carbonate3

, o
M hcOj is the initial quantity o f moles o f  bicarbonate

Mx2 is the total initial quantity o f  bicarbonate and twice that o f carbonate
( 2 ■ M Co“ + M iicoj )

VHQ is the volume o f HCI added at any point in titrauon

V° is the initial volume in which the material is dissolved

W hen sesqu icarbonate  is p resen t, one mole o f sesqu icarbonate  w ill add  one 
mole to each Mco” and  Mhco' or th ree  m oles to  M t2 •

E quation  6.18A tak es  into account th e  sodium  contribution  from  the carbonate 
a n d  b ica rbonate , a s  w ell a s  i t  com pensa tes for volum e changes d u e  to 
add ition  of reag en t. The concen tra tion  of Cl p re s e n t  depends upon th e  
qu an tity  of HCI added and  to ta l volume of solvent:

[C f ] -  (6.19A)
Vna + V

Where:

C hq is the molarity o f  HCI

From  equations 6.10A, 6 .11 A, and  6.13A, th e  charge balance  condition is: 

[H+] + [Na+] = [Cf ] + [OH ] + 2 [C 03' '  ] + [HCQ3' ] { 6.20A)
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S u b s titu tin g  for N a+ (6.18A), Cl (6.19A), O H  (6.17A), and  CO 3  (6.14A): 

Mtz[H ]+■
V „a  + V ° '

Cl in V HCI Kv
+  ;  +

OH
V»a +V° [H +] yHY(

an d  solving for [HCO3 '  ],

[H 'l  Yh Yco,  ,3 /

[HCO3 ' ]  (6 . 2 1  A)

r ^ +i M t 2 C Hq  V hci  K w________

V„a + V° ' V„a *V° ' |H*1 y„Yo„
[HCO3 ]  2  K2 y„co--------------------- J lM ^ -  ^.22A)

~  + 1
I Yh Yco3

All o f th e  carbon is d u e  to th e  in itia l concen tra tion  of b ica rb o n a te  and  
carbonate . From  equations 6.10A , 6 .11 A, and 6 .1 3 A, th e  carbon m ass 
balance is:

 = [C 03" 1  + [HCO3 I + [H 2 CO3 ] + [ C 0 2 ] (6.23A)
v Ha + v j

Where:
Mt = the total initial moles of carbonate and bicarbonate or Mcoy + Mhcoj

Each mole o f sesquicarbonate is added twice, since it contains one each of bicarbonate and 

carbonate.

T h is  eq u a tio n  neg lects  th e  CO 2  lo s t from  th e  system  a f te r  s a tu r a t io n  of CO2  

occurs, a ro u n d  ca. pH  6 . S u b s titu tin g  eq u a tio n  6.16A in to  6.23A to  e lim inate  

th e  [  CO 2 1 te rm ,

M t = [CO3 ' '  1 + [HCO3 '  ] + (1 + Kh) • [ H 2C O 3 ] (6.24A)
VHQ + v
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T aking  equations 6.15A, 6.14A, and  su b s titu tin g  in to  6.24A, to p u t every th ing  
in  te rm s of [HCO3 ] ,

M t

V„a +V°
^ 2  Yhco , i Yh Yhco3
---------------------- + 1 + (1 + Kh )------------------------3

^  [H  ] Yh Yco3 K| [HCO3  ] (6.25A)

S u b s titu t in g  6 .2 2 A fo r [HCO3 ] in to  6 . 2 5 A for t he  [ H C O 3 ] te rm  an d  
rea rran g in g  and  m ultip ly ing  both sides by th e  denom inato r o f 6 .2 2 A gives:

MT2 - CHC] .v fia
' H Q + V

M t  ̂ 2 ^ 2  Yhco,

Kv
V Ha

[H  ] YhYoh

-[H  ] +
] Yh Yco ,

+ 1

Yhco, ^  ] Yh Yhco ,
---------------*—  + 1 + (1 + Kh )   3

(6.26A)

[H  ] Yh Yco3
Ki

an d  sep a ra tin g  out th e  term s involving VHCl +V° and  th e n  b rin g in g  V° to the  
r ig h t side:

11a  -

(M t  )

-M T2 + Q ia  .V„a  +-

(  2  k 2 Y h co, 

fH + ] Y h Y co ,
+ 1

K2 Y, ICO,

[H  ] Yh Yco,
+ 1 + (1 + Kh)

1 Yn Yhco,

'  Kj

- Kv

[H  1 YhYoh

+ [H+]
-V° (6.27A)



B ring ing  th e  CHa .VHCI te rm  to th e  left and  solving for VHa, we have 

se p a ra ted  pH  and volume:

(    N
Mr •

r 2  K.2 Y h co3 , N 
+ + 1 

[H  1 Y h Y co ,
- M t 2 +

^ 2  Yhco,  ] Yu Yhco,
-------------- *—  + l + (l + Kh )•---------------------- 3

J Yh Yco,
Ki

Kv

H Q  “

[H ] YhYoh
+ [H +]

V

1 -
jna

-K v [H ]
[H ] YhYoh

I f  ac tiv ities a re  assum ed  to be n e a r  un ity  th e  rela tion  is  :

HQ

[H ]

- V°

Q ia
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(6.28A)

(6.29A)
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5.5A Convergence Criteria

W henever th e  sim plex ro u tin e  req u ire s  a  va lue  from  e rro r  space, i t  
calls a  function  w hich calcu lates th e  e rro r  betw een  th e  p a ra m e te rs  th a t  a re  
u sed  by th e  guesses an d  th e  ac tu a l da ta . The equation  used  to calculate the  
e rro r  space is equation  6.3OA. I t  calculates th e  sum  of th e  square  deviations.

n
error = X ^ i )  " PH i>2 

i=l

Where:
F(Vj) is the value o f  equation 6.1 A or 6.29A  

calling routine at each experimental Vj
pHj is the experimental pH at each V;

The re la tiv e  c r ite r ia  for convergence of th e  sim plex  is show n in  
eq u a tio n  6.31 A. T his va lue  is based  on th e  no rm alized  sm a lles t double 
precision  n u m b er for a U N IX  opera ting  system , Vax 11/780 m achine, f77 
com piler. W hen th e  sim plex vertices o r value is less th a n  th is  criteria , th en  
a  m inim um  for the  p a ram ete rs  is considered to  be found.

Criteria < 1000 * 2.8 * 10 17 (6.31A)

W hen th is  c rite ria  h a s  been reached, th e  squared  deviation , equation  6.30A, 
is a t  a  m in im um  for th e  region of th e  equation  th a t  th e  sim plex is  located.

5.6A Additions to Simplex Least Squares Error Function

To use  th e  equ ilib rium  constan ts  m odel (equation  6.29A) requ ired  a 
tr iv ia l m odification in  th e  leas t square  e rro r function; th e  X an d  Y axis w ere 
sw itched . T he m odel u sed  for d e te rm in in g  th e  in flection  po in ts, 6 . 1 A, 
requ ired  two un ique  additions to aid convergence.

The f irs t addition  clipped p a ram ete rs  w hich w ere ou t o f range. W hen 
th e  sim plex is m oving th ro u g h  e rro r space, th e  p a ra m e te rs  a re  changed in  
m any  directions. N um bers in  th e  UNIX FORTRAN com piler used (f77) a re  
lim ited  to  va lues whose m agn itude  is no t g re a te r  th a n  1 0 3 8  an d  not sm aller

(6.30A)

with the parameters given by the
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th a n  1039. S ince th e  m odel equ atio n  6 . 1  A h a s  an  e x p o n en tia l te rm , 
under-flow  m ay  occur i f  th e  exponen tia l a rg u m e n t is too n e g a tiv e  and  
overflow i f  i t  is too positive. T he solution to th is  problem  w as to te s t  the  
exponen tia l p a ram ete r, and  if  i t  is  g rea te r  th a n  70 or less th a n  -70, i t  w as 
replaced  w ith  70 an d  -70 respectively . T his p reven ts  the  exponen tia l from 
g e ttin g  la rg e r  in  m agn itude  th a n  103° and  10'31. A flag is se t every tim e 
th a t  th is  is done in  th e  event convergence w as achieved in  th is  invalid  region.

T he second addition  involved lifting th e  e rro r surface in  reg ions w here 
th e  second derivative  is not expected to  be zero. T h is w as done to  m inim ize 
convergence to local m inim um s, w hich h appened  w ith  som e se ts  of d a ta . 
Som etim es sim ply re s ta r tin g  th e  sim plex w as no t enough to  g e t i t  ou t of the  
local m inim um . I t  w as a p p a ren t th a t  th e  fit w as n o t th e  final one, as th e  R2  

value w as sm aller th a n  o ther fits, approxim ately 0.98.
L ifting of th e  e rro r surface w as accom plished by calcu lating  a  re la tive  

e rro r  based  upon th e  num erica l second deriva tive  (equation  6.32A). The 
re la tive  e rro r betw een th is  value an d  th e  second derivative  gives a n  estim ate  
of th e  sum  o f sq u are  deviation  (equation  6.30A) w hen  equation  6.32A w as 
g rea te r  th a n  th e  c rite ria  0 .1 .

REPN =
pH guess

-B
C

pH guess
(6.32A)

error = ^ ( F ( V ;) - pHj)2 + 
h i

( for REPN  > 0.2  )

Where:

pH
-B

guess
pH guess

(6.33A)

REPN 

B and C

P ^ g u c s s

is the Relative Error between second derivadvc o f  the 

Parameters from the fit and the Numerical second derivative 

arc the parameters from equation 6.1 A 
is derived from the numerical derivative.
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L ifting of th e  e rro r surface w as used  to  speed convergence and to help  

p re v e n t local m in im um s. T he tech n iq u e  used  to  lif t th e  e rro r  su rface  
assum es th a t  th e  value of ^  is close to th e  num erica l derivative . L ifting

th e  e rro r surface is a  fea tu re  w hich can be sw itched on or off by specifying an  

e rro r b ias before th e  fitting  process s ta r ts . In  ac tu a l practice, th e  d a ta  w as 
f irs t f it w ith  th is  fea tu re  on, and  th en  th e  sim plex w as expanded abou t 1 0 % 

an d  th en  fit again  w ith  th e  fea tu re  off.

5.7A How to Use ENDPOINT and its Commands

M ost of th e  com m ands in  E N D P O IN T  have d e fau lt values, includ ing  
th e  “fit” com m and w hich  supp lies reaso n ab le  c r ite r ia  a s  w ell as  in it ia l  
guesses for th e  p a ram ete rs  o f th e  fit. W hen a value or option is requ ired , a  
p rom pt is given requesting  the  option an d  if  a  defau lt value is  available, th e n  
i t  is  p re sen te d  in  curly  b rackets { }. P ress in g  r e t u r n  e n te rs  th e  d e fau lt 
value.

An ENDPOINT com m and is activa ted  by en te rin g  the  com m and n am e 
a s  l is te d  on th e  m enu  screen  a n d  p re ss in g  re tu rn , or by e n te r in g  th e  
com m and n am e  and th e  p a ra m ete rs  on th e  sam e line , sep a ra ted  by spaces. 
If  you do no t en te r  param eters , th en  you a re  prom pted  for them .

5.8A Procedure for Model Analysis of Data with Endpoint

W hen a n a ly z in g  data, ENDPOINT w a s used  a s  follows:

1) The d a ta  w as read  in to  program  m em ory (“new ” comm and).
2 ) An endpo in t w as selected u sin g  “find” an d  by view ing th e  d a ta  lis ting  to 

d e te rm in e  w h e th e r  th e  p o in te r  is  on th e  d a ta  w ith  th e  m ax im um  
derivative.

3) The d a ta  subset whose first derivative w as 30% of th e  value w as m arked  
by  th e  “p e rcen t” com m and. T his se lects th e  d a ta  su b se t th a t  w ill be 
used  for f ittin g  and  o ther m anipulations.
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4) T he cu rso r w as m oved to th e  m axim um  firs t derivative  w ith  the  “m ax” 
com m and, and  th e  d a ta  subset boundaries ad ju sted  w ith  th e  “p e rcen t” 
com m and again.

5) I f  th e re  a re  p laces w here  th e  second deriva tive  ch an g es sign in  th e  
su b se t besides a t  th e  m axim um  f irs t derivative, th e  “g litch ” com m and 
w as used . This com m and sm ooths th e  d a ta  a t  th e  f irs t derivative.

6) T he d a ta  w as th e n  fit w ith  th e  “fit” com m and, w hich u ses  th e  em pirical 
m odel in  equation  6.1 A an d  m ethod described below.. T he fit w as se t to 
lift th e  e rro r surface (“e rro r b ias”) in  o rder to speed convergence. T hen  
th e  sim plex w as expanded  and  “re f it” again . F ina lly , th e  range  of 
po in ts  in  th e  d a ta  su b se t w as expanded and  con tracted  by a  few d a ta  
poin ts on each end  to  see i f  th e  add itional or few er po in ts would im prove 
th e  fit. The fit u sua lly  did no t change, b u t if  i t  did, the  fit w ith  th e  b est 
s ta tis tic s  w as used.

5.9A Initial Guesses for Parameters of the Models

T he sim plex  f i tt in g  ro u tin e  re q u ire s  th a t  in it ia l  g u e sse s  for th e  
p a ra m e te rs  to be fitted  a re  provided. T he guesses need  no t be very close to 
th e  a c tu a l (u sua lly  unknow n) values, b u t  th ey  shou ld  be a rea so n ab le  
approxim ation . The w ord “reasonable” is  subjective a n d  depends upon the  
equation , b u t  g en era lly  th e  guess shou ld  be w ith in  100% of th e  value; 
som etim es w ith in  a few orders of m agn itude  is good enough. Poor guesses 
w ill cause th e  sim plex to  ta k e  m ore tim e  an d  possibly  provide m ore false 
convergence’s due to  local m inim um s, w hich  req u ire  r e s ta r ts .  I f  th e  
p a ra m e te rs  a re  bounded (not allowed to h av e  certa in  values), som etim es a  
poor guess w ill cause  convergence to one of th e  p a ra m e te r  bo u n d aries . 
Therefore, i t  is good to s ta r t  w ith  reasonable values for in itia l guesses.

ENDPOINT allow s th e  u se r to e ith e r  e n te r  in itia l guesses or i t  can 
supply in itia l guesses . E quations for th e  em pirical model a re  given in  Table 
1.4A. The in itia l guesses used  for de te rm in in g  equ ilib rium  c o n stan ts  w ere 
lite ra tu re  values, b u t i t  w as found th a t  an y  value w ith in  a severa l o rders of 
m agnitude would provide for a  good guess.
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Parameter Guess used Effect on Equation

A P ^ d a t a  value range | Height o f  curve

C

[ M i l  
^  * L d v _ L *

A Affects slope

B -V 2 * Cd pH „ ^  2 - 0 
dv2

translate curve left or right

D -V 2 ^  V e1!.0 2
dV2 0

Rotates curve

E pH at numerical endpoint translate curve up or down

Tabic 1.4A Parameters o f  equation 6.IA; initial guesses and each parameter's effect on 
the equation.

S is the sign o f the average slope o f the data subset 
A,B»C,D,E are parameters from equation 5.1b

is the maximum first derivative in data set 

P H daia value range is thc range o f  pH  data in subset
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5.10A Statistics for Data Modeling

S ev era l s ta tis t ic s  w ere  used to  d e te rm in e  th e  e rro r  in  f i tt in g  an d  
d e te rm in e  th e  valid ity  o f th e  em pirical m odel th a t  w as used. The s ta tis tic s  
ind icate  th e  goodness of th e  fit'*0*41. T hese s ta tis tics  a re  th e  R value an d  the  
re la tiv e  m odel v a rian ce . T he E N D P O IN T  p rog ram , described ea rlie r , 
ca lcu la te s , rep o rts  a n d  sto res th ese  v a lu es a f te r  d a ta  is fit. T hey a re  
rep o rted  a s  R, V ariance , R esidual, Model V ariance  an d  R elative  M odel 
V ariance. T hese values, th e ir  significance, and  experim en ta l re su lts  a re  
described below, and  th e  values are  listed  in  Table 1.5.

5 .10.1A  T h e  R  V a lu e

The R  value or sam ple correlation coefficient of th e  fit, is a  m easu re  of 
th e  goodness of th e  fit40. I t  h a s  va lues betw een  -1 , 0 an d  1, w ith  each  
ex trem e hav ing  its own m eaning:

R value = 1.0: perfect correlation or linear relationship (fit)

R value = 0.0: no fit (worst case)

R value = -1.0: inverse correlation (e.g., R=-l for a reflection o f thc data)

T he R 2 value is u sed  w hen d a ta  is  m odeled. T he R 2 value is know n 
as th e  coefficient of m ultip le  correlation of th e  fit. T he closer th a t  i t  is to  1, 
th e  m ore “explanatory” pow er th e  m odel is sa id  to  have, or, in  o ther w ords, 
th e  closer i t  is to 1, th en  the  model used to  fit the d a ta  describes the  d a ta  in  a 
b e tte r  m anner.

The m athem atica l definition of the  R 2 value is given in  equation  6.34A. T his 
is  th e  sum  of sq u a res  exp la ined  by th e  fit d ivided by th e  p roduct o f th e  
s ta n d a rd  deviations o f th e  d a ta  and  of th e  fit values.



229

n

^ J ( p H ;  - pH )2 * (F(Vj) - F(V))2

R = (6.34A)

i=l

n

'(pH; - pH )2 * (F(V;) - F(V))2

Where:

V  = Volume
F(Vj) = the fit pH  at each V

pH = the experimental pH values

F(V) = thc mean o f thc values o f the fit

pH = thc mean o f  thc experimental pH values.

The denominator is the product o f  the separate square root o f  

variance about the mean for thc data and thc model; the numerator 

is the sum o f squares due to the model.

5.10.2A Variance

The “variance” is th e  variance of the  d a ta , defined in  equation  6.35A.

PH; is each value o f  experimental pH  

pH is thc mean o f thc experimental pH values 

The variance is used in  th e  calculation of re la tive  model variance.

n

Variance (6.35A)

Where:
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5.10.3A Residual or Estimate Error of the Fit

A n o th e r s ta tis t ic  is th e  re s id u a l, e s tim a te  o f e rro r  o f th e  f i t  or 
e s tim a to r abou t th e  m odel40*'*1. T his is  derived from  th e  v a rian ce  betw een  
th e  experim en ta l pH  an d  the  fit pH . T his ind icates th e  v a ria tio n  of th e  fit 
abou t the  model.

and  the  average d a ta  pH. The definition of model correlation is given in 
equation  6.37A. This is th e  source of variance due to  th e  model.

n

residua! o f fit = - pH;)2 (6.36A)
i = l

Where:
F(Vj) = fit pH at each experimental point V, volume 

pHj = experimentally determined pH for each Volume

5.10.4A Model Correlation

A nother m easure  o f the  goodness of th e  fit w hich w as calculated  is th e  
m odel correlation41. T his is determ ined from  the  variance betw een the  fit pH

n

model correlation (6.37 A)

Where:
F(Vj) is thc pH value o f  thc fit

pH is thc mean o f  thc experimental values o f  pH

This value gives variance due to the  model. This value is u sed  to calculate 
th e  R elative Model V ariance.
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5.10.5A Relative Model Variance

T he re la tive  model variance is th e  model correlation  from  equation  
6.37A divided by the  d a ta  variance 6.35A resu lting  in  equation  6.38A.

(F(Vj) - p ) 2

RMV = ------------------------  (6.38A)

(pH; - pH)2
i=i

The sum  of th e  Model V ariance and  th e  E stim a te  E rro r should be close 
to th e  V ariance in a  good model. A nother indication of a  good model is th e  
re la tiv e  m odel variance (RMV), w hich indicates how m uch of th e  to ta l 
variance is due to th e  model. W hen the  RMV value is a  significant p a r t  of 
th e  variance, th is  indicates th a t  th e  model accounts for a  h igh  portion of th e  
variance an d  i t  ind icates a  very good m odel41. A m odel w hich is no t good b u t 
is n e a r  th e  d a ta  points would have a  sm all RMV.
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Appendix B Voltammetric/HPLC Instrument
(for section 2)

1.0B Abbreviations and Symbols

1) .Convention used to label p a rts  in  circu it d iagram s

R................. Resistor, u sually  5% to lerance
S..................Sw itch
C..................C apacitor
Q .................T ran sis to r or o th e r solid s ta te  device
LED............L ight E m itting  Diode, defau lt is a  red  color
T................. T ransform er
t.................. tie  point
F.................Connection w hich is continued in  an o th e r figure
D ................Diode
IC............... In teg ra ted  C ircuit
IS................Socket for in teg ra ted  circuit
S................. Sw itch
DPTT.........Double Pole T rip le  Throw  (switch)
P................. V ariable res isto r (Potentiom eter)
J ..................Connector
N.C.............N ot Connected
+5 V........... Positive 5 volt DC pow er
-15 V.......... N egative 15 volt DC pow er
+15 V ........Positive 15 volt DC power
T T L ........... T ransis to r T ran sis to r Logic level electrical signa l or circuit
NO.............. N orm ally O pen connection or p a th
NC...............N orm ally Closed connection or p a th
BNC........... Bayonet type coaxial connector for RG-58 cable
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2) O th e r A bbreviations

M M E .........M etrohm  M ulti-M ode m ercury  E lectrode
SM E...........S ta tic  M ercury E lectrode
DME......... D ropping M ercury E lectrode
HM E..........H ang ing  M ercury drop Electrode
HPLC-EC...High Perform ance L iquid C hrom atography w ith  

ElectroC hem ical detection
FI A............Flow Injection A nalysis
S C E ...........S a tu ra te d  Calomel reference E lectrode
WJ............. W all J e t  electrode
W T ............W all Tube electrode
AVC...........A ir V alve Control
A/D.............A nalog to  D igital C onverter
D /A ............D ig ita l to Analog C onverter
I/V ............. C u rren t to Voltage converter or conversion value
elk...............Clock (frequency) connection
HSW AVE_The nam e of th e  p rogram  which drives th e  electrochem ical

in s tru m e n t
D EC...........D ig ita l E quipm ent C orporation
PARC........ P rinceton  Applied R esearch  Corporation
BAS............B ioAnalytical System s
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2.0B General Operation

2.IB Analyzing Data for Area, Plates, Peak, etc.

Selected portions of d a ta  can be analyzed for background, range, a re a  
betw een th e  background and the  curve, th e  re ten tion  tim e of a  peak, th e  h a lf  
w id th  o f a  peak , an d  th e  n u m b er o f th eo re tica l p la te s . To ob ta in  th is  
analysis, th e  D is p la y  m enu l(T) com m and “I” is used . The d a ta  analyzed  
a re  selected  according to th e  d isp lay  mode: sum m ed p a irs , d iffe ren tia l 
pa irs , o r norm al mode. T here a re  th ree  additional m odes re la ted  to norm al 
m ode d a ta . They a re : all d a ta , w hich is sim ply th e  d a ta  from  all o f th e  
channels; curve 1 w hich is d a ta  from  every  odd channel; a n d  curve 2 w hich 
is d a ta  from  every even channel.

Before th e  “i ” com m and can  be executed, th e  reg ion  o f d a ta  to be 
analyzed  h a s  to be defined. T his is perform ed by u s in g  th e  “M” m ark  
com m and. The region of in te res t is m arked  by firs t m oving th e  cursor to th e  
left of th e  region an d  m ark ing  by typ ing  M l ; th e n  to  th e  rig h tm o st and  
en te rin g  m 2 . T hen, th e  a rea  w hich defines the  background  signal m u st be 
m arked  by  u sin g  M 3 for th e  left o f th e  background reg ion  an d  M 4 for th e  
r ig h t of th is  region. T he background is o f th e  form:

I = m * T  + b (IB)

Where:
I is current
T  is Time
m and b arc parameters o f  thc background signal equation

The background  region  is selected depend ing  upon how  it is  to  be defined. 
T his region can e ith e r  be 1) a  se t o f d a ta  w hich w ill be averaged  or 2) two 
po in ts w ith  a  s tra ig h t line betw een th em  (th is is a  background w ith  b and  m 
defined). T he m ethod  of ob ta in ing  th e  background is de te rm in ed  by th e  
experim enter. The defau lt is a line fit (1), w ith  M3 a t  th e  sam e poin t as M l  

an d  M 4 a t  th e  sam e po in t as M2.
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A fter L is  p ressed , th e  m ethod of de te rm in ing  th e  background signal 
is  p rom pted  for. If  a  f it  background is selected, th e  boundaries of th e  d a ta  
region a re  th e  sam e a s  th e  boundaries for th e  background  region. O n th e  
following page is a n  exam ple of th e  ou tpu t, th e  lis ting  show s th e  file nam e of 
th e  d a ta  a long  w ith  th e  n u m b e r of d a ta  p o in ts  a n d  ID  n u m b er o f th e  
w aveform . T hen  lis ted  a re  com m ents for th e  da ta , th e  channel n u m b er for 
d a ta  region an d  background region, c u rre n t m inim um s and  m axim uras, and  
th e  a rea  u n d e r the  curve.

The a re a  u n d er th e  curve is calculated  by e s tim atin g  th e  in teg ra l u sing  
a  num erical sum m ation . The a re a  betw een da ta  poin ts is estim ated  to be th e  
trapezo id  form ed by each p a ir  o f d a ta  po in ts and  th e  background . T hese 
values are  th e n  sum m ed to estim ate  the  a rea .

M2-1
Area « 0.5 * £  < T i+i - T  j ) * { I i+i - B i+I + I i - B j) (2B) 

i=Ml
Where:

T  is time value
I is value o f  current
B is current calculated from background

M 1, M2 arc the boundaries o f  thc data set

The background  equation  IB is p resen ted , w hich  should  be briefly  
exam ined  for any  odd ities. N ex t comes A rea W eighed R e ten tio n  T im e 
(AWRT), w here  th e  tim e of each d a ta  p o in t in th e  d a ta  region  is g iven  a  
w eigh t according to  i ts  c u rre n t va lue  an d  th en  sum m ed  according to th e  
following equation:

M2
i T i - J j

AWRT = ■kMj^2  (3B)

X * i
i-M l

a line fit Follow ing th e  AWRT is th e  re ten tio n  tim e based  solely on the  tim e 
value of th e  m axim um  . The channel num ber w hen th is  occurs is also given,
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an d  th e  h a lf  w id th  is calculated from  th e  h a lf  h e ig h t o f th e  peak . T hen  the  
n u m b er of theore tical p la tes a re  given, w hich is  calcu lated  by:

_  _ _ , f  Rctcntion_Time
N ' 5-5 4 * (  half_wid.h J <4B>

an d  finally , the  c u rre n t a t  th e  h a lf  peak , re la tiv e  to  th e  background  is 
calcu lated . An exam ple of th e  p rin to u t follows:

Press F or A Fit line or Average between marks 3,4 {F} F 

Data ONOV12.003 : 274 points 52 wave type 

ABCD

niacin 5*10-5 M 2000 PSI

Marks between: 221 256 back: 221 256 Channel #  for marks

Current Min & Max -0.619201183 pA -0.156017780 pA  

Background Equation subtracted: -0.459839395 pA 0.442960300E-07 pA  

Area, Background cqn. offset -0.494456223E-01pA  * Min

Background equation: I = -0.278664E-03 * channel# + -0.944332E-01  

Area Weighted Retention Time 1.96961578 Min 

Retention Time 1.94916666 Min 233# channel

Time at each half width 1.90666664 Min 2.00162005 Min

Distance between halves 0.949533358E-01 Min

N  = 5.54 * ( 1.949167 /  0.9495334E-01) **2

Number o f theoretic plates = 2334.464

( Between channels 227 229 and 239 241:

Relative half peak = -0.229919697 pA )

Press return....
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2.2B Short Summary of the Data, HSSUMA

T here  is  a  u t i l i ty  p ro g ram , H S S U M A  w hich  fu rn ish e s  a  sh o rt 
sum m ary  of d a ta  sto red  in  files th a t  are  labeled w ith  th e  sam e nam e and  th a t  

h a v e  se q u en tia l n u m eric  ex ten sio n s (e.g., N IA C IN .0.0.4, NIACIN>0.0.5, 
NJACI.N,0.0.6, NIACJND0.7, etc.). T he su m m ary  is p re se n te d  on th e  
te rm in a l screen or in  a  file on disk. The defau lt for th e  file nam e is the  nam e 

of th e  d a ta  w ith  th e  ex tension  ..JSS.M (exam ple: for th e  NIACIN se t in  th e  
p rev ious exam ple, th e  sum m ary  w ould be nam ed  NIACIN,S.SM).

The su m m ary  consists o f a h e a d e r and , for each file, fo u r lines of 

inform ation. I t  is very  terse  an d  in tended  th a t  w ay so th a t  th e  experim en ter 

can  have a quick reference to th e  d a ta  set. I f  a  m ore verbose and  descriptive 
sum m ary  is needed, th e  p rogram  H S S U M  should be used.

T he sum m ary consists o f the  following:

1) T he f irs t line  con ta ins, in  order, th e  file nam e, th e  w aveform  type 
(SQW for sq u are  w ave, etc.), how th e  drop knocker w as set, cycle type 
(cyclical or norm al), the  c u rre n t gain, th e  c u rre n t to voltage conversion 

factor, th e  c u rre n t offset, nu m b er of com plete scans and  to ta l num ber of 

d a ta  points.

2) T he second lin e  consists of a  lis t o f all th e  p a ra m e te rs  u se d  for th e  

waveform , in th e  sam e o rder a s  it would a p p ea r in  th e  m enu.
3) T he th ird  line  con ta ins th e  inform ation  given in  th e  w aveform ;s m enu 

screen; for exam ple, scan ra te , tim e for each scan , etc.
4) The fourth  line gives the  com m ents en tered  by th e  experim enter.

H ere  is an  exam ple of a  sum m ary  produced by H SSU M A :
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H S W A V E  version short summary 2.020 Summary report starting with 

DY1:0AUG31.001

Info for each file, in order:

Name Wave Knock Cycle Gain I/V:pA/V I. offset #  scans #  data 

Waveform parameters are listed here 
Comments are listed here, i f  any

0A U G 31.001 SQW  scan norm 10. 100.0000 -98.00000 1 848

-99.985 -4.997 -49 .935-2200 .008  0.000 25.000 300.000

Rate -0.9994629E-01V/s; 848 points; -99.9849 to-2197.7188 mV; 21.500 sec 

Square Wave o f  Background buffer; pump is on

0A U G 31.002 SQW  scan norm 10. 10.00000 -9.800000 1 848

-99.985 -4.997 -49.935 -2200.008 0.000 25.000 300.000

R ate-0 .9994629E-01V/s; 848 points; -99.9849 to-2197.7188 mV; 21.500 see 

Background, greater sensitivity (lOuA F.S.) sqw

0A U G 31.003 SQW  scan norm 10. 100.0000 -98.00000 1 848

-99.985 -4.997 -49 .935-2200 .008  0.000 25.000 300.000

R ate-0 .9994629E-01V/s; 848 points; -99.9849 to-2197.7188 mV; 21.500 sec 

10-5 M thiamine sqw

0AUG 31.004 D D P cycle norm 10. 100.0000 -98.00000 1 444

-999.962 -4.997 -99 .985-2099 .985  0.000 700.000 50.000 300.000

Rate -0 .713902lE-02V/s; 444 points; -999.9619 to-2095.9412 mV; 222.00 sec 

10-5 M thiamine diff pulse
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2.3B Long Summary of Data, HSSUM

T he u tility  program , H S SU M  produces a long sum m ary  of d a ta  stored 

in  files w hich  have th e  sam e nam e and seq u en tia l num eric  ex tensions (e.g., 

NIACIN,Q.Q4, NIACIN,0.Q.5, NIACIN.0.0.6, ..NIA.C.IN,QQ.7, etc .). T he 
sum m ary  is p resen ted  on th e  te rm in a l screen  or in  a file on disk. T he d efau lt 

for th e  file nam e is th e  nam e of th e  d a ta  w ith  the  extension ASUM. (exam ple: 
for th e  prev ious exam ple, th e  NIACIN se t , th e  su m m ary  w ould be nam ed  
NIACIN.S.UM).

T he sum m ary  consists o f all of th e  p a ra m e te rs  th a t  th e  d a ta  w as ru n  
u nder, w ith  a  descrip tive label for each. Included a re  th e  range  of voltages 

used , c u rre n t range m easured  and  firs t an d  la s t d a ta  po in t tim e.

H ere is  a n  exam ple of a sum m ary  of one file produced by HSSUM:
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HSWAVE version 2 .00000OSummary report starting with DY1:0AUG31.002

DY1:0AUG31.002 f i lesize= 1536 words 
Data stored under version 1.400

848 Data points; 1 scans o f  848 points each

Scan 4 cycles/scan = 424; rev cycles/scan = 0; data/cycle = 2
Data comment:
Background, greater sensitivity (lOuA F.S.) sqw 
Scan 4; type = normal

848 points; 848 points/scan; 1 scans
Knocker was set to knock: scan 
Air valve was on for time 300.0000m s 
N o initial Potential: start reference = -99.98486 m V  
Current display mode DIFF
IIV conversion 10.0000 flA/V; A /D  gain 10.00000 offset 0.000  
A /D  res 4095.000 ; A /D  channel # 5
Tim e base 0.1000000 ms/Tick

A /D  Calibration:
1.019000m V <=> 1839.#; O.OOOOOOmV <=> 2048 .#;

D /A  resolution 65535.00 ; D /A  Calibration:
2500.000000m V  <=> 65535.# ; -2500.000000m V  <=> 0.# ;

ioff 2; strip chart offset 0 .0000000 ; display 2048
diff/sum strip chart magnification 0
Buffer size 4096; status: 1 0

scan = 4 general parameter file SY:HSSQW.WAV

initial potential 
step potential 
pulse potential 
final potential 
tO initial time 
tl pulse
tair SME time 0=off 
max scans;0-nonstop 
knocker 
cycle type
g°
save and go

-99.98486  
-4.997314  

-49.93530  
-2200.008  

0.0000000 
25.00000  

300.0000  
1.000000 
3.000000  
0.0000000 
0.0000000 
0.0000000

Voltage from -2247.692 to -50.01147  
Tim e o f  last point = 0.3583333M in ; Avc current 0.9670705  
Current mins = -9.7513199E-03 -9.7513199E-03 flA  
Current maxs = 12.14512 12.65705 JXA
Tim e o f current min, max 5.4166666E-03 0 .3004167 Minutes 
# o ff scale values: low = 0; high = 118
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2.4B List of Global Commands for HSWAVE

G lobal com m ands in  HSWAVE a re  com m ands w hich a re  active  in  any 

m enu  (i.e., a t  any  tim e) except w hen th e  graphics screen  is displayed. This 

section p resen ts  a lis t of th e  com m ands and  w h a t th ey  do.

?9  
•  *

MONITOR

REDRAW red raw  th e  m enu screen.

STOP Stop th e  c u rre n t scan im m ediately.

HELP Give help . I f  a n  a rg u m e n t is used , he lp  is given for the

argum en t. T he a rg u m en t should be  e ith e r  a function  from  

th e  c u r re n t  m enu  or a  g lobal com m and . E x am p le : 
HELP P U L S E

? S h o rt form  o f he lp . T he sam e a s  h e lp  b u t  p roduces a
sum m ary  in stead  of a  long form. Exam ple: ?  P U L S E  

Lists th e  global com m and nam es.
A rgum ents: ON OFF T urns th e  d a ta  inform ation m onitor on 

or off. This shows the  s ta tu s  o f a scan. Exam ple: Use MON 

OFF for fast scans.

OUTPUT A rgum ent is a  voltage num ber. Forces th e  D/A to  o u tp u t a

specific voltage w hen th e  scan  is off. E xam ple: OUT 200 

will im m ediately  apply 200 mV a t  th e  ou tpu t of th e  D/A.
I n p u t  Reads and  displays a  value from  th e  A/D converter (current)

w hen th e  scan is off.

DISPLAY The n u m b er of com plete scans to be d isp layed on th e  rea l
tim e d isp lay  (oscilloscope). E xam ple: DIS 20 I f  no

a rg u m e n t is given, a reasonab le  v a lu e  is used  depend ing  

upon th e  scan type and num ber of scans chosen.

ROFF Provide a n  offset for the  s tr ip  ch art ou tpu t.

MAGNIFY M agnify th e  o u tp u t to  th e  S trip  c h a rt recorder by 2



242

GAIN C hange th e  ga in  of the  A/D converter. A rgum ents are  1, 10,

100, 1000, Exam ple: GAIN 10 se ts th e  A/D g a in  to 10. See 

Tables 2.5 and  2.6 (in m ain  tex t) for inform ation  on gain.

ALARM A rgum ents: ON OFF This a la rm  is used w hen  scanning. I f  

th e  c u rren t goes off scale for th e  A/D, th e  te rm in a l bell will 
ring. Exam ple: ALARM ON will tu rn  the  a la rm  on.

OFFSET A rgum ent is a  num ber for c u rre n t in  mA. T his value should

be th e  offset o f th e  c u rre n t v a lue  due to th e  I/V converter 

(electrom eter), an d  the  C u rre n t Offset device. See Appendix 

4.7B for m ore in fo rm a tio n  on th e  c u rre n t  o ffse t device. 
Exam ple: OFF 0.1 te lls th e  com puter th a t  th e  ac tu a l value 

for th e  c u rre n t is  0.1 mA g re a te r  th a n  w h a t i t  m easures. 

W henever a  w aveform  is s ta r te d , a  p rom pt is  au tom atica lly  
given for en te r in g  th is  value. T his com m and is used  if  the  
offset needs to be changed.

The following affect the terminal, pen plotter and real time display:

DIFF Switch display mode to d ifferen tial p a irs  o f d a ta .

NORM Sw itch d isp lay  mode to norm al.

SUM Sw itch d isp lay  m ode to sum m ed pa irs  of da ta .

2.5B How to Get Help

O n-line help  is availab le  for ju s t  abou t any  com m and. To ge t help for 
m enu com m ands listed  on the  screen, en te r

HELP com m and
w here com m an d  is th e  nam e o f th e  com m and (e.g., HELP LIST will give 

help  for th e  l is t  command). I f  a ll th a t  is needed is a  sho rt form  of help, en te r 

?  com m and  w here  a  question  m ark  ? is used  in stead  of the  w ord help.

I f  a  l is t  o f th e  global com m ands is requ ired , e n te r  ??, tw o question 
m ark s o r to  g e t he lp  for each one, e n te r  HEUP global com m and  w here 

global com m and  is th e  nam e of th e  comm and.
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2.6B How to Abort a Command or Function

S om e com m ands m ay  be aborted  before  they  s ta r t .  I f  a  m essage 
appears , "press re tu rn "  , p ressing  th e  e s c  key or, th e  e sc  key and  th e n  
return  w ill abo rt th e  process.

A n o th e r case is  w hen  d isp laying  d a ta  o r p lo tting . P ress in g  th e  esc  

key before th e  plot is done will abort th e  plot.

W hen  a scan is fin ished , and  i t  w as  s ta r te d  w ith  "Save", an d  th e  
p rog ram  p ro m p ts  for e n te r in g  a filenam e, th e  save m ay  be aborted  by 
en te rin g  th e  esc key in s tea d  of a  file nam e.

T he e sc  key w ill no t a b o rt a  scan. T he only way to  ab o rt or end a scan  
is to e n te r  th e  global STOP comm and.

T he p rog ram  m ay be ended by a c tiv a tin g  the "E x it P rogram " in  th e  
m ain  m enu . W hen th e  p rogram  ends, th e  RT-11 m on ito r is  s ta rte d . To 
re s ta r t  th e  program , e n te r  :

@VM:HSWAVE
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3.0B Example of Displays on the Terminal Screen

3.1B Start up screens
The following is a n  exam ple of w h a t appears on th e  te rm in a l screen  w hen  the  
in s tru m e n t is s ta rted . Inform ation  in ita lics does no t appear on th e  screen.
Item s w ith  a  dotted  underline  a re  en tered  by th e  user.______________________

HSWAVE startup disk for 11/73  
Electrochemical Waveform Generator and Data Acquisition for HPLC 

There should be a formatted and initialized disk in DY1:
(Top disk drive) for storing data.
D o not remove the startup disk in DYO:

This disk will erase and format VM : and copy necessary files 

to VM : to run HSWAVE.

If the computer asks you to enter the date, enter the correct date.
An example o f  the format o f  the date is as follows: 28-Mar-95 

Please enter A t this point, ifthe computer does not have
Today's date: 2.1.-augr93 the date and time, you will be prompted for
Current time: 5.:.Q.0 this information. Use the correct date.

Please wait a moment while VM: is being setup.
HSWAVE will start after everything has been set up.

There are other programs which can be run when HSWAVE is exited. They arc:

H S3D Display HSWAVE data as 3 - D  surface plot 
HSSUM, HSSUM A gives you a summary file about a set o f  data files 

(if they were stored with number extensions)
The virtual disk, VM: which resides in memory is now being setup. This takes about 2  minutes. 
When VM: is ready, you will see the following which indicates that VM: is being booted:

HSWAVE

Electrochemical Waveform Generator and Data Acquisition for HPLC 
To restart, enter @VM:H SWAVE

There should be a formatted and initialized disk in DY1:
(Top disk drive) for storing data.

D o not remove the startup disk in DYO:____________________________________________
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Hswavc error: if  when trying to save data, it says “delete error”, 
make sure that HSWAVE.D A T on the data disk (DY1:) is unprotected 
(and that there is a disk in DY1:!)

When the HSWA VE commandfile starts, you will see:
21-Aug-91
05:01:48 When the program starts, you will see:
11 /7 3  system and then the first screen is presented:

Main menu commands:

A pulse voltammetry 
B simple pulse 
C other functions 

D  Internal values 
E List Data 
F Plot Data 
G Storage 
H Display 
I Cursor functions 
J Help
Z exit program

Hswavc v 1.43 -main menu command :
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3.2B Example Menu Screens

3.2.1B Scanning Waveform; Differential Pulse

T his section p resen ts  an  exam ple of th e  scan n in g  w aveform  m en u  for 
d ifferen tia l pulse. T he f irs t line o f th e  m enu is th e  h e a d e r w hich p re sen ts  
th e  w aveform  nam e an d  in te rn a l nu m b er (d iffe ren tia l pulse  is w aveform  
#3). The colum n on th e  left consists o f single cap ita l le tte rs  w hich m ay  be 
used  to select th e  com m and or p a ram ete r. The second colum n consists of 
p a ra m e te rs  or com m ands w hich describe each function  and m ay be u sed  in  
lieu  of single le tte rs: e.g., to s ta r t  a  scan, en te r  e ith e r  I or G o . T h e  
th ird  colum n consists of p a ra m e te rs  for m any  o f th e  functions. T he la s t  
colum n contains u n its  of the  p a ram eter.

N um erical p a ra m ete rs  w hich a re  en te red  a re  converted to  th e  n e a re s t 
v a lu e  th a t  th e  in s tru m e n t w ill use. For exam ple, i f  a  value of -1000 w as 
e n te re d  for th e  fu nc tion  A I n i t i a l  P o t e n t i a l ,  i t  is th e n  changed  to 
-999.962 mV, w hich is th e  n e a re s t q u an tity  to -1000 th a t  th e  D/A converter 
can  ac tu a lly  ou tp u t. T im e p a ra m e te rs  have  th e  sam e p roperty , w here  
values a re  rounded to  th e  n e a re s t 0.1 ms.

P a ra m e te r  I Max Scans; 0= n on stop  d e te rm in es  th e  n u m b e r of 
tim e s  t h a t  a  scan  w ill be ru n . I f  zero is  in  th is  place, th e  scan  w ill 
continually  rep ea t u n til the  u se r en te rs  th e  com m and STOP.

P aram e te rs  K n o c k e r  and  C ycle use w ords a s  th e ir  p a ra m e te rs . To 
discover w h a t th e ir  p a ra m ete rs  a re , e n te r  th e  com m and and a lis t of values 
w ill be given.

U n d e r th e  m enu  is an  in fo rm atio n  line , w hich  gives a d d itio n a l 
in form ation  concerning th e  scan w ith  th e  p a ra m ete rs  a s  lis ted  in  th e  m enu. 
In  th is  exam ple, th e  scan  ra te  is -0.769*1O'2 V/s, th e  to ta l nu m b er of d a ta  
p o in ts  is 384 (or 192 d ifferen tia l points); th e  exac t s ta r tin g  p o ten tia l is 
-999.9619 mV; th e  exac t final p o ten tia l is -1947.1656 mV and  th e  tim e for 
one com plete scan is 182.4 seconds. W hen th e  global com m and MON is se t 
ON, the  line below th e  inform ation line w ill contain  th e  s ta tu s  of th e  c u rre n t 
scan. U ndernea th  th a t  is the  p rom pt for th e  com m ands.
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3) D iff Pulse Menu commands:

A  initial potential -999.962 mV
B step potential -4.997 mV
C pulse potential -74.960 mV
D  final potential -1949.989 mV
E tO initial time 0.000 ms
F tl time each step 650.000 ms
G t2 pulse time 50.500 ms
H tair SME time 0=ofF 300.000 ms
I max scans;0=nonstop 1.000
J knocker cycle
K cycle type normal
L go
M save and go
W  Wait/save
Z exit menu

Rate -0.76882E-02V/s; 384 points: -999.9619 to-1947.1656 mV; 182.400 sec

Hs w a ve v l . 4 3  -DifFpulse command:
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3.2.2B  T h e P lo t  S c r e e n

The screen  for p lo tting  d a ta  m ay be e n te red  e ith e r  th ro u g h  th e  m ain  
m enu  P lo t  or th ro u g h  any of th e  D isp la y  screens. The options A  through  
L  affect bo th  T ektron ix  (term inal) screen p lo t as  w ell as th e  p lo t o u tp u t from 
th e  H ew lett-P ackard  7475 p lo tter.

Plot parameters for I(T)

A Xlimit autoscale
B Ylimit autoscalc
C Axis autospace
D  Connectivity on
E XRcverse off
F YReverse on
G Significant figures 5.000
H x size 17.000
1 y size 10.000
J Time Label unit min
K XY limits change
L Channels change
M Pens Line 1 Axis 2 Title 3 Label 4 File 5 Comm 6
N  Quadrant 0.000
P Plot
Z exit menu

X =  0.01642 to 3.48333min; Y =  -7.86922 to -2.94974uA
channels = 1 to 418 total #scans = 209 each scan = 2
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4.OB Maintenance, Operation and Circuits

T his section discusses th e  in stru m en t: m ain tenance , u tiliza tio n  and  

th e  c ircu itry  developed for it. Schem atics and  d iag ram s a re  located a t  the  
end of th is  section.

4.IB Air Valve and the Control Circuit (AVC)

T he A ir Valve is used  to  control p ressu re  to th e  M M E. The valve h as 
th re e  connections: comm on, norm ally  open (NO), n o rm ally  closed (NC). 

W hen th e  valve is off, common is open to (NO). W hen th e  valve is  energized, 

th e  a ir  p a th  from  common to (NO) is sh u t an d  the  a ir  p a th  from  common to 

(NC) is open. The a irw ay  above th e  d iaphragm , th e  MME need le  control, is 
connected  to common an d  th e  (NO) connection  is a tta c h e d  to  th e  m ain  
pressu re .

W hen th e  valve (or th e  in s tru m en t) is  off, p ressu re  is  app lied  to  the  

needle control w hich causes th e  needle to se a t and  th e  m ercury  flow is cu t off 
(section 2, F igure  12). W hen th e  a ir  valve is energized, th e  (NO) section is 
sh u t off, an d  th e  needle control is vented to  a tm ospheric  p re ssu re  and  th e re  

is  m erc u ry  flow  (m ain  te x t  F ig u re  13). S ince th e  need le  con tro l is  a 
d iaph ragm  on the  o th er side of th e  m ercury  cham ber, th ere  is no possib ility  

of ven ting  m ercury  fum es to th e  air, unless th e  d iaphragm  is broken.

The Air Valve Control (AVC)

T his electronic device provides for m an u a l on and  off for th e  a ir  valve 

w hich controls the  MME and  i t  acts as an  am plifier so th a t  th e  d ig ita l ou tpu t 

TTL level s igna l from th e  com puter can control th e  a ir  valve. I t  also h as  a 
lig h t w hich ind icates w hen th e  a ir  valve is  in  a  position th a t  w ould allow  

m ercury  to flow. The schem atic for th is  device is show n in  F igure  IB.

Features
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T he AVC fea tu re s  an  on/off sw itch, a  m an u a l m ode sw itch , an d  an  
ind icato r w hich ligh ts w hen power is applied  to th e  a ir  valve (and  th u s  w hen 
m ercury  is flowing).

T he h e a r t  o f th e  circu it is a n  A ngar Scientific #339V6H8 two w ay a ir  
valve. W hen unpow ered, th e  a ir  pa thw ay  is open betw een common and  NO; 
w hen  energized, th e  a ir  p a th  is open betw een common and  NC (and NO is 
closed). All th e  o th e r circuitry  is used  to power th e  valve, provide a  voltage 
in te rface  to  th e  com puter, an d  provide a  w ay to  sw itch  from  m a n u a l to 
au tom atic.

O peration

T he tran s fo rm e r box m u st be p lugged in to  a  60 Hz 110 VAC pow er 
source. The sw itch S I  (“power”) tu rn s  th e  low power on and  off. The sw itch 
S2 (“m an u a l”) will tu rn  on th e  ou tpu t to th e  a ir  valve if  the  rem ote  signal is 
n o t overrid ing  th is  sw itch. To m anually  tu rn  th e  a ir  valve on an d  off and  
bypass th e  rem ote  signal , se t sw itch S2 to m anua l an d  use S i  to sw itch on 
and  off. LED1, a  red  light, ind icates th e  s ta te  of th e  signal to th e  a ir  valve.

C ircuit d escr ip tion

T he pow er is  derived  from  a nom inal 9 volt DC w all tran sfo rm er. I t  
goes th rough  on/off sw itch S I  and  th en  to D l. Diode D1 p reven ts th e  c ircu it 
from  blow ing out i f  reverse  polarity  or AC is applied. C1,C2, D2 D3 an d  Q3 
m ake up  th e  voltage reg u la to r circuit. A voltage betw een  6 an d  7 volts is 
requ ired  for th is  circuit. D2 and  D3 brings th e  ground of the  in teg ra ted  five 
volt regu la to r, Q3 up  by 1.5 volts, m aking  th e  ou tpu t 6.5 volts. This voltage 
is used  to  pow er th e  r e s t  of th e  circuit. Q3, D2 an d  D3 m ay be su b s titu ted  
w ith  a  6 volt regu la to r such as an  LM7806.

W hen Sw itch S2 is off (“au to  m ode”), th e  o u tp u t is on w hen a  TTL low 
signal (0) is applied. W hen the  ou tpu t is  on, the  a ir  valve is on.

T he control signal in p u t h a s  a  reversed  b iased  diode, D5, to  p rev en t 
sig n a l u ndershoo t. D4, R1 an d  R2 form  an  im pedance te rm in a tio n  to 
m inim ize s igna l reflection. Both tra n s is to rs  Q1 an d  Q2 a re  configured as
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sw itches, w ith  th e  in p u t th rough  th e ir  bases. E ith e r  R3 or R6 drive the  base 
of tra n s is to r  Q l. The signal th rough  R3 is from  th e  control signal. R6 is 
connected to S2, w hich w hen sw itched to ground, w ill override a  TTL signal 
a t  R3 an d  tu rn  th e  o u tp u t on. W hen Q l  is on, th e  base  c u rren t for Q2 , the  
o u tp u t tra n s is to r , w hich comes from  re s is to r  R4 is effectively sh u n ted  to 
g round  an d  Q2 is th u s  off. W hen Q l is off, th e  c u rre n t going th rough  R4 
goes th rough  th e  base  of Q2 and  th u s  th e  ou tpu t is on. LED1 ind icates w ith  
a red  lig h t w hen th e  o u tp u t is on. R eversed b iased  D6 p rev en ts  inductive 
spikes from  th e  coil o f th e  a ir  valve from dam aging th e  circuit.

T he P ressu re  R outer

The P ressu re  R outer is a  connector for th e  a ir  valve, gas, and  MME 
gas lines. I t  is  a  Plexiglas™  block m achined to f it th e  connectors w hich 
come w ith  th e  MME as well a s  th e  a ir  valve (F igures 11 -14). The p ressu re  is 
applied  a t  th e  Gas In  end. I t  sp lits  to two connections. One connects to the  
m ercury  reservoir. The o th er goes to th e  (NC) connection of th e  a ir  valve. 
The (NO) connection of th e  a ir  valve connects to a p a th  to  th e  needle control.

4.2B Drop Knocker & Interface

T he in te rface  to the  drop knocker allow s th e  com pu ter (or TTL level 
p u lse  g en era to r) to control th e  P rinceton  A pplied R esearch  M odel 174/70 
D rop T im er. The schem atics for th e  c ircu itry  is given in F igu re  2B. The 
c ircu it is b u ilt into th e  body of th e  drop knocker. T here  a re  two holes w hich 
w ere drilled  on the  top of the  knocker to access th e  two 20 tu rn  po ten tiom eter 
controls. O ne control de te rm ines th e  s tre n g th  of th e  knocker's s trik e  and  
th e  o th er estab lishes th e  sw iftness o f th e  strike . T he tim ing  is ad justab le  
from  1ms to 80 ms. T his tim e refers to th e  signal applied  to th e  knocker by 
th is  circuit. I t  is b e s t to a d ju s t th e  ad ju stm en t controls w ith  th e  in s tru m e n t 
se t to  knock a t  a  reasonable ra te , such as once every h a lf  second.

T here  a re  two connections to th e  drop knocker. One is a  cable w ith  
two connectors w hich a re  connected to th e  power supply. The pow er supply 
consists o f a  w all tran sfo rm er. N ear the  tran sfo rm er a re  the  capacitors C2
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and  C4 a n d  th e  five volt regulator, Q2. The o ther cable is a  shielded tw isted  
p a ir  cable (the shield  connected to g round  only a t  one side) w hich connect to 
th e  d ig ita l ou tpu t o f th e  com puter. T he b lack  goes to g round  and  the  lig h te r 
color connector is th e  signal.

O peration

T he tran sfo rm e r box m ust be p lugged  in to  a  60 Hz 110 VAC pow er 
source. T here  is no pow er switch; e ith e r  u np lug  i t  or connect i t  to a pow er 
s tr ip  w hich is tu rn ed  off w hen th e  system  is off. T here  is no d irect m an u a l 
m ethod  to  fire  th e  d ro p  knocker. I f  i t  is n ecessa ry  to m an u a l fire  th e  
knocker, unp lug  th e  signal connector an d  tem porarily  g round  it.

Circuit description

T he pow er is derived  from a nom inal 9 volt DC w all tran sfo rm er w hich 
is connected  to a  five vo lt reg u la to r, described  above. In side  th e  drop  
knocker, an d  a t  th e  signal input, re s is to rs  R1 an d  R2 form  a  d iv ider w hich 
serves a s  bo th  a reference  voltage w hen  th e  in p u t is unconnected  and a s  a 
signal te rm in a to r  w hich helps to p reven t reflections of th e  in p u t signal. The 
s ig n a l th e n  goes in to  th e  S c h m itt t r ig g e r  in p u t  o f th e  m o n o stab le  
m u ltiv ib ra to r  in te g ra te d  circu it , 74LS221. T his c ircu it o u tp u ts  a  pu lse  
signal (a t  th e  pin used , p in  4, h igh  to low back  to h igh) w hich  is  precisely 
contro lled  by the  capacito r C2 and  th e  su m  of R4 an d  p o ten tio m ete r P I  by 
t  = C2 * (R4+P1) * />t(2). Once th is  circuit h a s  been triggered , any additional 
signa ls from  any source a re  ignored u n t i l  th e  o u tp u t re tu rn s  high. The 
o u tp u t is  coupled to tra n s is to r  Q l th ro u g h  res is to r R6. The o u tp u t o f Q l  is 
no rm ally  low and goes to  th e  in p u t o f th e  drop knocker. T h is signal goes 
h igh  for th e  du ra tion  of th e  74LS221 o u tp u t pulse. The in p u t to  th e  knocker 
is to th e  b ase  of an  N P N  tran s is to r. Q l  provides a  c u rre n t to the  knocker 
c ircu itry  w hose value depends upon re s is to r R7 and P o ten tiom eter P2. T his 
p o ten tio m e te r controls th e  s tren g th  o f th e  knocker blow. The PARC drop 
knocker c ircu itry  consists of NPN tra n s is to rs  in a  D arling ton  configuration 
and  two solenoids in  opposition. One solenoid is alw ays energized; w hen th e
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tra n s is to rs  a re  energized, charge from a large  capacitor is dum ped  across th e  
second solenoid and  th e  knocker a rm  is moved.

R esis to r R3 provides a reference level for th e  active p a r t  of 74LS221, 
cap ac ito r C l  is for pow er reserve  a n d  a c ts  a s  a  noise a b so rb e r for th e  
in te g ra te d  circuit, and  re s is to r R5 provides a  reference level for the  un u sed  
section of th e  in teg ra ted  circuit..

4.3B Digital to Analog Converter Circuit (D/A)

T he D/A converts a  d ig ita l signa l from  th e  com puter in to  an  analog  
o u tp u t s ig n a l. The D/A converter consists o f a  B urr-B row n 729K 18 b it  
D ig ita l to A nalog converte r w ith  some suppo rt c ircu itry . I t  w as carefu lly  
designed  a n d  constructed  to p rev e n t noise  and  c u rre n t loops as p e r  th e  
specification sheet. Im p o rtan t connections a re  k ep t as sh o rt a s  possible, a re  
sh ie ld ed  w h en ev e r possib le , a n d  th e  an a lo g  a n d  d ig ita l g ro u n d s a re  
connected a t  only one point. C apacitors are  provided to bo th  provide reserve  
pow er a n d  a s  decoupling capacitors to reduce noise. The schem atics a re  in  
F igures 3B-6B.

F e a tu r e s

T he defau lt o u tp u t is ± 2.5 volts. By ju m p ers  on the  c ircu it board, th e  
o u tp u t ran g e  m ay be changed to  ± 5 volts o r ± 10 volts, as  ind icated  in  the  
circu it d iag ram , F igure  3B. The D/A converter chassis h a s  two LEDs. The 
g reen  LED  ind ica tes (5 volt) pow er on an d  th e  red  LED flash es w henever 
d a ta  comes in  and serves as an  ind icator th a t  th e  d a ta  cable is  loose (the red  
LED is on w hen  th e  cable is loose). T here a re  th ree  connectors, illu s tra te d  
in  F igu re  6B. The DB-25 (25 pin) cable goes to th e  com puter I/O port, th e  
iso lated  BNC is the d ig ita l o u tp u t and  th e  Molex 6 p in  connector goes to th e  
re g u la te d  pow er supply . The su p p o rt c ircu itry  includes noise  reducing  
c a p a c ito rs , a  d a ta  la tc h  to  m in im ize  no ise  due  to  a  slow  ris in g  o r 
uncoord inated  d a ta  signal, an d  a pulse conditioner.
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Circuit description

All in te g ra te d  c ircu its  a re  p laced in  gold p la ted  m ach ined  sockets. 
The D/A 729K  w as designed according to exam ples in  th e  specification sheets. 
The schem atics a re  in F igures 3B to 6B. D igital an d  analog  grounds a re  kep t 
sep ara te , a n d  a re  connected only a t  th e  pow er supply . All capacito rs a re  
used for pow er reserve and  noise reduction. All resisto rs a re  used to  provide a 
voltage reference  except R3 an d  R4 w hich a re  c u rre n t lim ite rs  for th e  LEDs.

In  o p e ra tio n , 16 b its  o f d a ta  a re  p re se n te d  by th e  co m p u te r on 
connector J 3  (pins 2-9, 15-22) to  IC3 and  IC4 edge triggered  octal d a ta  flip 
flops (F igure  5B). The o u tp u ts  of th e  flip flops rem a in  a t  th e ir  previous 
value. T hen , a fte r  d a ta  is stab le , a  high to low tran s itio n  should be applied  
by th e  com puter on J3  p in  12 w hich is connected (F igure  4B) th rough  diodes 
D1 and D2 (which clam p th e  signal if  i t  overshoots) and  goes in to  th e  in p u t of 
IC4, a  S ch m itt trigger inverte r. The o u tp u t a t  p in  12 of IC4 is connected to 
an o th e r in v e r te r  on th e  sam e chip, w hich d rives a n  LED w hich  ind ica tes 
w hen  d a ta  h a s  come in (if th e  d a ta  cable comes loose, th e  in p u t of th e  
in v e rte r  w ill be high, o u tp u t low, and th e  second in v e rte r  w ill b ring  i t  h igh  
again  p rovid ing  power and  ligh ting  th e  LED). The o u tp u t a t  p in  12 is also 
connected to  th e  clock in p u t o f th e  flip flops. The com puter signifies d a ta  
read y  w ith  a h igh  to low tra n s itio n ; th e  in v e r te r  c leans th e  sig n a l and  
changes i t  to  a  low to h igh  tra n s itio n  w hich causes th e  flip flops to change 
th e ir  o u tp u t to  reflect th e ir  in p u ts . The ou tpu ts  o f th e  flip flops a re  d irectly  
connected to th e  D/A 729K in p u ts  (Figure 3B). The D/A converter changes its 
analog  o u tp u t according to th e  d ig ita l in p u ts . T his is the  reason  for u sin g  
flip flops to la tch  the  signal, as capacitance from  a long cable m ay cause some 
of th e  d a ta  lin es  to  change level a t  d ifferen t speed th a n  o th er lines and  a 
slow rise  tim e  m ay cause  superfluous analog  o u tp u ts  from  th e  converter. 
T he o u tp u t o f th e  converter is b ro u g h t to a n  iso la ted  BNC connector. The 
posts n e a r  th e  D/A 729K w hich can  be ju m p ered  to  change th e  o u tp u t range  
a re  labeled t23 ,t24 ,t25  and  t27  on th e  d iagram . For a  ± 2.5 volt ou tpu t, t23 
is shorted  to t27 and t24 is shorted  to t25. O ther ranges a re  described on the  
schem atic. S h o rt length  ju m p e rs  should be used.
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4.4B Connections

T his section describes th e  connections to  th e  in s tru m e n t. In  general, 
i f  a  cable h a s  a shield  w hich is no t used  to carry  cu rren t, the  shield should be 
connected to  ground only a t  one side of th e  cable, and  the  o th e r side of the  
sh ield  should  be left unconnected. U sually  a  BNC cable does n o t follow th is  
ru le  as th e  shield is used  to carry  c u rren t to ground.

4.4.1B Connections to the computer

1) 25 pin connector from  seria l p o rt 0 to te rm in a l
2) 25 p in  connector from p o rt 3 to pen p lo tte r
3) BNC cable from  ch an n e l 5 (or 2) to o u tp u t o f K e ith ley  614 

electrom eter (rear of electrom eter)
4) W ire or sh ie lded  cable w ith  p in  jack  on one end  from  analog  

ground to K eithley e lectrom eter ground (rear, non in su la ted  post)
5) Optional: BNC from D/A #0 to scope in p u t
6) O ptional: BNC from D/A #1 to strip  ch a rt recorder
7) D igital O u t #0 ban an a  cable to A ir Valve Control
8) D igital O u t #1 b an an a  cable to D rop Knocker
9) D igital o u tp u t to ex te rnal 16 b it D/A converter

4.4.2B Electrometer connections

T he in p u t is connected to a  “T” triax ia l connector. On one end of the  
“T” is th e  c u rre n t offset box. In  pa ra lle l, on th e  o th e r  end  of th e  “T” 
connector is th e  triax ia l cable supplied  w ith  th e  electrom eter, w ith  a lliga to r 
clips on one end. The red  alligator clip is connected to  th e  w orking electrode, 
th e  b lack  clip to  th e  p o ten tio s ta t “w orking e lectrode” connection and  th e  
green  clip to th e  po ten tio sta t common.

T he back of th e  electrom eter h as  a  connector w ith  voltage proportional 
to th e  in p u t c u rre n t an d  th e  c u rre n t range  selected. The o u tp u t goes to 
C hannel 5 or 2 on th e  com puter via a BNC connector. The b a re  connector 
goes to th e  com puter w ith  a  w ire o r sh ielded  w ire to  th e  com puter analog  
ground.
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4.4.3B Air Control Valve Connections

The o u tp u t o f th e  AVC is connected to  th e  a ir  valve, w hich should  
hav e  tw is ted  w ires w hich  a re  covered w ith  a shield. T he w ires go to th e  
o u tp u t of th e  AVC (th e re  is  no polarity). T he shield shou ld  connect to th e  
g round  o f th e  in p u t signal. The in p u t connection goes to  th e  com puter 
D ig ita l O u t 0 (m iddle connector).

4.4.4B 16 bit D/A converter

T he o u tp u t is connected via a BNC cable to th e  “con tro l p o ten tia l” 
in p u t o f th e  p o ten tio sta t. The ground of th e  D/A o u tp u t (sh ie ld  of cable) is 
connected to th e  p o ten tio sta t common.

The 25 pin connector goes to the  D ig ita l ou tpu t of th e  com puter, below 
th e  b a n an a  jacks. Do n o t plug th e  25 p in  connector into th e  se ria l port. The 
Molex connector goes to the  D/A power supply  in a separa te  case.

4.5B Real Time Display

A n analog  o u tp u t board  w ith  tw o 12 b it D/A c o n v erte rs  provide 
o u tp u ts  for two HSWAVE functions th a t  o u tp u t inform ation d u rin g  and a fte r 
a n  experim en t. T he o u tp u ts  are  connected  to BNC connecto rs w hich a re  
m ounted (and electrically  isolated from) on th e  rea r  of th e  com puter.

T he  o u tp u t connected  to D/A #0, is  a rea l tim e  d isp lay  o u tp u t. 
C u rre n t va lues from  a  range  of d a ta  channe ls  a re  continually  ou tpu t, w ith  a  
synchron iza tion  p u lse  a t  the  beginning  of th e  ou tpu t. T he ran g e  m ay be 
specified a t  any  tim e by th e  u se r v ia a  so ftw are  com m and. As new d a ta  
comes in , th e  new  p o in ts a re  output. I f  th e  num ber of d a ta  po in ts exceed the  
size of th e  specified ran g e , then  th e  d a ta  is d isplayed a s  a  w indow , w hich 
sh ifts  as new  d a ta  comes in. This display o u tp u t goes on even a fte r  a scan is 
fin ished . T his o u tp u t is  in tended  to be connected to an  oscilloscope w ith  a  
tim e base and  trigger.

T he o th e r  o u tp u t, connected to D/A #1, provides a  voltage o u tp u t 
w hich is proportional to  c u rren t and  changes a t  the  sam e tim e  th a t  new d a ta
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comes in. T h is o u tp u t is  in tended  for connection to  a  d a ta  recorder, w hich 
m ay be a  s tr ip  ch a rt recorder.

Both o u tp u ts  d isp lay  d a ta  as d ifferential pa irs , sum m ed pa irs , or raw  
d a ta  d epend ing  upon  th e  d isp lay  mode se lec ted  (D IFF, SU M , N O R M  ) 

com m ands. T he d isp lay  mode is re se t to th e  d e fa u lt d isp lay  m ode o f th e  
w aveform  each tim e a new  waveform  is run ). T he connector g rounds for the  
D/A co n v erte r a re  iso la ted  from  th e  com pu ter ch ass is  to p rev e n t c u rre n t 
loops.

4.6B Monitor, Printer and Plotter

T here is a  serial board  w ith  four ou tpu ts w hich a re  each connected to 
DB-25 connectors on th e  re a r  of th e  com puter. Two a re  used for th is  
in s tru m en t. The serial o u tp u t on the  bottom  is th e  console and  i t  is  used  for 
d riv ing  a T ektronix  4014 com patible graphics te rm in a l (which m ay be 
a n o th e r com puter ru n n in g  a com m unication program ) for com m unication 
w ith  th e  u se r  and  d isplay of d a ta  a fte r an  experim ent. A nother o u tp u t is 
u sed  to drive a  H ew lett-Packard  7475 (or equ ivalen t) series pen p lo tte r for 
p rin ted  o u tp u t a fte r an  experim ent.

O th e r  o u tp u ts  m ay be used  and  m ay be changed  by th e  m onitor; 
@ F O R T l , @ PO R T2 or @ P O R T 3  com m ands w hich a re  described  in  
A ppendix 5.4B. Some of th e  DB-25 connectors have  sw itches w hich reverse  
p ins 2 & 3 ( tran sm it an d  receive). This is for com patibility  w ith  connections 
to periphera ls  as well as to o th er com puters.

4.7B Current Offset Device

The O ffset Device is used to add or su b tra c t a  constan t c u rre n t to the  
c u rre n t com ing from  th e  w orking electrode. The purpose is to enable  use of 
th e  m axim um  reso lu tion  of th e  A/D converter by u tiliz ing  th e  fu ll ran g e  of 
in p u t to th e  current-to-voltage converter o r electrom eter.

S om etim es c u rre n t  s ig n a ls  m ay be a  few pA or nA on top  of a 
background  w hich is severa l o rders of m agn itude  larger. T he background  
m ay be  d u e  to  c h a rg in g  c u rre n t, a c o n s ta n t co n cen tra tio n  o f reducib le
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m ate ria l in  th e  bulk, a  la rg e  electrode surface area, or from  eluen t flow in  a n  
H P L C  detection  m ethod . If  a  scale is  selected in  w h ich  th e  signal p lu s  
background  is on scale, th e  range of th e  voltage values in  th e  A/D converter o f 
th e  com pu ter will be sm a ll and resolu tion  w ill suffer. T he  electrom eter h a s  a  
lim ited  resolution a s  well.

T he K eithley e lec trom eter h a s  a  b u ilt in  offset w hich  in  the  2Ox a n d  
200x scales can offset ± fu ll scale and  in  th e  2,000x scale (2k) offset one 
te n th  o f  fu ll scale. T h is is no t su fficien t to su b tra c t background  w hich  is 
m uch  la rg e r  th an  th e  signal. Therefore, th is  device w as added. The c ircu it 
d iag ra m  is depicted in  F igu re  7B. I t  is  sim ply a very  s tab le  voltage source 
(m ercury  or lith ium  b a tte rie s)  connected to  a  voltage d iv ider. The m axim um  
c u r re n t  is d e te rm ined  by  the  o u tp u t re s is to r  R l. I t  is th e  to ta l b a tte ry  
voltage divided by R l .  The circuit m u st be shielded to  m inim ize noise.

In  use, i t  is connected to th e  e lectrom eter via a  tr ia x ia l T adap ter in  
o rd er th a t  i t  be in p a ra lle l w ith  the  signal coming from  th e  w orking electrode.

4.7.1B Offset Device Operation Instructions

1) A lw ays move sw itch  to center position when no t u sed .
2) T he absolute c u rre n t ou tpu t m ay change w hen rev e rs in g  polarity.
3) A lways unlock th e  d ial before chang ing  a  setting.
4) A lw ays use th e  lever on the  dial to lock a  setting.
5) A lw ays m easure  th e  offset and  u se  th e  HSWAVE O ffse t com m and to 

record th is va lue  together w ith th e  da ta .

M ethods A or B a re  possible ways to se t th e  curren t.
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A) Method A: applying an offset of a desired value (the amount 
of offset required is known)

i) U nlock the  po ten tiom eter dial.
ii) D isconnect th e  connection from  th e  w ork ing  electrode a t  th e  m eter; 

th e  only in p u t to  th e  m e te r  should be th e  offset device. T u rn  th e  
m e te r c u rren t offset to off.

iii) S e t m e te r  to I and th e  desired cu rren t offset range.
iv) Sw itch offset device to + or - .
v) Move d ial to u n til read in g  is desired offset value.
vi) W ait for th e  read ing  to  stab ilize, th en  lock th e  dial. R ead  th e  m ete r 

an d  note th e  value; th is  p lu s th e  in te rn a l  m ete r offset w ill be th e  
to ta l c u rre n t th a t  th e  experim ental c u rre n t is  offset. U se the  O ffse t  

com m and in  HSWAVE to  store w ith  th e  d a ta .
vii) R econnect th e  electrode cable.

B) Method B: Offset a background current (offset is determined 
dynamically)

i) U nlock the  dial.
ii) U se th e  OUT com m and of th e  HSWAVE p rog ram  to o u tp u t a  desired  

vo ltage  (e.g.., OUT -200 w ill o u tp u t 200 mV); or s ta r t  th e  desired  
w aveform .

iii) T he m ete r should be se t to I and to or n e a r  th e  scale th a t  is desired.
iv) Sw itch  to + or - and  move dial un til desired  offset is realized . T his 

is de term ined  w hen th e  c u rre n t is  on scale in  both th e  com puter and  
th e  m eter. The m eter d isp lay  should no t be flash ing  an d  the  values 
in  th e  com puter should n o t be clipped. To determ ine  if  th e  com puter 
v a lu es a re  clipped, i f  a  w aveform  is o u tp u t, use  th e  ALARM ON 

com m and. MON ON m ay be used as well, b u t  th e  view ing m ode 
should  be se t to  NORM.

v) Lock th e  dial w ith  care. Locking m ay sh ift th e  c u rren t slightly .
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vi) D isconnect th e  connection from  th e  w orking electrode a t  th e  m eter; 
th e  only in p u t to th e  m e te r should be th e  offset device. Sw itch the  
m eter c u rre n t ofFset to “off’.

vii) R ead th e  m e te r  and  no te  th e  value; th is  value p lu s  th e  in te rn a l 
m e te r  ofFset is  the  to ta l c u rre n t t h a t  th e  ex p erim en ta l c u rre n t is 
ofFset. U se th e  o ffse t  com m and to store th is  value w ith  th e  data .

viii) Reconnect th e  electrode cable.

4.8B Circuit Diagrams and Schematics
T his section consists of circuit d iagram s, used and  discussed in  th e  previous 
sections.



1 Q3 
(5 Volt 

Regulator)

Power

“  Control 
Signal parts Ust

D1.D6 1N4007 
Ett-05 1N914 
LED1 R « t LED. arty type 
C l 1 COO pF  35 V

3 3 0 |iF 35V  
3N2222A 
2N3055 
LM7B05 

11 9  VDC Supply 
R1 330 0  
R 2 5 S 0 O  
R3 2 k f l  
FM 6 7 0 0  
R5 670 0  
R6 3 3 0 0  
S 1 ,S 2 S P S T  switch 
Air Vibi : Angar 339V6H9 
J t , J 2  B aran n a  J ic k s  
J3  J4  T b  Jacks

S2 
(Manual Q  

on)

Figure IB Air Valve Control Circuit Schematics



To Drop 
Knocker 
Input

0

9 VDC

Power T1 ( from 1 ms to 80 ms) 

Knock Signal Timing

-AA/VA/W-
R4

Regulator)

Output 
Signal 

(0 7 -3 5 V )Knock Signal 
Strength

{TTL level) 
Signal Input

f  Parts List
[74LS221] R1 3700 

R2 5900 
fW 1kO 
R4 3kfl 
R5 IkO 
R6 tOKO 
R7 43kfl
P1 TOkO 20 turn pot 
P2 1D0kQ£0 turn pot 
C l  O l ^ F  ceram ic 
C3 1 0  p.- a r t i f u n  
C3 1000jiF  
C4 220jiF  
Q1 2H2222A 
02 IM7B05 
T l 9VDCtransformer

Rising Edge Triggered

Signal output 
at Pin 4

Signal In

t  * C J*{FH  + P1) ■ ln(2)

Figure 2B Drop Knocker Interface Circuit Schematics
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'(Connections to 
corresponding 
po in ts  in figure 5B)

F1.1 
F1.2 
F1.3 
F1.4 
F1.5 
F1.6 
F1.7 
F1.8 
F1.9 

F1.10 
F1.11 
F1.12  
F1.13 
F1.14  
F1.15  
F1.16

<S>
v  ■ ' ' m  n

r V V V ^

C4

C1I I

1 (MSB #15)
2
3
4
5
6
7 „
8
9
10 
11  
12
13
14
15
16
17
18
19
20

□
>a
'jwto

IC1,
IS1

Bit #0

(LSB)

40
39
38
37
36
35
34
33
32
31
30
29
28
27
26
25
24
23
22
21

N.C.
N.C.
N.C.
N.C.
N.C.
N.C.
N.C.

N.C.

r
<>27 Q123

-Ot25
-0124

I r
DAC output to 
BNC connector

(Analog ̂  
Output J

n
C2

< 2 >

r

C3

+

I ”
N o te s :

1) 129,125, t24,t23 an d  127,126 aro  p o in ts (or jum pers to d e te rm in e  the  
ou tpu t ra n g e  of the DAC. L ocations shou ld  be  a rranged  a s  illustrated. 
Ju m p e rs  should  configured only a s  in the  following list. For e a c h  range, 
ju m p e rs  no t in list a re  left un  c o n n ec ted .

a )  t23 to t27 , 124 to 125 for +- 2 .5  volt output range  (norm al)
b) t23 to 127 for +- 5  volt ou tp u t ran g e
c) t23  to t25  for +-10 volt ou tp u t range

2) C onnections to pin 24 m u st b e  sho rt (amplifier Input).

3) P in s 33 an d  30 a re  analog  ground; 20  Is digital ground. T h ey  should  
bo  co n n ec te d  only a t o n e  point, perferably the  pow er supply.

4 ) T h e  DAC pins 1 to 20 (all o n e  o n e  side) aro  all digital; p in s 21 to 4 0  
is th e  an a lo g  section. W hen  planning the  circuit board , digital circuitry 
sh o u ld  b e  on pin 1 • 20 s id e ; a n a lo g  on  the  21 -40 side..

V 5 )  T h e  DAC is in a  gold p lated  m ach in ed  sockeL

  ---------------
Parts List
R1 1 kH  (470-2K)

C 1-C 3 O .Ip F  Ceram ic 
C 4-C 6 1 pF T an ta lu m

IS1 40  pin m achined 
so ck e t

IC1 Burr Brown 
DAC 729K

Figure 3 B  D igita l to  A nalog  C onverter C ircuit Schem atics
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(clock)

J4
12

+5 v (to figure 5B) 
F2.1

>+5 v
+5 v

D2
R3

R2

C9
R4

IC4,
1S4

LED1N otes:
1) power should  bo  b y p a sse d  

with ca  p a d  tors a s  It en te rs  
the  board

2) 74LS14 Is a  hex schm id tt inverter

3) LED's a re  m o u n ted  o n  th e  box.: 
co n n ections sh o u ld  b e  tw isted 
pair. Parts List

(+5
v o lts )

J6-4
< 2D

Figure 4 B  D /A  Pulse C on d ition er and Input From  Pow er S upply
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(MSB)

J4
22,

J4
21 18,

C6

cF1.1

©
<SD

J4
1 7 ,

dp
20 19 18 17 16 15 14 13 12 11

[74LS374] IC3<
IS3

1 2 3 4 5 6 7 8 9  10

C
(ED

n - 0 CF1

d i D

D
J4
2 0 ,

J4
19

J4
16,

J4
16,

© ©© ©
C7  |

I

d D
( W )

d 13)
dd)
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[ 74LS374]

1 2 3 4 5 6 7 8 9  10

IC2,
IS2

dd)
F1.16

d Z D

© ©© ©
(LSB)

(clock in)

(  ^
[from figure 5BI

Parts List
IC2,3 74L S374

IS1 ,.152 m ach ined
20  pin so ck e t 

C 6,C 7 0.1 p F  ceram ic

s  ■»>
Notes
1) For connections 

F l.x , s e e  figure 4B  .

2) T h ese  circuits sh o u ld  be  
o n  th e  digital sid e  of the 
board.

3) T h e  74L S374 co n sis ts  
of 8  d a ta  flip flops with 
com m on clock.

Figure 5B  D /A  D ata  Registers for C on n ection  to  D ig ita l O u tp u t
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J 1  S ig n a l: E applied out 
BNC insulated 
bulkhead type

J2  Pow er connector 
Molex 6  pin male

1 N.C.
2 digital ground
3 +15 Volts 
4 + 5  Volts
5 analog ground 
6 -1 5  Volts

13

y . v .
25 14

25 pin sub-D  fem ale connector 
J3  (DB-25 F)

For digital signal to DAC

1 ground 9 bit #7 17 bit #10
2 LSB 0 10 ground 16 bit #11
3 bit #1 11 N.C. 19 bit #12
4 bit #2 12 Data Clock 20 bit #13
5 bit #3 13 clock ground 21 bit #14
6 bit #4 14 ground 22 bit #15
7  bit #5 15 bit #8 23 ground
8 bit #6 16 bit #9 24 NC

25 ground

Figure 6B  D /A  C onn ector D eta il (front view)
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chassis enclosurePatS-Ust 
B1 1.5 V Mercury Battery 

and battery holder 
S1 DPTT switch (on-off-on)
C1 0.1 pF Tantalum capacitor 
C2 100 pF capacitor 
P1 100 kfl 10 turn potentiometer 

with dial control 
R1 1.3 kn  carbon film resistor 
J1 Triaxial connector 
Aluminum chassis enclosure

rrm
shield common

Note:
The chassis, triaxial connector shield and switch body are connected togelher. 
There should not be a path to signal ground inside this device.

Figure 7B Current Offset Injector Device Circuit Schematic
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5.0B HSWAVE Modules and Associated Programs

T he n am e of th e  m ain  w aveform  app lica tion  is fJS.WAyE--.SAY- I t  
p ro v id e s  m o st o f th e  fu n c tio n s  o f th e  in s t ru m e n t  fo r p e rfo rm in g  
e lectrochem istry  an d  H PLC electrochem ical detection . T here  a re  sev era l 
files w hich i t  uses to s to re  an d  recall p a ra m e te rs . T hese files give i t  th e  
behav io r o f an  in s tru m e n t th a t  keeps its  se ttin g s  from  one day  to  an o th e r. 
T here  a re  also several support p rogram s w hich provide u tilitie s  w hich a re  n o t 
con tained  in  HSWAVE (due to  m em ory size lim ita tions). F inally , th e re  a re  
files and  p rog ram s w hich  a re  u sed  to  se t up  th e  en v iro n m en t in w h ich  
HSWAVE operates. T hese files and  program s are  listed  and  described below.

5.IB HSWAVE Parameter Files

T his section describes files w hich a re  requ ired  for HSWAVE to ru n . In  
m o st cases, except those  no ted , i f  th e  file does n o t ex ist, one w ill be 
au tom atica lly  c reated . The new  file will con ta in  d e fau lt p a ra m e te rs  w hich 
w ere  de te rm ined  w h en  th e  c u rre n t p rog ram  version w as w ritte n  an d  w ill 
m ost likely be usable  for the  c u rre n t s ta te  o f th e  program , b u t  th e re  m ay be 
cases w hen th is  is n o t tru e , such as w hen th e  A/D converter calib ration  h a s  
changed or if  a  select com bination of w aveform  p a ram ete rs  w ere determ ined . 
In  th e  la t te r  case, i f  d a ta  w as stored  u n d e r these  p a ram ete rs , recalling  th e  
d a ta  can provide a  l is t  from  w hich th e  p a ram ete rs  can be determ ined.

5.2B Waveform files

E ach W aveform  file contains a  lis t o f th e  p a ram ete rs  used  th e  la s t tim e 
th a t  th e  p a ra m e te rs  w ere  changed. HSWAVE uses th ese  files w henever a  
w aveform  m enu is en te red  and  exited. By sto ring  th is  in form ation  in  files, 
th e  p a ra m e te rs  will n o t change from  day  to  day  use u n less  desired . T he 
w aveform  p a ram ete rs  a re  stored in  a  file b earing  th e  nam e of th e  w aveform  
(as w ell as could be fit in to  6 le tte rs ;  u su a lly  a n  ab b rev ia tio n  such  as 
"HSBJBRWAY" for D ifferential Pulse), th e  extension is alw ays "...WAY’- 
E ach  w aveform  also h as  a  num ber associated w ith  it. T his is given in Table 
2.IB. The p a ram ete r files a re  listed  in  Table 2.0B:
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HSNAME,SpT This contains a list o f waveform files in the first column and the associated 

number for each waveform in the second column. This file is not 

automatically created. The waveforms that each file is associated with is 

referenced in Table 2 .IB.

.HSWAY.aSRT This contains information used to setup HSWAVE parameters, such as 

D /A  and A /D  calibration. A list is found in Table 2.2B.

HSWPAT.SRI This contains the last data filename used. If an automatic name is used 

when storing data, H.$ W.D.A.i’.-.S.fiX is consulted to determine the last 

automatic data filename used and is updated so that a sequential name is 

always used, even when the program is restarted.

Table 2.0B Setup files used by HSWAVE

.
Scanning Waveforms:

number Abbreviation File Name Waveform
1 STR hsstr.wav Staircase
2 NPV hsnpv.wav Normal Pulse

3 D D P hsddp.wav Differential Pulse

4 SQW hssqw.wav Square Wave

5 REC hsrcc.wav Rectangle Wave

6 RNP hsrnp.wav Reverse Normal Pulse

Sim ple Pu se Waveforms:

52 D U P hsdup.wav Dual Pulse

53 MUL2 hsmul2.wav Dual Pair

54 MUL3 hsmul3.wav Three Pair

55 MUL4 hsmul4.wav Four Pair

56 MUL5 hsmul5.wav Five Pair

51 D PT hsdpt.wav Dual Pulse T im e Study

Tabic 2 .IB Waveform parameter filenames, numbers and abbreviations
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# Description Default

1 #  lines on the Screen 24.

2 Resolution o f Scope display 4095.

3 Resolution o f A /D  Converter 4095.
4 A /D  Polarity (-1 = bipolar) -1.

5 not used 1.

6 not used 1.

7 D /A  Converter Resolution 65535.
8 D /A  Polarity (-1 = Bipolar) -1.

9 A /D  Voltage Calibration point #1 1.019
10 A /D  numeric value for point #1 1640.
11 A /D  Voltage Calibration point #2 0.
12 A /D  numeric value for point #2 2048.

13 D /A  Voltage Calibration point #1 2500.
14 D /A  numeric value for point #1 65535.

15 D /A  Voltage Calibration point #2 -2500.

16 D /A  numeric value for point #2 0.

17 Time offset 2.

18 Time Base 0.1

19 Tim e Base 4.

20 Default A /D  Channel 5.

Table 2.2B Example ofJHsWAVj&SET file used in setting up H S W A V E . Only the Default
values arc contained in the file.

Initial
Time Tair

Potential applied at the 
beginning o f each scan

= 0 = 0 First Potential

* 0 = 0 Initial Potential E0
= 0 * 0 First Potential

^  0 & 0 Initial Potential E0

Table 2.3B Effects o f  combinations o f parameters Initial Time and Tair
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5.3B Files in HSWAVE

T he H SW AVE source p rog ram  consists o f su b ro u tin es  an d  a m ain  
p rogram  contained  in  95 sep a ra te  files w ritte n  in  M acro assem bly  language 
for th e  PD P-11 and  in  FORTRAN. In  add ition  th e re  a re  som e files w hich 
m ake it  easy  to recom pile and  lin k  th e  p rogram s a n d  th e re  a re  some u tility  
an d  su p p o rt p ro g ram s. A lso, th e re  a re  su p p o rt files w h ich  co n ta in  
pa ram ete rs  discussed previously.

Recom piling an d  linking  all these files is no t as g rea t a  ta s k  as i t  m ight 
seem , for th e re  a re  several com m and files w hich con ta in  all th e  in stru c tio n s 
to compile an d  link . The com m and files are:

HSCOMP.COM This compiles all th e  files 
HSLNKT.COM This links th e  files together to create  M.H,SAY”

T hese  files a re  in  th e  subd irecto ry  called “W.O.BK.-.D.I.R” on th e  D.LQ; d isk . 
They sim ply call th e  com pilers an d  linkers an d  nam e th e  program s,. To ru n  
e ith e r  of these  files:

©HSCOMP 
©HSLNKT

T he source files m u st be in a d irec to ry  nam ed  “LD5;”. T he v ir tu a l d isk  
should  be booted w ith  th e  com m and file:

©HSGOES.COM
The conten ts o f th is  com m and file is:________________________________________

SET ERROR N O N E  
LOAD VM
M O U N T  LD5: DLO:WORK 
INITIALIZE/BAD/NO Q  VM:
COP/SYS LD5:*.SYS VM:
COPY/BO OT VM:RT11SJ VM:
COPY SY:STARTZ.COM VM:STARTS.COM  
COPY SY:(DUP,DIR,PIP).SAV VM:
COPY SY:(LINK,EXER,UCL).SAV VM:
COPY SY:(SYSMAC.SML,SYSLIB.OBJ,UCL.DAT,README.VM) VM :
COPY S Y :(D A T T IM ,T E C O ).S A V  V M :

COPY SY:TECO.INI VM:
COPY L D 5 :* .H  VM :

COPY L D 5:H S G L B L .M A C  V M :

C O P Y  L D 5 :H S L N K T  V M :

BO O T VM:
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T hese com m ands m ay be en te red  ind iv idually  i f  HSG.OES.CQM does no t 
ex ist. T his com m and file w as se t up  and  used  w hen  ed iting  a n d  w orking on 

th e  HSWAVE p rogram  and u tilitie s . M uch effort w as m ade to  f it the  en tire  
p rogram , w hich is over 250 kby tes, into a  space of less th a n  56 kbytes. An 

overlay system  w as used w hich is supported by th e  linker. W ith  th is  system , 

m ost of th e  p rog ram  is on d isk  and  is called in  as needed. T he problem  w ith  
th is  system  is th a t  a  su b ro u tin e  canno t call a n o th e r  su b ro u tin e  w hich is in  

th e  sam e overlay space. I f  i t  does, the re tu rn  p a th  for th e  f ir s t  subroutine  is 
lo st as th e  overlay  schem e does no t p rese rv e  th e  m em ory im age of th e  
program . T herefore, g rea t care  had  to be ta k e n  to m ake su re  th a t  ro u tin es 

h a v e  a defined  p a th . The B.8LNKX file show s th is  overlay  schem e. A 
filenam e w ith o u t a  /O: is in  th e  common m em ory area . The m ain  program , 
a s  well a s  COM M ON variab les a re  contained in  th is  space a s  w ell. O verlay 
regions a re  given num bers a n d  can be seen a s  /0 :1  for overlay  1, /Q:2 for 

overlay  2, e tc . Two filenam es on a sing le  line  a re  p laced in to  m em ory 
together. E ach  overlay region h as  a size w hich is th e  la rg e s t size of any of 
th e  subroutine(s) in  th a t  region.

T he co n ten ts  of HSLN K T is d ifficult to  reproduce w ith o u t de ta iled  

ex am in a tio n  of a ll th e  p rog ram  files. T he con ten ts of .H.SLNKT a re  as 
follows. T h ree  colum ns a re  show n here  to conserve space; th e  ac tu a l file 
uses one column.
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T he HSWAVE source files have  been n a m e d  to a id  in  recogn ition . T he 
FO RTRAN files hav e  th e  ex tension  ...FOR and  th e  M acro files have th e  
extension ...MAC- M ost files s ta r t  w ith  th e  le tte rs  .US except for those files 
th a t  d irec tly  control th e  H ew lett-P ackard  p lo tte r  (s ta r t  w ith  H P ) and those  
th a t  control th e  T ektronix  graphics te rm in a l (s ta r t w ith TP)- Two files w hich 
a re  supplied  w ith  th e  FORTRAN 77 com piler a re  used to keep  th e  executable 
as sm all a s  possible (end w ith  .OBJ). A l is t  o f all files follow.

HSGLBL.MAC
HSWAVE.FOR
HSLINE.MAC
HSTATU.FOR
HSICOM .M AC
HSGTW V.FOR
HSSCRN.FOR
HSMFIL.FOR
HSIDLE.MAC
HSCPIN.M AC
HSTIM N.FO R
HSBOOL.M AC
HSDISP.MAC
HSDSKS.MAC
HSREST.MAC
HSPDIS.FOR
HSMORE.FOR
H SD IN T.FO R
H SD IN 2.FO R
HSHELP.FOR

Contains global variables for assembly routines 
Main Program
Gets characters from terminal
Puts status on terminal
Copies data header information
Gets and stores waveform parameters
Internal routines for cursor movements
Internal: creates file names
Internal: Idle routines, interrupt completion
Copy data header

Internal: converts time value to internal number 
Boolean operations for FORTRAN  
Real time display (idle scope routine)
Data storing routines for disk storage during interrupts 
Internal: reset routine 
Internal; determines scope display extent 
Prints “enter return to continue”
Calculates area under curve, plates, etc.
Part II o f H SDINT  

Help routines

The following drive a Hewlett-Packard pen plotter
HSPLIM.FOR
HPLOTI.FOR
HPLABE.FOR
HPAXIS.FOR
HPAXI2.FOR

HPLOTU.FOR
HPEXIT.FOR

Determine axis limits, number increments, etc.
Initialize plotter
Produce labels
Draws axis part I
Draws axis part II
Plots data points
Close HP plotter and assorted routines
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The following routines drive a Tektronix terminal
TPC O O R.FO R Converts data to Tektronix screen coordinates

TPLOTI.FOR Initialize graphics
TPLABE.FOR Produce labels
TPAXIS.FOR Draw axis part I
TPAXIZ.FOR Draw axis part II
TPLO TU.FO R Plot data
TPEXIT.FOR Exit graphics

HSGET.FOR Internal: routines which read in voltage, time, etc.
HSW AIT.M AC Pause for specific time or until the esc key is pressed
HSEXTR.FOR Interprets and executes global commands
HSADAT.FOR Translates data into current

H SINFO .FO R Lists data information
H SINF2.FOR HSINFO part II
H STDA T.FO R Translates data into Time value
HSM ISC.FOR Internal character utilities
HSPARS.FOR Takes command line and separates each component
HSW ATC.FOR Stop watch timer for “Other” menu
HSTIM G.M AC Timing routines for HSWATC

The following contain the waveform producing routines
H SO TH G .M AC Generates timed knocks, etc as per Other Menu
HSTESG.M AC Test routine

HSSTRG.M AC Staircase waveform
H SD DPG .M AC Differential Pulse
HSDUPG .M AC Dual Pulse
HSM ULG.M AC Multiple Pulse (2, 3, 4, and 5 pair)
HSDPTG.M AC Time Study
HSSQW G.M AC Square and rectangle wave
HSRNPG.M AC Reverse Normal Pulse
HSNPVG.M AC Normal Pulse

The followingplot on the Tektronix
HSTPIT.FOR Plot current vs. time
HSTPET.FOR Plot Potential vs. Time
HSTIET.FOR Plot Current vs. Potential at a specific Time



HSTPIE.FOR Plot Current vs. Potential
H STP3D .FO R Plot 3 dimension, part I
HSTP32.FOR Plot 3 dimension, part II

The following plot on the Hewlett-Packard pen plotter
HSHP32.FOR Plot 3 dimension
HSHPIT.FOR Plot current vs. time
HSHPET.FOR Plot Potential vs. Time
HSHPIE.FOR Plot Current vs. Potential
HSHIET.FOR Plot Current vs. Potential at a specific Time

HSDETC.FO R Udlities for display routines
H SO TH E.FO R Other functions menu
HSTES.FOR Test menu

The folbwingare used to interpret commands and call the appropriate row
HSDIT.FO R Current vs. time plot
H SD 3D .FO R Three dimensional plot
HSDET.FO R Potential vs. Tim e plot
HSDIET.FOR Current vs. Potential at a specific Time plot
HSDIE.FO R Current vs. Potential plot

HSTPAR.FOR Plot parameter menu for HP and Tektronix plotter
HSCURS.FOR Scope cursor routine
HSPLOT.FOR Plot Menu
HSLIST.FOR List Menu
HSINTE.FO R Internal parameters menu
HSETUP.FOR HSWAVE initialize routine
HSDATE.FOR Get current date, convert to JAN-DEC and name
HSM AIN.FOR Main Menu
HSSCAN.FOR Scanning Waveform menu
HSSIMP.FOR Non scanning waveform menu
HSSTR.FOR Staircase Menu
H SD DP.FO R Differential Pulse Menu
HSSQW .FOR Square Wave Menu
HSREC.FOR Rectangle Wave Menu
HSDUP.FO R Dual Pulse Menu
HSM UL.FOR Multiple Pulse Menu
HSDPT.FO R Tim e Study Menu



HSRNP.FOR
HSNPV.FOR
HSSTOR.FOR
HSSTOP.FOR
HSEDAT.FOR
SHORT.OBJ
F77NER.OBJ

Reverse Pulse Menu 
Normal Pulse Menu 
Storage Menu
Waveform stop completion routine 
Translate data into potential 
Routines supplied with compiler which 
Gives short error messages
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5.4B HSWAVE Support Programs

T his section describes program s w hich a re  usefu l u tilitie s . They w ere
w ritte n  to  m ak e  w orking  w ith  the  in s tru m e n t easier. To ru n  any  of these
program s, HSW AVE m u st be exited; th e n  en ter  th e  n a m e  o f  th e  program .
T he M acintosh program s a re  s ta r te d  by double clicking on th e  icon.

H S3D .SA V  T akes stored d a ta  and plots i t  on th e  screen  a s  a  3 dim ensional
surface p lo t w ith  hidden line rem oval.

T IM E R .SA V  S topw atch  program , sam e a s  th a t b u ilt  in to  HSWAVE.
H S S U M .S A V  T akes a se t o f d a ta  th a t  w as nam ed  w ith  n u m b er ex tension  

(su ch  a s  th e  n am es g iven  by a u to m a tic  filen am es) an d  
produces a sum m ary  of th e  set. Included in  th e  sum m ary  are 
com m ents, p aram eters , etc.

H SSU M A .SA V
W orks like H.SSUM,SAY, b u t i t  gives a  sh o rt sum m ary. I t  is 
strong ly  recom m ended th a t  w hen a day 's  ex p erim en ts  have  
been  completed, th a t  e ith e r H SSU M A  or H S S U M  be ru n  to 
produce a sum m ary  file an d  th en  p r in t  th e  file and  keep w ith  
th e  notebook.

IN IT IZ .C O M  F orm ats and in itia lizes a  b la n k  floppy disk . I t  is se t u p  to 
create  a large directory w hich is necessary  w hen m any  files a re  
stored on the  disk.

PO R TO .C O M  P O R T l.C O M  PO R T 2.C O M
These will se t th e  serial po rt for th e  p rin te r.

HSW AVE.COM

HSWAVE shou ld  be started  from  th is  com m and file , a s  it  se ts  
up  m any o f  th e  p aram eters for HSWAVE.

S k ip p e r  A p l T his is a  p rog ram  on the  M acin tosh  w hich can  be u sefu l in  
tre a tin g  HSW AVE tex t d a ta . I t  can tran sp o se  colum ns and  
rows, and  convert sequentially  stored d a ta  to several colum ns.

HSWAVE b in  t o  t e x t
T his is  a program  on th e  M acin tosh  w h ich  w ill convert 
HSWAVE b in ary  d a ta  in to  te x t  form at w ith  tab s.
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6.0B Waveform Generation, How HSWAVE Works

T his section  w ill deal w ith  a g en era l overview  of th e  processes th a t  
occur w hen th e  waveform  is generated .

E ach w aveform  h as  tw o sub rou tines in  HSW AVE. One, w rit te n  in  
FORTRAN, d isp lays th e  m enu  and  reads in  and se ts  u p  p a ra m ete rs  for the  
w aveform . T he o th e r is  w r it te n  in  A ssem bly lan g u ag e  an d  o u tp u ts  th e  
w aveform  a s  w ell as controls th e  a ir  valve, drop knocker and  acqu ires d a ta  
th rough  th e  A/D converter. T h is subrou tine  is in te r ru p t driven. T his m eans 
th a t  once th e  w aveform  h a s  s ta r te d , th e  m enus becom e active  a n d  a re  
in te rru p te d  only w hen som ething  h a s  to be done w ith  th e  waveform , such as 
collecting d a ta  or ou tp u ttin g  a  new  voltage. The o p era to r can use  HSWAVE 

to  perfo rm  o th e r  functions. Som e functions m ig h t in te rfe re  w ith  th e  
waveform , e ith e r  by affecting w aveform  p a ra m e te rs  o r m igh t reside  in  the  
sam e a re a  o f m em ory. W hen a w aveform  is active , th ese  functions a re  
disabled u n til  the  waveform  h as  completed.

M ost o f th e  tim e HSW AVE is w a itin g  for a  com m and. R a th e r  th a n  
w aste  th a t  tim e, an  idle ro u tin e  is runn ing . W henever HSWAVE w aits  for a 
com m and, in  any  m enu , H SW AVE checks if  so m eth in g  is typed  on th e  
te rm in a l. I f  a  key  is p ressed , th e  ch arac te r is saved  for th e  ro u tin e  th a t  
requires it. T hen, the  idle loop is ru n  once. Since th e  idle rou tine  is w ritte n  
in  assem bly language, i t  is very  fa s t an d  m any ite ra tio n s  w ill pass betw een  
keystrokes, so i t  is t r a n s p a re n t  to  th e  user. T he id le  ro u tin e  checks for 
conditions, such  a s  a  beep com m and from  an  in te r ru p t (e.g., i f  d a ta  is  off 
scale and ALARM is ON, i f  th e  scan h a s  finished, i f  a  new  scan h a s  s ta r te d , 
etc.). I f  th e  scan  h as  finished, i t  tid ies up  appropria te  values and  sto res d a ta  
if  enabled to do so; i f  MONITOR d a ta  is ON th en  id le  checks i f  a  new  d a ta  
po in t came in  and  if  so, i t  p r in ts  th e  value on th e  te rm in a l an d  th e n  o u tp u ts  
scaled d a ta  th ro u g h  the  D/A converter to provide a  rea l tim e d isplay of d a ta . 
D a ta  ou tpu t to  th e  s tr ip  ch a rt recorder is perform ed v ia  the  in te rru p t rou tine , 
a s  well a s  sto rage  of d a ta  to disk.
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W hen th e  com m and for s ta r t in g  th e  w aveform  is given (Go, Save, 
Wait), a n u m b er o f th in g s  occur before th e  w aveform  is ac tu a lly  s ta r te d . 
W hen the  com m and is given, a  p rom pt m ay be given for en tering  a  num ber of 
item s. If  Wait is com m anded, th e  value for th e  delay tim e is p rom pted  before 
th e  scan  s ta rts . I f  th e re  is a  scan cu rren tly  in  progress, a  p rom pt is  given as 
to  w h e th e r th e  c u rre n t scan should be abandoned an d  a  new  one s ta r te d . In  
a ll  cases, before th e  scan  sta rts , a  p rom pt is given for th e  C u rren t to  Voltage 
conversion  fac to r (since  the  I/V co n v e rte r  does n o t com m un ica te  th a t  
in form ation  to th e  com puter.). Before th a t  prom pt, i f  Save is com m anded, a 
tem p o rary  file, 0.S.WAVE.-DAT is c rea ted  (a t th e  end  of th e  scan th is  file m ay 
b e  renam ed  and  m ade perm anen t). All o f th e  tim e a n d  voltage p a ra m e te rs  
a re  converted in to  a  fo rm  th a t  th e  I/O devices and  th e  assem bly p rog ram  can 
d ire c tly  use, an d  o th e r  p a ra m e te rs  a re  optim ized  in to  v a lu e s  th a t  th e  
assem b ly  p rogram  can  quickly use. A copy of th e  w aveform  p a ra m e te rs  as 
w ell a s  o th er in fo rm atio n  (such a s  A/D, D/A ca lib ra tio n , etc.) is  m ade to 
describe  the  da ta . T he purpose o f th is  is have a  com plete se t of conditions 
s to red  for each se t of d a ta , in  th e  ev en t th a t  any  conditions change in  the  
fu tu re .

The com puter perform s a few ta sk s  a fte r th e  I/V value is en te red  and  
return is p ressed  w hich  delay th e  s t a r t  of th e  w aveform  by only  a few 
m illiseconds. A ny rem a in in g  p a ra m e te rs  a re  s to re d . I f  Wait is  th e  
com m and, th e  p ro g ram  will p au se  for th e  specified  period of tim e  (the 
keyboard  is m onitored  for the e s c  key: i f  i t  is p ressed  du rin g  th is  tim e, th e  
sc a n  is canceled). T he scope d isp lay  is se t u p . T hen  th e  assem bly  
su b ro u tin e  is called. Some add itional conversions a re  m ade, som e variab les 
a re  copied. The clock is se t to its  m in im um  tim e, th e  in te rru p t vectors are  
s e t to  knock or s ta r t  th e  waveform , and  th e  f irs t voltage is o u tp u t and  the  
clock is enabled. T h en  the  ro u tin e  re tu rn s  control to  th e  w aveform  m enu 
a n d  in te rru p ts  HSWAVE w henever th e  clock tim e is up . T here  a re  several 
p laces or vectors th a t  th e  in te rru p t m igh t go to. T his is  de te rm ined  by the
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knocker, a ir  valve, cycle type p a ra m ete rs  an d  the  p a r t  of th e  w aveform  being 
ou tpu t. The possibilities are: 

knock (and a ir  valve) off 
Knock once
Knock a t  beginning  of each cycle 
Knock a t  beginning  of each scan 

com bined w ith:
A ir valve on (T a ir  & 0)
A ir Valve off (T a ir  = 0) 

com bined w ith:
no rm al cycle 
cyclical

F lags a re  se t up  an d  as each p a r t  is perform ed, th e  vector for th e  n ex t ta s k  is 
d e te rm in ed . So, i f  th e  a ir  valve is  enab led  and  th e  ap p ro p ria te  voltage is 
app lied , th e  knocker w ill s trik e . T hen  th e  a ir  valve w ill be tu rn e d  on and  
th e  tim in g  se t for T a ir .  The vector is se t to a ro u tin e  w hich w ill tu rn  the  
valve off an d  s ta r t  th e  ap p ro p ria te  tim in g  (for I n i t i a l  P o t e n t i a l  o r th e  
ap p ro p ria te  voltage). In  an o th e r exam ple, i f  th e  knocker is  enab led  and  the  
valve is not, th e  voltage will be o u tp u t and  th e  knocker w ill s trik e  an d  th e  
tim ing  will s ta r t.
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