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ABSTRACT
In this study, specular reflectance spectroscopy was

carried out in the ‘u.v.-visible region using a new

[

detector, a charge—coup1ed device. This new detector
énableé the refleéfange experiment to be performed while
menitoring an electrogeneratedlspecies simultaneously over .
afrelgt;vely‘large wavelength range. The charge-coupled
de;iﬁévalso allowed'f6r a_substantia1 simplification in
~the electronic prrcuitfy required to pefform reflectance
e%perimeﬁté'és oppbséd to the commonly used
phbtoﬁultiplier tube. |
The interfacing of'the new‘detecfor to_an AIM 65/6502

mjcroprocéésd;,is detailed along with the operation of |
sucﬁ a,éysté; and its accompanying eleétronic‘circuitry
d@;ing»a refleéténce éxperimént; A(quaiitative' ‘
 deS¢ripti§n of the charge-coupled devicé is also ‘given
'.gfter whﬁChﬂ%tg superiorityAOQer’thé ma;evcohmdn‘
photodiddé‘afréy,is ihferred, S

| This,work déﬁonstrates the ease with Which the usual
two dimensional reflectance informatidn Eogld,be‘expanded

to contain wavelength as the third dimension.
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CHAPTER 1
INTRODUCTION

In recent years, spectroscopy has been utilized to.
augment many of the electfochémical techniques [1,2].‘ The
basic spectroséopic methods used include internal
reflec£ion (Figure laf, transmission (Figure 1lb), and
specular reflectance (Figure lc). The coupling of any one
of these spectroscopic methods to an electrochemical
techﬁique can be accomplished by spectroscopically
monitoring the region close to the electrode/solution
interface as the potential of the electrode 1is changed
from a reference region of electrochemical activity to one
where a different electrochemical activity is appafeht.
Through such a combination the resulting eledtrochémical
information, is enhanced due to the molecular specificity.
imparted by the spectroscopic observation of the species
of interest. The basic premise underlying this
spectroelectrochemical combination is, of. course, that the
species of interest has a net absorbance difference at two
potentials with this net difference being distingaishable
from any background present at the wavelength of

"monitoring. The successful coupling of these techniques
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alone has resulted in the acquisition of some heretofore

A

unattainable electrochemical information. The acquisition

of such data gives justification for at least a.

qualitative discussion on the implementation of these

\

\

three basic techniques.
In interna' reflection spedtroscopy [3-151, whicﬁ\was

initially applied to spectroelectrochemistry in 1966 [3},

the beam .of light is incident on the back side of an .
\
A\

optically transparent electrode (OTE) at an angle greater
than the critical angle resulting in the toéal‘reflection
of .the light beam. Thé electric field associated with the
totally reflected light beam forms a standing wave
perpendicular to the surface. This wave extends siightly
past the electrode's inner surface and into the solution
where its electric field decays exponentially{ Due to
this evanescent wave, any electrogenerated species which
is able to interact with.the electric field is amenable to
spectral monitoring via this technique. The penetration
depth of the electric field, which is depehdent both on
the optical constants of thé solution-and the wavelength
of the incident light, is usually about one-tenth this
wavélengthf Due to this small penetrafion depth, this
technique is limited to investigations dealingrwith‘
species essentially residing at the electrode/solution

interface. The limited penetration depth can also impose



severe restrictions on the maximum duration of such an
experiment due to the fast acqguisition of a steady state
caused by a decrease in the‘rate of change of the
diffusional processes occurring at-the electrode's
surface. The sensitivity of this technique can be
increased through the use of multiple reflections.

In transmission spectroscopy [16-24], the beam of
light is passed directly ‘through an OTE and the
acéompanying solution. By monitoring the change in
transmittance of the light beam as the potential of the
OTE is stepped inﬁo the electroactive region, the
properties of the electrogenerated species can be
evaluated. These éfbperties include the molar
absorptivity (e), the diffusion coefficient (Dg), and more
importantly, in texrms of mechanistic studies, the rate of
formation or decay of the absorbing electrogenerated
species. If the waveleﬁgth'is scanned as the potential is

stepped, the spectrum of an electrogenerated species can

2

also be acquired. Many of the OTE's (25) used in
tranSmissiQﬁ spectroscopy are.made by chemical vapor
deposition of a very.thin.layer of platinum, silver, gold;
pin‘oxide, or .indium oxide on a substrate whose
~composition is determined by its optical transpapency over
the wavelength range of interest. Since the initial

introduction of the electrochemical technique utilizing'
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transmission speiﬁgoscopy in 1964 by Kuwana et al. [1l6],
this technique has become.well characterized and quite
diverse 1in its apélicqtions.

In specular reflectaﬁce spectroscopy [26—351, the
incident light is first passed through the solution and
then Ebtally reflected from the surface of a solid
electrodef 'In this increasingly popular technique, the
electroactive species genérated at the elecﬁrode surface
is also monitored as it diffuses out into the bulk.
solution.” This technique not only provides access to the
datavobtainable by transmission techniques, but by using

- phase senéitive detection can become very sensitive; in
some cases even able to detect 10";7 mbles/cm2 of a
substance. In another application utilizing signal
averaging, kinetic information on the microsecond time
scale can be acquired. |

In a more tecenf and>very specific applicatioﬁ of
specular reflectance referred to as "sinuégidally\
modulated alternating current reflectance spéctroscopy"
[36], an increase in sensitivity over electrochemiéal
methods can be realized ﬁue to the absence of charging
currents which can give quite large electrochemical

backgrounds. In this technique a slowly varying cyclic
potential ramp is applied to an- electrode. Superimposed

on the cyclic potential ramp is a small amplitude



>

siusoidal perturbation which results in the production of

an alternating current. in the electroactive region of the

species under investigation. This electroactive species

d

is”monitored spectroscopically giving the fundamental
harmonic alternating components of the.concurrent specular
reflection response whiéh is*recorded through the use of
phase sensitive detection instrumentation. . Since the
species is monitored spectroscopically, the charging
current 1is not deﬁected;. Through new applications of
specular reflectance'alpng Qith the increase in
sensitivity realized; the future accepténce and Qidespread
use of this technique as an important analytical tool
seems to be assured.

:The.éforementioned techniques have all proven to be
valuéble tools.in electrochemical investigations.
Valuable information has been gained in studies dealing
with the strucéure of the electfical double layer [46-50]
and eVéluaﬁions of the kiﬁetic parameters associated with

“~radaic processes or post-faradaic homogeneous processes

in 4iffusion layer [1,2,12,;7,21,23,31,44451;52],

2asc “~ [10,11,26,37,38,39,42,43,;45], metal deposition
[23,2 531, anduthé identification and characterization
cé sh-~  “+.d rcactio. intermediates [17,19,27,28,44].
More re:zc - _ese technigues have been im?lémented for

determinzt. .1s of e s ‘chiometry and energetics of



pe

biological components dealing with electron transport
mechanisms [35’40’41]', Although the inclusion éf any one
of these techniques in an electrochemical investigation |
would prove fo befquite valuable, it should be noted that
reflecténce techniques have several inherent advantages
aver transmission techniques using,OTE's. First, the
measured light intensity after ;ransmission thrbﬁgh an OTE
can be greatly attenuated compared to £hat reflected from
a solid electrode. This is due to the ineluctable
absorbance of the thin layer conductor. Second, the ?ath
taken by the light beam in a reflection experime .t
traverses the double layer twice at an angle difﬁering
from that normal to the électrode surface allowing a
greater number of the species of interest to be
encountered which results in increased sensitivity;

Third, to prevent the'light path.from béing obstructed by
the counter electrode in OTE's, it is necessary to | |
sacrifice any arrangement that would place all points on
the working electrode surface equidistant from the counter
electrode. This ié not a probiem in reflection
technigues. Fourth, the often encounﬁered,ﬁigh
resistivities of OTE's manufactured by metal vapor
depositioﬁ or other techniques can result in uneven
current distribu£ionsvwhich are not present in reflectance

techniques using pure bulk metal electrodes. Due to the
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aforementioned advantages of reflectance over transmission

.techniques, spectroelectrochemical reflectance techniques

were used exclusively in this research for the in situ
monitoring of solution free electrogenerated
intermediates. In typicai reflectance techniques, the
experiment is carried out and monitored at one wavelength
at a time using the ubiquitous photomultiplier tube. ‘The
approach taken here is to peffdrh these experiments, but
to use a new detector that allows the simultaneous
recording of an entire spectrum of dispersed light. Thus,
not only does an e%periment‘give the usuél two dimensional
results of potential (or time) vs. absorbance (or current)
at a specific wa&elength, but now we ca; conveniently
include the third dimension of wavelength. To this end,
an entirely new spectrometer system was designed and
tested in this work., The device used to simultaneously
record the dispersed spectrum was a charge coupled device
(CCD), similar in package to the more familiar phptodiode
array (PDA), but inherently different in operation and-
characteristics. The operation of a CCD will be
qualitatively described along with the interfacing of this

device to an AIM 65/6502 microprocessor and external

. control ciréuitry. Applications of this new rapid

spectrometer will be presented.



CHAPTER 2
THEORY

In this research, the spectroscopic equivalent of
chronoamperometry was carried out using a CCD as a
detector. The experimentally observable variable is AR/R
which is the difference in the intensity of the reflected
beam of light durlng the potentlal step and before the
~ potential step, divided by the intensity before the
potential step. In order to relate AR/R to the
electrochemical variables, it is necessary ﬁp solve Fick's
second law which describes the diffusion of species R
during an elec£rochemical experiment [54]. For a simple

reversible electrode process

+ne )
Ox ———— Red (1)
-ne”
Fick's second law is
23Co (X, t) 32C. L (x,t)
Red ‘X’ - b Red ' *’ (2)
ot Red 3x° -
=



where Dp,4q is the diffusion coefficient of séecies Cred-
‘The solution, CRed(x,t), will give the concentration
profile of species Cg.3 as a fdﬁction of distance, x, from
the electrode surface and as a function of time, t. In
this experiment we assume semi-infinite linear diffusion.
Initially the applied potential is in a region of no
electrochemical activity. This potential ié then stépped
into a region such that the ensuing electron transfer is
solely governed by the rate at which species Creg diffuses
to the électrode surface. The boundary conditions for
such an experiment are:- | _ o

“1. Initial boundary condition: .
*
Creq(x/0) = Cgeg . (3)

which states that at t = 0 the solution contains,
. ¥ : _

everywhere, the bulk concentration Cged (i.e. the

concentration Of‘CRed at the electrode surface is

"equivalent to the bulk concentration,‘Cﬁed).

2. Semi-infinite boundary condition:.

. . N . . * . -
1lim CRed(.x"t) = CRed . (4)

X >

10



which states that at any time, t > 0, at some distance
from tﬁe electrode surface the concentration of the
electroactive species will remain undisturbed and
equivalent to the bulk céncéntfation, Cgéd'(i.e., the
cell is large enough to be approximated by éemi—
infinife linear diffusion to a planar electrode).

3. Surface boundary condition:
CRed(O,t) = 0 for t >0 (5)

which states that-upon application of the poténtial
step, the rate of the éiect:On-transfer’is governed by
the rate at.which the species can diffdse to the
electrode surface. Therefore, the cqncéntrgtion-of
the eleétroactive species Cpreq @t the electrode
surface is effectivg}y zero (i.e., the electroact’ =
species Cpreqg is beiﬁé consumed as fast as it can
diffuse to the electrode surface).

A solution to equation (2) can be arfivediat‘through
a‘straightfofward application of the Laplace trénsform (L)
[55] and the above boundary conditions. Using the‘
.differentiation theorem for the original function:

’3
L |

C (Xrt)' -
0 L (G - g x00) (61




~and
3°C, L (x,t) 82[LC (x,t)]
L {D Red X - D { Red !
Red 2 Red 2
ax - ax
2-
Red 2 _ i (7)

where Eéed(x,s) denotes the transformed function. The

resulting image.equation is

o
3°C. . (%,8)
I . L Red
s {Cpeg(xrs)} = Cpog(x,0)-= Dy 4 N b8

v

Inserting the ,initial boundary condition

.
Crea(x:0) = Creg - (3)

”~

into the image-eQuétion gives

Y N 2_
S {CRed(x’s)} - CRed - DRed{ ax2 : (9)
Rearranging, we have
228 (x,8) - o
X,S s -
Red' ™"’ . = ‘ Red
ax D ; . D :

Red Red

12



which is an ordinary differential equation (no longer. a
partial differential equation). The general solution of

Eqn. (10) is given by

Crea(x,s) = explax) (11)
where
a = % (; )1/2 . (12)
Rad

Therefore,
Eﬁed(xrs) = A exp(ax) + B exp(-ax) + constant. (13)

The constant is determined using a variation of parameter

technique [56] which utilizes the two linear equations: -

——

and
Vl"Ul' + V;'Uz' = H, . ) (15)

where prime .denotes the first derivative. Substituting

13



and

results in

‘and

By Cramer's rule:

14

Uyp = exp(ax) (16)
Uy = exp(-ax) (17)
Vy' exp(ax) + Vp' exp(-ax) = 0 (18)
*
| ~ CRed
Vi' a explax) + V' (-a) exp(-ax) = 5 . (19)
: Red :
0 exp(-ax)
*
- C : * :
_—ﬁ§§% -a exp(-ax) ) ~CRreg exp(—ax)
- W 1/2
exp (ax) exp(-ax) | 2 (SDRed) ‘
(20)

0 U,

H U2'
Vl' == ‘

Up Uy

Up' 0pf

and

a exp(ax) —a exp(—ax)




Uy 0 exp(ax) 0
* .
. _ - CR *
o Ul H ) a exp(ax) ——‘e_dDRed ) CRedexp(.ax)
V2 - - - 1/2
Uy Uy exp(ax) exp(—-ax) 2 (SDRed)
Up' Uyt a exp(ax) -—-a exp(-ax) . (21)
Now
* * _l
' ) ~Creqd exp (-~ax)dx ) —CRed(a_)
vy = Jvytax = > b 7T [2 op. 172
SPRred SPRed
cr (-ax)
exp (—ax
[ -a exp(-ax)dx] = —=€d +C . (22)
2 «(sD )1/2 1
®{SPRed
Substituting
L]
S 1/2 '
« = (5—) / (23)
Red
simplifies Vy to
*
C exp{-x(2 )1/2}
Red DRed .
% + Cy- (24)
Similarly,
c’ (ax)a ch .(1)
v, = [ v, ax = | Red TETTCT [ TRed & :
2 2 2 (sp, /% 2 (sp,_ )1/?
"Red Red

s

15



bl .
CRed exp (ax)

[ a expl(ax)dx] = —17m * C (25)
2 (SDRed)'
‘again substituting
] 1/2
« = (g—) / (23)
Red
Y
results in
* S 1/2
CRed exp{x (DRed) }
v, = = + C,. (26)
2 2 s 2
Therefore,
. .
Cp exp{-x(2 )1/2}
= ed ' DRed
Cred(x/s) = VjUy + VoUp = (| —— +Cp ]
*
- C exp{x(3—)1/?}
s \1/2 Red DRed
exp{x(5—)""7}) + (I +c, ]
Red 2 s
. .
exp{—x(%———)l/z}]. (27)
Red

Transforming the semi-infinite boundary condition, we have

L {lim cRed(x,t)} = lim {Llcﬁed(x,t)]}

X+ X+

16
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c* AN
_ = Red
lim CRed(x,s) (28)
X+ s
Therefore, A = 0 and
x
~ CRred s 1/2
C (x,8) = + B exp{—x( ) } (29)
- "Red D
S Red

Apolying the last condition (the surface boundary

condition),
CRed(O,t) =0 for t > 0 ' {5)

and taking the Laplace transform

L {Cpog(0st)} =0, (30)
gives
CRreg(0,s) = O. ‘ (31)
Therefore,
A ] . - l
~ CRed s 72 B
. Creg(0rs) —*® exp{ 0 (5 = b =0 (32)

or



B = —— ‘ (33)

Substitution of Egn. (33) into Egn. (29) gives the
solution

. _

e .

Creg(¥x/s) = Red 1y - exp{fx(; y1/21
' S Red

(34)

In the absence of convecltion:and migration, the flux is

. . 3 C (x,t)
_ _i(t) _ Red
_ J(0,t) = oFa— = Dregl IX Jx=0 - (35)
at the electrode surface (x = 0). This transforms to
i(s) _ ? Cheg(xrs)
= Dl % le=0 (36)

nFA Red

whére n, F, and A represent the number of electrons .
occurring in the electron tranéfer, the Faraday constant,
and the area of the electrode shrfacé, respectively.
Substituting Eqn. (34) for Eﬁed(x'S) resulfs in:

* *

C C
Red _ "Red epr-x(; )1/2}

S S Red
aX

i(s) = nFADpaq | “tx=0037)

or

18



19

. C ’ »
i(s) = nFADReg {(E——)1/2 B9 oypix (31?1 },_q(38)
Red Red . .
and for x = 0 we have
1/2 * _
. _ nFADRed CRed‘ '
l(S) = 1/2 e (39)
s
Using the fact that
-1, 1 1
L~ ) = ' (40)
_51/2 (nt)l/2

and taking the inverse Laplace transform of i(s) results

in:
1/2° x
) i(t) = "TPRed “Red (41)
» o) 172 o

which is.the familiar Cottrell equation. Since, [18]

| St oi(t)dt
o) = e ff Co ax == f ilt)de (42)

where € is the molar. absorptivity of the absorbing

species, and substituting equation 41 for i(t) results in .

1/2 *
DRedCReddt

A(t) = Edft — 177 (43)
(nmt) .

A

therefore,
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1/2 * 1/2
_ Pred “Rrea ' o

m

Now, if Ry is equivalent to the reflected light intensity
during the potential step and Rj is equivalent to that

before the potential step then

AR R, - R

R S (45)
R RO - .
and
AR R, - R R
1 0 1
L+ g =1+ = 1 (46)
R RO RO
From Beer's law
R, R | Ry |
A(t) = -log (ﬁg) = 3303 1“(—5) (47)
and substituting for Rj/Ry gives:
-1 AR '
A(t) = 7303 ln(l + —R—) . (48)

A Taylor's series expension of the natural logarithm

yields

AR :
.ln(l +-§—) =‘R—-"—2——+ oo . (49)



So for small AR/R,
In(1 + g) 2 g - (50)

which after substitution into Egn. (48) yields

-1 AR
At) = 7303 () - (51)
There! >re,
. *
AR : -2.303(2 € pl/2 ¢ tl/z)
— = -2.303 A(t) = == Reg/z_Red (52)
R o n
l\
or
o172+ 1/2
AR ~4.606 € D Creg t
o 172 (53)

by

™

The special light path geometry of the cell used must be
congidered. We note that fhe beam of light passes through
the éolution and diffusion layer éwice (Figure 2). For an
angle o taken with respect to a normal to the surface of

’ ) . I

the electrode, the pathlength is q = 2x/cos 7. A

{
Substltutlng Ae = €9 - e for € in the case of both Ox and-

e

Red belng absorblng species with dlfferent molar

absorptivities, €, and €7, we have the final result:

21
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1/2 % 1/2.

AR -9,212 Ae DRed CRed t
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CHAPTER 3
EXPERIMENTAL

3.1 Preparations and Purifications

3.1.1 Purification of Acetonitrile

The electrochemical solvent used in this work was
acetonitrile. Purification of acetonitrile was carried
ou£ using a modification pf the procedure given by Mann et
al. [57]. "Due to the electrochemical activity of the
impuritiesfusually‘presént in commercial grade
acetonitrile,” they must be removed before the solvent can
be used. The impuritiési%ay include uﬁéatufated nitriles,
acétamidé,'aﬁmonium acetate; acetic écid, aldehydes,
amines, ammonia, and water.v

Approximatelyﬁz.S L. of commercial grade>acetonitrile
was rapidly distilled using a short Vigféux column in
- order to remove a large percentgge of the'impurities
présent; This greatly reduces thé risk of a fire or ., .
explosion in thefsubsequént oxidative purificatiod to be
carried out; The first ahd last 100 mL were discarded, -

and the center 2.3 L were colleéted-énd.stored over 10 é

of calcium hydride‘for at least 24 h. - No more than 0.2%

)
-

24



25

water can be present in the next step in order for the
successful removal of aromatic hydrdcarbons to be
accomplished. The solvent was decanted and 25 mL of
benzoyl chloride were added and.thekmi#ture was refluxed
for one hour. The solvent was then distilled (5 mL/m) and
collected in a flask containihg 25 mL of water which was

_ necessary to hydrolyze ény bénzoyl chloride carriea

over. The last 100 mL of solvent to be distilled were
discarded. The solvent was redistilled discarding the
first 50 mL and lasf 100 mL. 25 g of potassium
‘permanganate were added to- the distillate and this
solution was rapidiy distilled discarding the first and
last 50 mL of distillate. A drying tube was used to keep
atmospheric water out. Any ammonia present;wés then

A}

| neutralized with concentrated sulfuric écid whereupon the
acidic aceton?trile»was’then decanted;from any ammonium
sulfate that had precipitated. The solvent was tﬁen
distilled aéain (10 mL/m), fhis ﬁihé discarding the first
aﬁd laét 50 mL and ‘collecting £he disfilléte over 25_9 of
qaléium hydride. The diétillate containing the calcium
‘hydride ‘was then distilled (1 mL/m) in a carefv ly driéd~
distillatiéh abparatus which contained a. four foot
insulated column.packed with glass helices. The

distillation was carried out under a dry argon atmosphere

and the first 50 mL and last 100 mL were discarded. The
: ' ~

14
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final distillate, purified acetonitrile, was stored over
Woelm super grade alumina under a dry argon atmosphere
until needed. |

This modified purification procedure gave a 65% yield
Arelative to the starting-matenigl. The purified solvent
gave, on the avefage, a tranéhittance of better than 90%
at 200 nm. Using tétra—n—butylammoniuh tetrafluordborate
~as supporting electrolyte (0.1 M),'the stéady—state
background current at +3.00 V versus a Ag/Ag+ (0.0l‘M)
électrode was less than 50 uA/¢m2. This background
current is only achievable if the.glassware used 1is
'sérupulously dried. The usual érocedure is to use Woelm
super grade alumina ih the electrochemical cell to remove
any last traces'of water. .

Caledon HPLC grade acetoniﬁrile with 0.006% water
could élso be used after dryfng over Woelm Super grade
.alumina overnight_Without further purification. The
product 1is, ﬁowever, very costly.

—~

3.2 Supporting Electrolyes

I3

3.2.1 Preparation of Tetra-n-butylammonium

Tetrafluoroborate

Tetra-n-butylammonium tetrafluoroborate was prepared

by a modified version of the procedure used by”Lund.and
Iverson [58]. 340‘g‘of tetra-n-butylammonium hydfpgen

x
)



sulfate was dissolved in the minimum amount of water
necessary and filtered. To the tetra—n—butylammonium
hydrogen sulfate solution was added slowly and with
stirring a solution of 100 g of sodium

tetrafluoroborate. The immediately precipitated tetra-n-
butylammonium tetrafluoroborate was filtered and washed
with two 100 mL portions of ice cold distilled water. The
precipitate was then dissolved in approximately 75 mL of
methylene chloride and transferred to a separatory funnel
and shaken. The lower layer containing methylene chloride
and tetra—n—butylammonfum~tetrafluoroborate was added to
300 mL of cold diethyl ether with vigorous stirring. The

upper layer containing water and sodium bisulfate was

discarded. The tétra—nsbutylammonium tetrafluoroborate in

the diethyl ether solution, after slowly precipitating,

was filtered in 15 minutes. The precipitate was then

redissolved in methylene chloride and reprecipitated upon

addition of cold diethyl ether. This was performed a
total of three times before the final precipitate, after
being filtered, was dried under vacuum at 40°C for at |
least 72 hours;j The yield was 75% with respect to the

tetra-n-butylammonium hydrogen sulfate.

3.2.2 Purification of Lithium Perchiorate

Lithium perchloraﬁe (Thiokol) was purified with two

recrYstallizations'from triply distilled water and was
7
then dried at 100°C under vacuum overnight [59].

»u . .; . ‘
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3.3 Commercial Chemicals

1,4-Dimethoxy-9,10-diphenylanthracene (Aldrich 99.9%)
was used as received. | 7
2,6—Q}—tert—buty1—4—(4—methoxyphenyl)Faniline was
used as received. “
o

3.4 Optical Reflectance Cell and Electrodes

The optical working electrode uséd was thin
platinum cylinder (2 mm x 6 mm diameter) which had been
silver soldered onto the end éf a longér solid brass
cylinder (6 mm x 160 mm) (Figure 3). With a portion of
the brass cylinder‘coated with epoxy, approximateiy one—
half of the brass cylinder (the half containing the
platinum disk) was then shrink—fitted into a 3 mm thick
thlow Kel-F cylinder such thét only the platinum surface
remé;ned exposed. The resulting seal was resistantvto
bfganic solvents. The féﬁéining half of the brass
cylinder wa; fitted with a Kel-F cylinder which was looée
énough to be removéd at will. - A rubber O-ring was
inserted between the stationary and removable Kel-F
cyliﬁders such that when a brass nut was tightened on the

end of the brass cylinder containing screw threads, the

movable Kel-F cylinder would squeeze and expand the O-

28
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PLATINUM KEL-F BRASS O—-RING
DISC SLEEVE SHAFT
Figure 3. Obtical working electrode.
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ring. The entire. Kel-F sleeved brass cylinder fit into a
syringé barrel opening in the optical reflectance cell
with a small enough clearance (0.1 to 0.2 mm) such that if
the brass nut were tightened the O-ring would form a seal
between this working electrode and the inner wall of the
syringe barrel opéning. |

B The platinum surface of the working electrode was
polished by mounting it in an aluminum mandril (Figure 4)
which was used to keep thelplane of the electrode surface
perpendicular to the electrode's brass cylinder shaft.
After securing the electrode with the two scgéws
available, it was polished using increasingly finer grains
(1.0 um, 0.05 um, 0.03 um) of polishing alumina (Baikalox)
~on a polishing pad (Buchler) which had been stretched and
secured té an 8 inch square piece -0of plate glasé. The
successive polishéngs were pérformed with the use of
distilled water. It was possible to obtain reproduciblé\
mirror flat surfaces with this procedure. Before using |
the electrode, it was éleaned with acetone, sulfuric acid,
and distilled water.

The secondary.electrode used consisted of a thin

platinum disk attached to a platinum wire which was sealed
into the end of a glass joint that fit into its counter

port opening located opposite the working electrode.
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The Ag/Ag+ reference electrode used was isolated froﬁ
the rest of the cell via a Luggin capillary containing a
glass stopcock. The loosely fitting stopcock was wetted
before being closed. The_Lugé&n capillary led to a Ag/Ag+
reference electrode. Thié section was inserted into a
second syringe barrel opening located such that the tip of
the Luggin capillary could bevpositioned close to the
working electrode surface without interfering with the
optical path. The distance of approach was adjusted so as
to be the minimum achievable without driving the
poﬁentiostat into oscillation. The Luggin capillary was
held in position via a movable O—fing on the capillary
itself which would not fit into the syringe barrel
opening. The A§>A9+ reférence electrode was itself .
isolated from the‘Luggin chamber via a glass frit.

The optical reflectance cell is shown in Figure 5.
The platinum working electrode is positioﬁed such‘%ﬂat the
iincident light which has passed in through the first of
two quartz windows will pass out through the second quartz
window after reflection from the electrode surface. The
secondary electrode is dpproximately 3 cm opposite the

workihg electrode surface.
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3.5 Experimental Apparatus

The experimental apparatus used to carry out the
spectrophotometric equivalent of chfonoampérometry is
illustrated in Figure 6. The components used to perform
the electrochemiétry consist of a Hi~-Tek Instruments PPR1
waveform generator and a Hi-Tek DT2101 potentiostat. The
components utilized to obtain the optigél signal consist
of: a 35 watt quartz—halogen lamp, two-75 mm focal length
lenses, the'straight slit (Model No. 14115) and housing Qf
a Spex Industries monochromator (Model No. 1401) along
with. the accoﬁpanying'John—Yvon grating (1221 g/mm blazed
at 5000 'A), and a Fairchild CCD 133. The components uiéd
to process the optically genefated signalsainélude an AIM
65/6502 mic;oprocessor and an Analog Dévices 14 bit high
speedeDC 1131k. In order to perform the |
chronoamperometric experiments, it was necessary first to
record cyclic voltammograms of the cémpound of interest.
This was done in order to determine the initial poﬁentiél
and the magnitude of the potential step necessarw to
arrive at a potential well into the diffusion limited
region of the experiment. The cyclic voltammograms were
obtained at a sweep rate of 100 mV/s using the same
solutions and optical reflectance cell as were used with

the chrondamperometric experiments. The potentiostat and.

waveform generator were also the same as used in the
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chronoamperometric experiments with the cyclic
voltammograms recorded on a Gould HR2000 storage recorder.
A general overview of the electronics utilized to
control and ihterface the CCD to anlAIM 65/6502
microprocessor during a chronoamperometric. experiment will
now be given, followed by a section containing a more
detailed description with‘the appropriate timing diagrams.
The CCD used in this research contained one~-thousand
twenty—four‘individual photoélements and is described in
Section 3.6. It required two éyncﬁronized clock signals
for proper operation: The first was a sixteen kilohertz
integrationlsignal‘generated by a vpltage con' ‘nlled
oscillator (VCO) (Figure 7). Tﬁe other was
megahertz data signal generated by a twenty megahértz
crystal.clock oscillater (CCO) whose frequency was halved
by passihg it through a D-type~flip‘flop (FFl). A D-tYpe
flip flop is an electronic clocked logic device that
présents the D input signal level to the Q output whenever
the clock input uhdergoes a positive transition.[60] (é\
change in voltage from low to ﬁigh). The sixteen
kilohertz integration signal was used to enable a éecond
D-type flip flop (FF2) which receives its D input values
from the output of the first flip flop (FFl). This
resulted in the properly syﬁchronized clock signals

(Figure 8) which allowed the CCD to operate at a "free
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Data Clock

Trénsfer Clock

Ficure 8. Synchronized clock signals.:
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running" rate of sixteen kilohert; with approximately
.sixty microseconds being equal td one integration

period. The sixteen kilohertz integration signal was also
used to clock the first of three parallel decade counters
(C1, C2, C3). These decade counters deﬁerminéd the amount
of time between the'initiatidn of the potentiai step and
the beginning of the 1ntegratkon period by counting a
spec1f1ed number of the positive transitions occufrring in
the integration signal. This delay time was -adjustable
under software control via the microprocegsor, from zero
to sixty millisecondé in_sixty microsecond inéfements;

The integration period was terminated by the second of two
separate péfallel decade counters (C4, C5). These
counters were clocked by a 555" timer (T1l) which ran
astably at eighfeen kilohertz, allowing the integration
period to vary from fifty-five microseconds to five
millisecondsg programmable in fifty-five microsecond
increments. After the integration period was terminatea'
the microprocessor serially clocked out the CCD shift
rggisters conté%ning the analog equivalents of the
incident light that  had interacted with the

photoelements. These were converted from analog to
digital sign&ls with a éourteen bit analog—toldigital
converter (ADC) and were stored in the microprocessor.

The microprocessor signal averaged a previously programmed

a
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number of scans by summing and storing the spectra, with
the spectrum of an electrogenerated species and the
background spectrﬁm taken in alternation. |
With the previous general overview in mind, the

detailed operation of the entire electronic system during
an experiment will be given below. In order to facilitate
"the understanding of the circuitry, thetelectronic system
has been divided into four main parts and itemized below,
each with a list of the important components contained
therein.
1. The AIM 65/6502 microprocessor. The microprocessor

provided: |

a. a waveform generator (WFG) control line.

b. a counter ciréuitry,reset line. -

c. a CCb selector line.

d. a:three bit load control bus.

e. an eight bit data bus. 9

f. a separate fourteen bit déta bus.

g. an AIM data clock line.

h. an interrupt request line.
2. The CCD and on-board circuitry (Figure 9). This

consisted of: ‘

a. the CCD.

b. one dual D-type (high speed) flip flop (FF).

(Dual meaniﬁg there are two indepéndently

operaging D-type FF's per package.)

-
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The

d.

one voltage controlled oscillator (VCO) set to run
at a frequency of sixteen kilchertz.

one-twenty megahertz crystal clock oscillator

-(CCO) .

two quad two-input nand gates. A nand gate is a
logic device whose output is high whenever anyrone
or both of the inputs are low. AIf'both inputs are
high, its output is low [60). A guad two-input
nand gate is ‘& package containing four independent
nand gates, each with two inputs.

one dual MOS clock driver. This was a driver used
to amplify a low amplitude input clock signal to a

higher amplitude (as required by the CCD).

counter circuitry (Figure 10). This consisted of:

. a4 -
five decade counters.

" three dual D-type FF's.

two 555 timers (astable mode). These timers
provided preset frequency signals.

three quad two-input nand gates.

The signal processing circuitry (Figure 11). This

k'

consisted of:

ad.

b.

two voltage followers.

one summing amplifier.

42
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c. one fourteen bit analog-to-digital converter
(ADC) .
ov

\
The system was ready to run under microprocessor

control (see Appendix A for program) after the following

preliminary operations were carried out:

1. The desired potentigl pulse duration and magnitude
were set on the waveform generator along with any

accompanying settings on the potentiostat.

2. iThe following timg éeriods were entered into the
microprocessor: )

‘a. the delay between the onset of the potential puise
' and the start of the light integration period.

b. the duration of the light integration period.

c. the time interval béiween potential pulses

necessary to allow the electrochemical system to

relax back to its original conditions.

3. The number of repetitions (c:-ans) to be averaged was

entered into the microprocessor.

9
4. The optical "reflectance cell was aligned.

5. The light source was on and the slit width to ‘the

monochromator was adjusted.

6. The potentiostat was manually enabled.
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To begin the experiment, one of the three:available
function keys (Fl) on the microprocessor was depressedb
causing the microprocessor to immediately jump to the
beginning of the software program and start execution.
The.microprocessof took ghe CCD selector line High by
bringing low one of the inputs to nand gate N1 (Figure 10)
which was located in the counter circuitry. This enabling
of the on-board sixteen kilohertz VCO and twenty megahertz
CCO (Figure 9), via an arréy’of nand gates, allqwed the
CCD to "free run", taking spectra at sixty microseconds
per scan. Next, the counter circuitry was enabled (this
will be explained 1ater) as the WFG control line was
simultaneously brought high. At this point, the counter
circuitry had no control over the CCD, but the WFG was
triggered (only once) due to the indeterminate state of
FFl upon start-up. After a maximum of sixty milliseconds
the counter circuitry disabled itself (also explained
later) and signaled the microprocessor that it had done
so, via the interrupt request line. 1In the meantime, the
microprocessor had cleared all the memory necessary for
data storage (approximately 8K). After waiting the
required relaxation time for the electrochemical system
(in case the WFG had been triggered), the microprocessor
checked to see if -the counter circuitry had disabled

itself indicating a properly operating counter



circuitry. The counter circuitry was now in a
predetermined state (all input and output levels were
known). Up to this point the experiment had lasted about
four seconas with fhe four seconds_determined by the
electrochehical relaxationvtime.

To aid in explaining the operation of the system,
timing diagrams (Figures 12 and 13) will be used. The
microprocessor, having been signaled that the counter
circuitry had disabled itself, loaded the five decade
counters located in the counter circuitry (Figure 14).
The first two decade counters loaded under software
control, C4 and.C5, determine the light integration
period. To load them, the microprocessor presenteq.fhe-
binary equivalent of the previdusly entered integration
period onto an eight bit data bus (eight separate
wires). This eight bit data bus terminates‘at the load
inputs (L1, L2, L4, L8) of the decade counters with the
fbui higher bits connécted to the load inputs of decade
counters C2 and C5 and the four'lower bits connected to.
decade counters Cl, C3, and C4. The microprocessor then
selected the p:oper decade counter to load via é three bit
load control bus. When any one of these three bus lines
were brought from a\iow to a hiéh level the data on.the

data bus was loaded into the corresponding decade

counter. The sequence  was as follows:
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1. All three load control lines are taken low (Figure 12,

pt. a).

2. The binary equivalent of the integration period was

placed on the eight bit data bus (Figure 12, pt. b).

3. Load control line three was brought high (Figure 12,
pt. c). This ioaded the four low bits on the data bus
intq decade counter C4 and the four higher bits into

decade counter C5.

4. The delay time was decoded and §art of it (four
highest bits) wés‘placed on the four low bits of the
data bus (Eﬁgdie 12, Ft. d), followed'by load control’
line two beinghBrough% high (Figure 12, pt. e), thGS

loading decade counter C3.

5. The same sequence as was used for decade counters C4
‘and C5 was followed for Cl and C2 only using load

: v T ’ B
control line one (Figure 12, pts. f and g). Wy

- With all five decade counters lbaaed, the
microprdcessor was ready to turn control of the'éCD over
‘tofthe counter circuitry (Figgre 10). It did this by
pulsing both the WfG control lines and the counter
circuitry reset iihe'lo& (Figure 13, pt. a) “then high and

also changed the CCD selectof line to a high level (Figure

13, pt. b). This caused the WFG trigger to be enabled and
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E - _ -
also.set FF's 1, 2, 3 and 4. When FF*s 2 and_31are‘set
their Q outputs are changed from a high value, prevlously‘
set .by the test fun, to a low value which enabled the
decade counters. Decade counter Cl then counted the

pulses delivered by the sixteen kilohertz VCO which were

Myseconds apart with the first pulse clocklng

»iut high which trlggered the WFG Slnce

" Cl,; C2, and C3 were cascaded they counted,
rosecQFd 1ncrements, the requlr;d number of
pulsesfto&afrlve at the delay time (Figure 13, pts b to
c). Upon flnishing, decade counter C3 clocks the 20
output on FF2 high (Fig 2 13, pt.-c) which disabled
decade counter Cl also disabling C2 and c3. ‘At.the same
time, the 555 timer‘Tl, wired to run in the astable mode
(continuous) at eighteen kilohertz was enabled which
started clocking decade counters C4 and C5. The first
high to low transition of 555 timer Tl, which occurred
fifty-five microseconds aftep it was enabled, clocked
FF4's 46'output‘high (Figure 13, pt. d) which along with
the CCD selector line was an ingut to nand gate N1
controlling the CCD selector control line of the on—board
circuitry. whenv46_went high (the CCD‘selector-line as
already hign); the output of nand gate N1 took the CCD

selector control line low which disabled the on-board VCO

and CCO five microseconds before the next VCO controlled

[ oo -t . {:r‘»
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traeefei'pulse wouldﬁheve occurred. Thus, the light
integretion period Sterted with the last pq}Se delivered
by tﬁe-sixteen kilohertz VCO (Figure 13, pt. é)._ Next,
.decede pouhters C4 and C5 counted the reéuired number of
pulses delivered b;lTl, to arrive at the light integration
bperiod (Figure~13, pt. e) whereupon they disabled
tﬁemselyes‘by>clocking FEB'S 36Joutput high. FFSfe 5Q
output is also elocked hiéh (previously éét low by the '
sixteen kilohertz VCO) which enabled 555 timer T2f This
timer clocked FF6's 6Q output high (also previeusly.set
low by the 51xteen kilohertz VCO) eaking the transfef
enable 11ne hlgh (Flgure 13, pt. f) wiich was kept high
via FF6 and it associated nand gate. The ony time the
required transfer Rulse can get through to the CCD (other
than‘in the "free runnihg" moae) is when the Eransfer
enable line is high. This now be1ng the case, timer T2
indirectly provfded thls transfer pulse. 1t did this by
clocking,,on.its positive'transitions,-on—board FF1 which
provided the inputs to on-board FF2. On-board FF2, .which
had been enabled by the transfer enable line, was also I
clocked by timer T2, but on its negative transitions. The
result wes the properly synchronized eransfer and |
transport signals required by the CCD (Figure'13, pts. g
to ﬁ) whichAcaused the CCD to simultaneously shift.all of

‘e

the one-thousand and twenty-four photon generated analog



K
signals out‘into the two énalog sh;ft registers. The
transfer -pulse was also used to clear the SQ and 60Q
_outputs on FF's 5 and 6 to prevent any more transfer
bulses from occurring. The counter ci;cultry, having
‘compléted its function, signaled the microprocessor via
FB3's 3Q output §n the interrupt fequest line. The
microprocessor took over and deliveredMindividual data
clock pulses to tﬁe on—boara circuitry via the AIM data
.clock yine, causing~the CCD to se}ially-shift out the “
analog shift registers alternately tb two video lines, A

and B'(Figure 13, pts. h to i). Each video line was

buffered by a voltage follower for protection with both

w i

then beinQ summed at a summing amplifier '(Figure 11); The .

summing amplifier also sh%fracted a constant~d.¢. bias
voltage énd amplified the result up to a maximum of ten
volts. This signal was fed into a fourteen biﬁ analog-to-
digital converfer (ADC) which Qas simultanegusly bgihg

M <

triggered by the daté clock pulses.
info;mation was then transportéd to and, stored in the
micropfocessor via a fourteen bit data bus.. The analog-
to-digital conversion ‘and suBséquent storage of all one;
théﬁsand and twenty-four bit{ of information required
approximateiy twénty millisecoédé.  The CCD was then

.allowed to "free run" while the microprocessor summed the

reééﬁﬁiy stored data with any previously stored data. The

The resulting digital

54
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rest of the relaxation time was then waited (Figure 13,
pts. 1 to Jj) and therentire cycle was repeated only this
ti;e withodt enabfihg the WfG (Figure 13, pt. a'), thus
acquiring a background spectirum.

After the requlred number of spectra had been summed,

the two re5ult1ng spectra consisting of electrogenerated

species and background were serially transferred via an

RS232 Asynchronoue Communication Interface Adapter to a
Three Rivers Corporation Perqg computer for prdcessing and
plotting, resulting in the spectrum of the A~

electrogenerated species. A hard copy of the resultant

gpectrum was then obtained using a Bascom-Turner (Model

& A
e
N

-4

L%t

Y ,2120) storage recorder.

3.6 Array Detectors

S

A brief description of the operational

characteristics of a.CCD and a PDA are given in this

section. These characteristics are then compared and the
superiority of the CCD over the PDA is ‘demonstrated.

The central active component of the CCD [61-68] is a

.MOS (metal—okide—semiconductor)-capacitor f69,70] which

Y

'consists of a metal electrode and a doped semiconductor

separated by an oxide, layer (Figure 15). In this work,
the semiconductor 1§’a p type doped silicon, substraée. By“

applying a positive potential to the-metal electrpde of -

3
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%
the MOS capacitor, a region depleted of free Earriers is
formed due to the repulsion of the majority carriers
({holes in p-type dopea SemiCOndJCLO,d) away fromy the
intefface. A potential well is thus formed at the oxide-
sém@cond@&tor\interface wikch accumulates and store any

.

,wminotity_carriers (electrohs) which are generated at the

EIY

g.iﬁp%fface‘zither_thermally or by incident photons.

&ALgﬁé}él diffusioﬁ of the walls of the potehtial well is

"éfévented by a channel stbp made of semiconductor material
b’.the same polﬁ%&#yvés:ihe semiconductor (p-type doped),
but doped a few srders of magnitude greater. This almost
conducting.matérial keeps.the potential of'ibe surrounding
oxidé—sgmiconductor interface close to zero;”'

'If twojMOS Eapéc;tors are placed in very close:
broxim .y such that their depletion regions oveflappéd and
their potegtiai wells partially merged, any previous'
accumulation of mobile minority charge will ultimately

reside at the MOS gaéécitor whosezéoéitive interface

~

.potential is the‘gféétest (Figdre 16 tj). Therefore, the
mébi}e mindrity'chargep’oriéharge packet, could be |

' traﬁgfer;ed»té a neighboring MOS capacitor by abplying‘a'
greater positive’potentiai tbﬁthé»neighboring capacitor's - E
electrode (Figﬁre‘lG'tz t; £3){ Then, by decreasing the

positive potential on the electrode of the capacitor where

the ‘charge packet initially resided, an essentially
: S . . ‘

PR I

o

. . R
e . Lo . " A = 4 -
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Pigﬁre i6. a) 3-phase n-channel CCD.
. b,c,d) Potential wells depicting. the transfer

’ . of charge.
e) Associated timing diagram.

«r



59

complete transfer of the charge packet'to the oxide-
semiconductor intetface of the neighboring MOS capacitor
can be brought about (Figure 16 t3 to t,). Through the
application of seuuential clock pulses in phase with one
ranother to.the eléctrodes of a long series of MOS

-ah

capacitors [71—731&.discrete charge packets can bew
trénsferred down tte series of MOS_capacitbrs to an output -
dttector: | ' » |
The above quailtatlve picture appllés to.a surface—

channel charge coupled device (SCCD) [74- 76] The ‘term
surface channel means that the charge packets are’ qtored
at the oxide—semicouductor interface where the well
potential is a maxiﬂum. .Due to intgractions-of the charge
packets with fast interface statesuggi:BZ] and the. rate at
which gharée can be transferred, it is preférable for
optically generétéd gignals to use a bulk or buried-
channel chazge céuplea device (BCCD) [83-86]. BCCDs
(Figure 17) contaln an epitaxial [85] or ion-implanted
layer [85] of semlconductor of oppp51te polarlty to that
of the substrate. This causes the maximum potentlai of qg%
the wells to be shifted away from the oxide- semlconduu?or.
ihterféce and -into the bulk of the semiconductor. When |
this layer is put in eléctr;cal contact with reversed

biased input and output diodes, it Wlll be dralned of all

mobile carriers. The depleted channel formed can then be

com
Vyo

4
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used to transport charqe‘packets via moving pofen%ﬁal
wells created by modulatingithe potentials of the transfer
electfqdes with an appropriate pulse train.

The BCCD used in this research consisted of a
bilinear arrangement in which every other MOS capaéitor
\yas‘connécted via a trahsfer gate to the elements of oné
of two analdg transport shift registers (Figure 18). When
the transfer gate is opéned all of the .photoelements
transfer their charge'packets in paraliel fashion to the
two shift registers where they can be clocked out (
serially. This parallel transfér of chérge aliows for the
simultaneous integration of all of the photons that have
interacted Qith the phbtoelements. |

Similar %o a Ccdigg the device refer?eé to as a
‘photodiode'array (PDA) [88] (Figure 19)._'ifPDA consists
‘éf many; photoelements withleach éhotoélement being a diode
cand charged capacitor'g?ir. Photoﬁs of'light incident on
the diodes create holes that migrate to the chargea
Vcapacitér resﬁlting in a gradual\aiécﬁarge of the
capacitor; the discharge fate'being propqrtional to-t?ﬁ_
- flux of incidenf light. To decode the charge/photon |

information, a multiplexer connects.each individual’

_photoelement (diode and capacitor pair), one at a'timé, to

a voltégél§pUrce. This voltage source recharges the

capacitor to the original potehtial with the total current

61
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necessary to perform this function being measured. The

64

multiplexer then connects the next photoelement to the f?ﬁfﬂ

voltage source and the process is repeated with each

photoelement being read once in each multiplexed cycle.

The CCD and PDA, while being similar in package, are thus

very different in their corresponding modes of

operation.
soﬁrce cén
a PDA or a
obtain the
chemically

the CCD to

The.spectrum from a properly dispersed light
be made.to be incident on the photoelements of
CCD. Iﬁ ;he'case of the CCD it is possible to
spectrum of a discrete event such as that of a

generated cation species, d to the ability of

integrate all photoelements over the same time

frame. There is then‘a’ transfer of this information, zll

at once, in parallel fashion to analbg shift registers

where it can then be serially clocked out and read. This

is not possible with a PDA since each photoelemeht has to

be read one at a time. In this case, a shut¥er between

the light source and the PDA would be ne%essary to prevent

the remaining photoelements from éontinuing to integrate

incident light while the previous photoelements are being

read. The most timé'consuming portion of the operation of

a CCD or PDA is the conversion of the analog photoelement .

data to its digital equivalent and storage in a

microprocessor. This would severely limit the shortest

integration period of a PDA to-a value well into. the

AN



mil(dsecond range udless extraordinary circuitry is
used. This leper limit is easily surpassed with the CCD
whose integratien period is solely dictated by the rate at
wpich two pulses can be delivered, one to initiate and one
to terminate the integration period. The present
electronic lower limit to the integration period used in
this research is approximately fifty-five microseconds
which is set by a twenty megahertz clock. The ultimate
lower limit of integration is determined by the‘intensity
of the light source [84,89-93].

While it is not intended here to discredit the PDA,
\1t is apparent that the CCD will possibly replace the “PDA "
due to its ability to 1nﬁegrate discrete and very short
events and the 51mp11c1ty with which it can be: 1nterfaced
with modern, 1nexpen51ve microprocessors. This 1is true
for virtually all presently existing commercial .

PR

applicatfdns.
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?ﬁAPTER 4
\ .

RESULTS AND DISCUSSION

The usual detecﬁor utilized to perform MSRS in the
u.v.-visible spectral region is the photomultiplier tube
as discussed previously. It has been the purpose of fﬁis
research to replace this type of detector andvit§ |
associated circuitry with the new CCD detéctor. In. order
té assess the performance of'this new spectrophotometer,

t,‘ronic circuitry
Mése. ~ It will be

and associated elements of the formé

it is first necessary tc discuss the

subsequently demonstrated~that the seléction of a CCD as a
detector is advantageous not éply frbm the point of view
Aof multiﬁyavelength monitoringjhbut also due to ﬂ\
simpiificationg in the électronics, experimental
procedure; and é gain in versatility.

The eipefimental components uﬁilized in MSRS are
shown in Figgre 20. In a complete Biﬁeticia?a{ysis of an:
electroﬁ ﬁransfer system, it‘ﬁust be reélizeé ;k\t there
are pfobably several,intérmediate species genefaied
homoéeneously after the initial electron tyansfer. It is

-thus necessary to obtain a spectrum over the entire

spectral range available to see if any of these species
. i

66
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are chromophores. The kinetics of each chromophore may

A

"then be investigated with absorbance-time transients

obtained at the appropriate wavelcnaths. The spectrum is
first obtained by modulating the el ~Zrode with a square
wave ‘(typically 40 Hz) around :he half-wave potential of

. the redox reaction;~ This is usually performed from a base
‘botent%al where there is nd electron transfer reaction to
oneé where the réaction i;\diffusion controlled. If.the
ﬁew conjugate redog‘speéfés aBsorbé the incident
radiation, then.thefe will appear.a 40 Hz modulation in
the refleéted beam. The beam is incident on the PMT so
that its output hay be deconvoluted using phase'sensitive
detqctibn tb-ektract the small signai agsociated with the
médulation. The phase sensitive detectiéﬁ system then
provides, a d.c.’ signal proportional'to the r.m.s.
amplitude of that modulation. This amplitude will be a
maximum, obviously, at the'kmax of ﬁhe'chromophore.

In order to assure a relation between‘this d.c.
outpht voltage aﬁd the desired AR/R, it is necessary to
use an electroniC‘feedback circuit. The feedback circﬁit
controls the volﬁage~across the dynodes of ﬁhe PMT. The
circuit, which: is given»iﬁ Figure 21, allows the directk
‘recording of AR/R. It is designea to maintain a constant
d.c. output regaraless of the ligﬁ% intensity or

wavelength response-of the PMT. -This means, effectively,
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‘that R lswkept constant. Thus, if it is posslble to pw ng
detect AR with. the same circuit by an a.c. sensltlv& “ &

‘ampliflerf AR will be propoptional to AR/R at all
wavelengths, i.e. AR‘= a Aﬁ/R-(n.b \1f x*y for all X and
yi x/c is. proportlonal to y 1f c 1sva constant), where a
is a constant of proportlonallty The operation of the

,circuit; which is a dynamic feedback loop, is'as"H

\/”

follows: res1stor Rl is chosen such that when a,desired

current flows in the anode\out ircuit of the PMT, +1
v will appear ah the output, ya e current-follower

“

Thls +lO v 1s nulled by addlng a constant -i0 v w1th t

»summlng ampllf1er and voltage.ioilowe,

;g 2
+

2t-mak1ng the_ total effectlve output equal to zero volts at

o

f sectlon B, thus

¢

point q mhls voltage is 1ntegratedtby the 1ntegrator of“r;

- section D. ~Thf§~1ntegrator has a t1me constant wh1ch is ‘f';
9 N . L} .
flong compauéﬁ to the electrode modulat1on frequency. . Thus.
o
" any perturbat1on in the llght 1nten51ty due to .the

electrode modulation w1ll pass unlmpeded wh11e~slowly
changlng signals w1ll be effect1vely 1ntegrated The.
output of the 1ntegrator is 1nput to a programmable power
‘fupply,-b,'whlch drlves the PMT. ‘Any positive voltage o
_, appearlngdat -the 1npufhtq\the programmable power shpply
will cause the supply voltage to the PMT to decrease.
aConversely, any negatlve Tﬁput voltage w1ll ‘cause an

—————

“increase in thedyupply voltage“to the PMT, thus completing',

’ Lt ’ .o

P4
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N
A!X ] ‘5’
el

: ' ) &,
4ghe mechanism for maintaining an effectively constant
Av s .

rpent th#ough the PMT, and hence a constant d.c. voltage

g - R. “The above explanatlon may be made quantltatlve by~ *”\
0 : L e
cons1der1ng the follow1ng example. Assume that RI1 has

A

:E} been adjusted so_ as to make the 1nput to the integratorwmgl
i egual to zero volts whlle B m1111amps are flow1ng o

-_cgnstantly in the Pmﬁéwhlch 1s drlvew-by a voltage Y V‘

»from the programmable poﬁerHSUpply E If the 1nten51ty of

~the llght 1nc1dent on the PﬁT”weﬁe“now to begln to

1ncrease, p0551bkmxﬁue to th' appearance of a strong

e '{n/ .

spectral ‘line 1nwthe sllt whlle xbedwavelength is being

v

Ry,

-~ 4
scanned, the qprrent 1n tbe PMT w%uld increase by-some

value, di.. The euxF%nb follower _would respond by N
. -,"." r'k'\' sy ;". N

A AT

& )

- the ga1n of the“@urrent follower) 'T:é?pet voltage at
’ .

. y 9

outpuU C of the voltage followe@ is t: s -10 + X0 - Xdv Vv

pr_—de V. -Thls voltage is ‘inteqrated and a positive-
; o t \ ‘ 'a-- . : ‘ L e
. 1 - : — oyt o7 (e S o’
(R3)(C3)“0J Xdv = X pg‘appears at the 1nput tg
the prodrammable powet'supply} Thisvpositive input causes
. e o
N - “the programmable power supply £o decrease(the supply

vqltage,

voltage by Y - X' V to the PMT unt1l the extra current,,

di, decreases suff1c1ently s@ch that the 1nput to the -

»-\ 4

programmable power supply returas to zero. Thus, the-

‘.
il

c1rcu1t ma1nta1ns a constant;d.c. output at all light

levels ﬂ/orwwavelehgths.for any slowly varying PMT
N2 A R 2

~ - . . /
o I : -

oo

output’byzxdvxv to@lo f‘de“V (X is CE

K
PR
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response. - In order to‘simultaneously obtain AR, the
feedback c1rcu1t is tapped at point C and the signal is
processed utlllzlng phase. sen51t1ve de§§0t10n3

Lnstrumentatlon.H The phase~sen51t;ve detection _
L e O . “ .
instruméntation is‘driven at a given.frequenCy of "

deteotlon by ‘a re@grence 51gnal which is the:same as that’

.

'ub

be1ng used to T%#@la: ha’potentlal of the optlcal
W worklng electrod;; ;W1:h°proper adjustment of any phase
ﬁ@ dlfference hetpeen the electfdgenerateg*srgngﬁ‘and the
reference'51g:alx3the phase\seh51t1Ve detectlon
N i ) ‘ o

_.-1

1nstrumentailon is able “to ampllfy afﬁost excluglvely that

»

i

. Te bigew
portlon P the electrogeneraied 51gnal occurrlng at the
R ‘@ T - _ 3
reference frequency. The phase sen51t1ve detectlon IR
e . ,., e k} . ’J\‘_.- .

R
1nstrumentatlon then prov1des a d c. output voltage 1ever.

ﬂ.whlch is’ proportlo to the%r.mfs. amplltude of the
7 {gb , N A . ".L'i;” . o i
-electrogeneratedvsignal. I1f the wavelength“is scanneé as

I 13

thé.6pE§¢a1 working electrode potential'is_modulated,;the
- ’ ’ ‘ lod * oot . ’ e, ' .: ’ ; . - - *
resultant spectrum of the electrogeneratédfspeC1es is

Necorded. : o L :
: .o ) ) T A -

) - ) . 3 0 « . <
From the foregoing discussion, it is;apparent that '~

A

e

ST T Do o

the el ‘ctronic circuitay and 1nstrumentat10n utilized to
2, ~ . L

obtaln the spectrum of :an electrogenerated specles w1th'

N . ’

the PMT is morevcomplex than w1th a CCD. In order to
G '
maximize the signal “to noise ratio, there is also quite a

bit of "fine tuning" necessary in the case of the PMT.
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'methoxyphehyl)—aniline isigiven in Figure 22. The

_w1th the CCD~and w1th the, PMT phase sen51t1ve detectlon,~

1nstrumehtatlontls glven in Flgures 23 and’ 24,-. ‘,.” g

Y 73

This "fine funing" can become quite -arduous at times as

opposed to a simple aéjustment of the slit width when

%

using the ccaﬁ,f”;ff; Ly does it require @'relatively long*

time to record a spegtrum with the PMT, but it should be

»notéd that the spectral ihformation is not quantitative in

it

terms of absolute quantltles of chromophores .present. Due

to the squarewave modulation of the worklng electrode

*‘potentlal .the-electrochemlcal system is not giwven enough

time to relax back to its original COndltlons durlng the

time the potentlal is returned to the base level. Iﬁgﬂﬁ

asymmetr1cal squage wavé&;were used to .overcome tH

{‘ﬁ“‘
w

problem, more’ ser1ous problems w1th the phase sen51t;ve

< .

detectlon c1rcu1try would be 1n3%cted 'Thrs lack of

recovery at the electrode surface qauses theﬁ” E

- electrochemical system to quickly achieve a‘steady state ' -

condition, thus strippiﬁafthe spectrum of any information

-

with respect to the relative amounts of the several

species which may be present,with different kinetic
¢ _ ’

-

characteristic times.

~ The cyclic voltdmmogram of 2,6-di—tert—buty1-4(4-

-

4

‘felectrogenerated spectrum of the catlon radlcai obtalned

o > s ’ 3

respectively. By comparing these two spectra, it‘ﬁs
Yy p p ‘

quite obvious that the square wave odulation of the |

i
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Figure 22. Cyclic voltammogran of 2,6—di?tert—butyl—4,(4-

. methoxyphenyl)-aniline in acetonitrile/0.1 M
tetra—n—butylammonium tetrafluoroborate, -scan
rate 100 mv/s, ¢onc. 1.0 mM. ’ )

-
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-

.working electrode potential in the latter technique can
highly distort the spectrium of the electrogenerated
species. The relative hgights of the two absorption

" maxima are quite different in the two cases. If the PMT

is»replaced with the CCD, it is no longer necessary to’use

the relatiiely.cOmplex phase sensitive detection ,Q
1nstrumemtatlon to acqulre the spectrum of the

electrogenerated species, and hence square wave modulat1on
of the working electrode potentlal is avoided. ' Due to the

ab111ty of the CCD to 1ntegrate any incident llght

:rsly on all. photoelements, it rs'only necessary
g '

past

noise ratlo) to acqu1re the spectrum of an_‘

“ielectrogenerated species. \ ‘°f’ : RRECIEN
To perform the experiment nsing a CCD as a detector,
the 11gnt\from a source which has been reflected off the
optical working electrode is properly dlspersed (via a’
grating) w1th:the ?tsult1ng spectrum be1ng made inrcident

on the photoelements of the CCD. The CCD is allowed to
e"free run", in effect, d1scard1ng all 1nc1dent light
informafion and clearing itself, unt1l‘rt is time to
- record a spectrum. At this €ime the potential of -the

working electrode is pulsed to the desired potent1al and’

the spectrzﬁ\bf the electrogenerated spec1es is recorded

and stored. Following the data acquisition,.the potential'

77

Q'lﬁﬁal averaglng ({to simply 1ncrease the 51gna1 to—.
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of the working electrode is returned to its base rest
potential‘and held there for a suitable amount of time.

For the electrochemically reversible compounds studied

qhis research,‘it w?? only necessary to return to the bﬁ,gjzdf

R vAIN i
potential for 4 secénds in order to achieve the'originall”
condltlons. .This time represents a duty Cyiéﬁ of 1:.6%,
enough to reach to w1th1n O 03% of the 1n1t1al

conditions. Due to the small magnitude of AR/R, it was

& -

necessary to 51gnal average approx1mately 256 separate

spectra to obtaln a good quallty spectrum of the

s

electrogenerated species. 1In contrast_to the method
utilizing the PMT .and phase seﬁsitive detection

instrumentation, the'resultanﬁfspectrum in this case is
quantitative: -
In order to complete the kinetiCally quantitative
’ ’ Y

MSRS experiment after havingvobtained the spectrum of the
electrogenerated species~using phase sensitive .detection
.and the-PMT, 1t would now -be necessary y select a few

wavelengths at which .AR/R - t tran51ents would be N

i

>-~—

recorded. TQe\tran51ent work would be‘carrleg out-using

signal averaging similar “to that presented aboye using the

CGD, but the-re%hltant information, resemblimg the kinetic -

transient”of Figure-25,’would only be obtained at one

“wavelength. Conversely, in order to reconstruct an entire

,spectrum having quantitative .information, it would be

L{]
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necessary to signal average”at many wavelengths which at

best is very time consuming. The few transients recorded

»

at specific wavelengths present the absorbance profiles of
the electrogenerated species as a function of time. This
can easily be-accomplishéd with the CCD by using a small
light integration period and taking only a few_spectran

These spectra,’all of the same small integration period, ) .
are taken at dlfferent tlme lntervals after the initiation

! )
of -the potent1al step. In,;he present appllcat1on, there ;

-y

are three spectra taken*perépotentlal pulse, each S _@f

separated, by, 20 ms withg djmﬁ'beingwtnﬁ minimum amount of .

w &
wtlme needed

7 N T )
o shiftrout apndiéfore ong spectrum. NOE only

- % @
‘is. the acqulred data suff1c1en& for quantltat1vq3work “but-

it is recorded as a spectrum, thus expanding the usual two

w Y . Ny

-dimensional information from that.of time versus

absorbance to three dlmen51ons by*
-

~Data is glven 1n Table 1 Egr the electrogenerated radlcal

dnc1udind Wavelength. 1

Vcatlonggf-1644ﬁlmethoxy—9,lO—dlphenylanthracene. The

‘reflectance experiments ﬁere carried out using both the

”PMT ‘and the CCD as detectors. 'Thevdata obtained gith,the
~ o ~ J. - oy .

L : »

CCD corresponds only to one wavelength tHe . same ‘ :

wavelength«&t wh1ch the data u51ng the PMT was, obta§ned o ; 5
(6530 A).  Using-the data in Table 1 and equatlon 54 from :

'st.‘

the theoretlcal segtion, the dlfqulon coeff1c1ept§? C 4

calculated for the radical cation using the- PMT and CCD

-
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- &

diphenylanthracene along with the five sbectra‘taken using

the CCD are presented in Figures 26 through‘31. The - o

"fnstance,vthe 1ntegrat10n perlod should be able to be

are in very.good agreement, differing by -less than 0.1%ﬂ§

The cyclic voltammngram ofm1>44dimethoxy—9,10—

W

spectra were taken with a light integration period of 5 ms’

’

using a 35 W quartz halogen lamp.
The* 'aph 1n Flgure 32 1s a plot of AR/R versus the

duratiohtof;the integration perlod. Each value of AR/R,

- ,

defibed from'a dffferent spectruﬁ) was taken 4T7.5 ms. after

e

“the 1n1ﬁ1abion of the potent1a1 step. It is clear from’ ‘ﬁgi

4
this graph that the 5 ms 1nteg@atlon perlod used is close
oy

Y

to the minimum achlevable w1th the 35‘W quartz halogen
u.)u‘

‘source and the dlsper51ng optics used hereln. If thlsb

source were replaced with'a- 200 W mercury xenon lamp, for
..ﬂxAr -

v

decréaeedvcon51derably., It is surmlsed that since AR/R d
only;decreased by avfactor»of 7 over & two orders Qﬁ

nagnitude decrease in integration pefiod, ‘the common 200 W

.".a‘

'%egpury xenon lamp choui% prov1de enough flux to allow an

1ntegrat10m perlod of .50 us to be achleved. «WOrk 1n thls;‘

19 k) -
.1‘_x, Ve S

'ﬁa;eails-coptlnu1ng.?~: ‘
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- AR, 9,05 x 1077 B
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0.0 1 L 1 1 ] ! 1
7500 a o 6000
WAVELENGTH/A
Figure 27. Spectrum of l,4¥dimethoxy—9,lO—diphenyl—

anthracene cation radicql in acetonitrile/0.1 M
lithium perchlorate, potential step from 0.0 mV
to 600 mV vs Ag/Agt, conc. 1.0 mM, integration
period - 5 ms, integration initiated at 60 ms.
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Figure 28.. Conditions same as Figure'27“except ihtegration

initiated at 45 ms.
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conditions same as Figure 27 except integration

Figure 29.

initiated at 30 ms.
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Figure 30. Conditions same as Figure 27 except integration

initiated at 15 ms.
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Figure 31. Conditio@s same as Figure 27 except integration

initiated at 0.0 ms.
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4.1 Conclusion

In MSRS experiments in the u.v.-visible region, the
replacement of the PMT with a CCD is a vieble and
desirable alternative. Not only does the CCD allow for
the acquisition of a guantitative spectrum of the
eléctrogenwratea species of interest, but the
instrumeg;aL{Oh used to acquire this spectrum is less
complex and Egg\overall acquisition is less time consuming
and pr-ovides more inﬁormation. In the case of reactiohs
preceeding or foilowing the production of the
electrochemical species in which there are other light
absorbing species, the rapid and simultaneous multi-
wavelength monitoring of such reactions.can provide highly
precise and.complete_ﬁomogeneous kinetic information. It
should also be noted~that theﬂﬁse of the microprocessor
data acduisi£ion system aescribed herein to perform ﬁhe
reflectance experiment is not limited to this burpose and
'.may be used in other electrochemical experiments in which
‘the rapid acquisition of data is desirable.

A future and slightly more complex application of the
CCD in reflectance elecirochemicél_experiments is
presently being realized in our laboratory. Through the
utilization of direct memory access ciréuitry, it will be
possible to shift out and store the 50 us 1ight

integration period spectré in approximately 30 us, thus
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?}lowing for the acguisition of many individual spectra
'Sér potential step. This will enable the production of
three dimensional electrochemical iﬁformation (absorbance
versus time versus wavelength) to be completed after
signal avéraging only one set of scans (the number,of
scans, of course, being determinea by the molar
absorptivity of the absorbing species). This is desirable
in the analysis of irreversible systems in which the
reactants tend to deplete quite rapidly, especially in
biochemical systems where the total amount of substrate

/

may be limited. .
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"

to acquire the spectra.

0726

G72F

B744

@758

This is the software program

LDA#CA
STA AQGC
LDA#CO
STA AQ03
LDA#80
STA AQGQ1
LDA#FF
STA AQ0Cl
STA 9F82
STA 9F80
LDA#0OE
STA 9F83
STA 9F81
LDA#0GO
STA AQ02
JSR B@35
JSR B@97
LDA 9F81
AND$#01
BNE 0726
JSR 06080
LDA#00
STA AQO1
LDA#CO
STA A@01
LDA#EA
STA AQJC,
LDA 9F81
AND#01
BNE 0744
NOP

NOP

NOP

JSR

JSR

JSR
LDA#CA
STA AQGC
JSR

JSR

JSR
DEC @OES5
BNE @758
DEC QO@E®6

(DATAL)
(DATA2)
(DATA3)

-

(SUM1)
(SUM2)
(SUM3)

used in,fpefkfﬂ/€5/6502



0772

BNE 0758
DEC @QE7
BNE 0758
JSR 0600
LDA#80
STA AQO1
LDA#CO
STA AGO1
LDA#EA
STA AG0C
LDA 9F81
AND# 01
BNE 8772
JSR
LDA#CA
STA AQOC
JSR

DEC @6CB
JSR EA46

.LDA @0CB

g78¢9

2600

CMPH#FF
BEQ #7840
CMP#00
BNE#072F
BRK

BRK

JSR B@35
JSR B@97

-JMP#072F

LDA# G0
STA 9F81
LDA Q0E4
STA 9F80

. LDA#08

STA 9F81
LDA$#00E?2
STA 9F80
LDA#CO
STA 9F81
LDA @QEl
STA 9F80
LDA4QE
STA

(DATAY)

(SUM4)

LDA @85 ™

STA BOES
LDA 00@86
STA OOE6
LDA 6087
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SUM1
0202

¢204

P21lE

f22D

g23C

STA
RTS

BRET

LDX#00
LDY#0GC
LDA#00

DEY
STA

aBOG,;Y

CPY#00

BNE
CLC
LDA
ADC
STA
BCC
INC
CLC
LDA
ADC
STA
BCC
INC
CLC
LDA
ADC
STA
BCC
INC
CLC
LDA

~ ADC

3248

6257

3263 -

STA
BCC
INC
CLC
LDA
ADC
BCC
INC

CLC

ADC
STA
BCC
INC
CLC
LDA
ADC
BCC
INC
CLC

0204

1600,X
3000,X
3000 ,X
g21E
geB0O

1200 ,X
3200,X%
3200,X
$22D
goBl

1400,X
3400,X
3400 ,X
g23C
g0B2

1600,X
3600,X
3600,X
$248B
ggB3

190,X
poBO
6257

@0B4

3100 ,X
3100, X
6263
6OB4.

1300 ,X
ggBl

‘@26F
0685

O
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g26F

g27B

7287

#8293

g29r

@2AB

#28A

g2C9

@2D8

@2E7

ADC
STA
BCC
INC
CLC
LDA
ADC
BCC
INC
CLC
ADC
STA
BCC
INC
CLC
LDA
ADC
BCC
INC
CLC
ADC
STA
BCC
INC
CLC
LDA
ADC
STA
BCC
INC
CLC
LDA
ADC
STA
BCC

INC.

CLC
CDA
ADE
STA

BCC,

INC
CLC
LDA
ADC
STA
BCC
INC
CLC
LDA

3300,X
3300,X
2278
@geBS

15008 ,X
@oB2
@287
g0B6

3500,X

35088,X"

9293
goB6

17606,X
goB3
@29F
gaB7

3700,X

3700,X

G2AB
0oB7

3800,X
goB4

38¢6,X

@2BA
2088

3900, X
0gBS"

3900,X

@2CH9
geBO

3A00,X
G@B6
3000, X
3208
G0 BA

3B06,X
@987
3B0@,X

@2E7
J0BB

3C08,X
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ADC 00BS
STA 3C@0,X
LDA 3D00,X
ADC 0@B9
STA 3D00O,X
LLDA 3E00,X
ADC 00BA
STA 3E00,X
LDA 3F00,X
ADC 00BB
STA 3F00,X -
INX

BNE 0202
RTS

The other subroutines (SUM-2,3,4) are similar to this

one (SUM 1) except the addresses of the data are changed.

DATAL LDX#00

. NOP
NOP

0504 LDA AQQO

\ .STA 1000,X
LDA AGQ1
AND #3F
STA 100,X
LDA AQG0Q .
STA 1200,X
LDA AGO1
AND #3F
STA 1300,X
LDA AGQ0
STA 1400,X
LDA AQOl
AND #3F
STA 1509¢,X
LDA AQGO
STA 1600,X
LDA AQO1l
AND #3F
STa 1700,X
INX ,
BNE 08504
LDA#CA
STA AQOC
LDA#99



STA @OE4
LDA# @9
STA @QE2
LDA#94
STA @OEl
LDA# 80
STA A@O1
LDA#CO
STA AQGOL
LDA#EA
STA AQOGC

@56C LDA 9FB1

The other subroutines (DATA 2,3,4) are similar to

this one (DATA 1) eXcept the addresses of the data are

changed.

This subroutine is used to transfer data from the AIM

65/6502 to the PERQ computer via an RS232 interface,

AND#0@1
BNE 056C
RTS

LDA#9C
STA C007

LDA%O7
STA|C@06

LDX{GG

2410 LDA
JSR
LDA
JSR
LDA
JSR

“ LDA
JSR
LDA
JSR
LDa
JSR
LDA

JSR-

00,X
go
310¢,X
gABQ
3800,X
GAQO
3C00,X .
gago
3200,X
GAGQ
3300,X
GAQQ
3900,X
gAQQ

~
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0n00

gaos8

galc

B@35

B@39

LDA 3D0G,X

JSR OAQQ

LDA 3400,X

JSR 0AQO

LDA 3500,X

JSR @AQ0O

LDA 3A00,X

JSR OAQO

LDA 3E@Q@,X

JSR @AQO

LDA 3600,X

JSR @A00

LDA 370606,X

JSR ¢AQ0

LDA 3B@O,X

JSR 0AQ@

LDA 3F008,X

JSR GAGQ
INX

BNE 0410
BRK

BRK

STA 006CO
AND#0@F
ORA# 30
TAY

LDA C@d5
AND#10
BEQ 0A08
STY C004
LDA ¢0C8
LSR A
LSR A
LSR A
LSR A
ORA#30
TAY

LDA C@05
AND#10
BEQ 0AlC
STY- C994

"RTS

JSR B@26
INX
CPX#00

BEQ BO45

DEX
LDAD® , X
STA FO,X
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B@45
BO26

B@52

BO62

B@76

B@T7F

‘BG83

JMP
RTS
LDA
TAX
STA
INX
TXA
CLC
ADC
TAX
RTS
STA
PHP

BO39
gacy .
gocs

gocs

(FO,X)

LDA#0@0

CMP
BNE
LDA
TAY
INY
TYA
STA

ga04
B@#69 \
FO,X

F@,X

CMP#060

BEQ
PLP
RTS
LDA
TAY
INY
TYA
STA
CMP
BCS

.PLP

RTS
LDA
TAY
INY
TYA
STA
CMP
BCS
PLP
RTS
PLP
STX
TSX
INX
INX
TXS
LDX

-BO7
BO76 _ AN

Fé,X

FO.,X

F2,X

BO83

41,X%

Fl,X
D3,X .
B@92

gea3

gBe3
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B@92

B@97

BOAQ

DEC 0004
RTS

INC 0004
PLP

RTS

JSR BO26
DEX
LDA#00
STA 090604
DEX

DEX

- JSR BQOAA

B@AA

CPX$#00
BNE BAQGA
RTS
LDA#00
JSR B@52
JMP BOAA

125



Listed below are the electronic chips used in the

control circuitry. All devices are. available through

Motorola.
Device

LM 301A
MC 1555
'MC 14011B
MC 14017B

MC. 140138

" Function

.Operational amplifier

555 timer
Quad 2-input nand gate
Decade counter:

D-type flip flop
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