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ABSTRACT™

‘The electrochemlstry of b111rub1n IX a 1n N N—.f

d1methylformam1de (DMF) has been Jnvest1gated._ Théfv'

;fof lntermedlates have been recorded.y,.fr'-ﬁ
ffox1datlon of b111rub1n 1s also examlned. By monltorlng

dfreported

ox1datlon and‘reduct1on waves for blllrublnj b111verd1n,5gt'

I. : o ' Vo . ’ '

and purpurln are 1denth1ed. Us1ng conVentlonal \;.jé,
ool - L

-;electrochem1qa1 technlques[ the behav1or of thls molecule f‘

..';1n ac1d1c and ba51c med1a 1s also reported;x A detalled

flnMestlgatlon was undertaken»to determlne the mechanlsm "y

Y

Tffor the electrochemlcal qx1dat1on of b111rub1n. 051ng

- .

:convent1onal modulated specular reflectance spectroscopy

t7n(MSRb) along w1th the recently descrlbed ac reflectanpe

T

o

ﬁ,technlque f 51nu501dally modulated alternat1ng current:ﬁw

AN

: 41

”reflectance spectroscopy (SMACRb), the spectra of a number‘f'

The productlon of b111verd1n durlng the photo-

\,' '-.,'

‘ Vthe current, the eff1c1ency of tth process 1n DMF 1s et “;;f
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'CHAPTER 1

A

~INTRODUCTION e

1.1 INTRODUCTORY REMARKS . . S

’

‘"Biliruhiniis;a_Qaste.prqduct and‘apparently of no ’
ﬁ}actical use,tc the.body;' Despite‘this;:scientific'
-uinterest‘in‘thrs'bile\pigment has been‘veryhkeen.‘ This‘
.‘1nterest has been prompted by the fact that b111rub1n in v
h1gh concentratlons 1s a 901son.' A great deal of work has
dealt solely with characterlzatlon of the molecule [14
:3l; There have also been numerous 1nvest1gat10ns as ‘to
-the nature of the blochemlcal agents whlch catalyze 1tsv:

‘formatlon [4- 5]. Recognltlon of the fact that v151b1e

7'A:llght radlatlon causes a reductlon of b111rub1n

hconcentratlon in. blood serum has 1n1t1ated a large volumeA
of research in-: thlS area.. The phys1ca1 aspects [6].
_mechanisms‘[7}, and products 1nvolved in this phenomenon
were expiored [8 11] ‘More- recently the metabollc [12]
f;and pharmasologlc [13] tra1ts have been 1nvestlgated.

1quthods of detect1on and assay proceduré@ for b111rub1n

"have been contlnuallv suggested and 1mproved [14 16]



Y
3
|

”While élettroohemical'methods‘have ptdven‘invaluable

in eluc1dat1ng electron transfer mechanlsms and

*

vt_f‘ 1dent1fy1ng“react1on—1ntermed1ates—in—many ‘types—of

5 .
. organlc redox reactlons, in. recent years few publlcatlons

have dealt dlrectly w1th the electrochemlstry of
b111rub1n. Thls p01nt is- less supr151ng when one exam1nes

'.“ B . 9
a typ1ca1 cyc11c voltammogram of the molecule in

nonaqueous solvents;‘ Recent advances in: electrochem1ca1
and'spectroeleetrochemicaI:teéhniques, however,‘now permlt
'pre01se studles of sUch compllcated electrochem1cal o
‘reactlons, and the appllcatlon of some of these -are
t_demonstrated hereln.r; s |
My 1nterest in b111rub1n stems from the apparent
r1nterference whlch the molecule exerts on the ox1dat1ve
phosphorylat1on process 1n the cell mltochondrla [17],A.Byf‘
h;nh1b1t1ng the normal cell metabollsm, the cl1n1ca1 -

cond1t10n known as. kernlcterus may eventually result. It .

"~ is thus of practlcal 1nterest to 1n1t1ate a study of the

'ox1dat1ve electrochemlstry of thlS molecule In nonaqueous ;f“

: solvents w1th a v1ew Of adélng to the understand1ng of

thlS serlous metabollc 1nterference.



.1.2 ~ORIGIN AND CATABOLISM OF BILIRUBIN

The life span of a newborn”infantfs"red blood'cell.is.‘-

shorter than’ that of an’ adult S.. As‘the-senescent cells;
and the1r fragments become sequestered in the | .
retlculoendothellal system, the hemoglobln molecule is.
p11t into two fragments. (1) globln,bwhlch enters thev
proteln metaboklc pool and (2) heme, wﬁlch is further
Catabollzed. The flrst step 1n the- degradatlve process.ls

the ox1dat10n ‘of the u—carbon methene llnk of heme by an- m

,fienzyme known as heme-a-methyl-oxygenase [18 19], and the

“.release of thls carbon’ atom as carbon monox1de.u'The
cycllc tetrapyrrole formed 1s 1mmed1ately converted'tovan.
'open cha1n tetrapyrrole gnown as b111verd1n IX a. (Flgure
dl). ‘The latter undergoes ehzymatlc reductlon to
.biilrubxn.“ Most of the b111rub1n 1s eventually--fvﬁ
transported to the llver, where 1t ls conuerted
;enzymatlcally 1nto a. water soluble dlglucuronlde (Flgure
1), and excreted v1a the b11e 1nto the duodenum [20] The. °
g d1g1ucuron1de is hydrollze ‘1n the lower portlon of the
t1ntest1nal tract to glucuro ic acid and b111rub1n.' The
~h111ruh1n is f1nally converted by the bacter1al flora to a

~variety of products: uroblllnogen, stercob111nogen,7 N
:urobilin and.stercobilin.; This process is sh0wn».f

'.diagramaticaily in Figure 2.

R
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1.3 HISTORY OF BILIRUBIN RESEARCH ~

.on

'Biiirubin.waS'first.isolated in' crystalline form by

/

'V1rchow in T84T [21], and wasAgiVen its*name‘beStadeier*i
\1n 1864 [22] Its structure was determlned by Sledel and‘
,Flsher in 1933 [23],.and conflrmed v1a total synthe51s by
:Flsher and Pllenlnger in 1943 [24] Much of the ba51c"’
h“chemlstry of thlS plgment was 1nvestlgated durlng the.
'1940's by the Flsher school [25] Slnce that t1me there _jgb
have been more than 3000 publlcatlons deallng w1th | |

t

‘]blllrupln and of these about 400 spec1f1caLly w1th some

T;aspect of - the chemlstry or b1ochemlstry of ‘the molecule.

ﬂ;}The maJorlty of attentlon has been dlrected towards

Vformatlon, complexatlon, and photochemlstry.

7["1:4‘QGENERAL*CQEMiCALLPROPERTiEsfoﬁ_BiLiRUBINf S

The chem1ca1 structure of b111rub1n 1s shown 1n

;[; Figure l. It 1s ev1dent from the structure that by

lenterchanglng the substltuents on the pyrrole rlngs,fai;
-fnumber of structural 1somers of b111rub1n can be formed

7(Flgure 3) Few of these many p0551b1e entltles are:f-'f

-_known.~~The only natural 1somer 1s the Ix-a._'Thls‘lspmer;ff

71s so desxgnated because 1t 1s derlved from %fff-
‘i'ferrIPIOtoporphyrln IX (Flgure 2), v1a cleavage of the

- Zporphy¥1n r1ng at the a—brldge p051t10n. .‘
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;= Blllrubln 1s a stable solld whlch crystalllze54
'.readlly from chloroform~methanol solutlons. Commerc1al

preparatlons of the b11e plgment, wh1ch are. generally

D

"'obtalned ﬁrom anlmal (oxen) b11e, or gallstones may

',_contaln other 1somers of bllirubln (created dur1ng‘

proce551ng) or non b111rub1n mater1a1 as 1mpur1t1es,_

”[26] ’Blllrubln wh1ch 1s 1somer1cally homogeneous 1s easytijf.}

y hto purlfy [27] | The removal of unwanted 1somers has been ’

.accompllshed on a small scale and only by employlng thln—h
5layer chromatography [28] Pure b111rub1n 1s soluble 1n'
" fseveral organlc solvents ie g.'chloroform, methylenev""t
:illchlorlde, pyr1d1ne, d1methylsulfox1de (DMSO), DMF), and 1s7
??Npractlcally 1nsoluble 1n petroleum ether, methanol or o
dfwater., Its sllght solub111ty 1n water 1ncreases w1th pH'

JA_"but 1s essentlally zero below pH 7 0

The prlmary chem1cal propertles of b111rub1n are

5yufsomewhat predlctable on. the ba51s of 1ts structure. .Asvisil”‘

fbshown 1n Flgure 4;*the molecule contalns two carboxyllc

Y:,fac1d 51de chalns (weakly ac1d1c) wh1ch should readlly form';Quf”

’};esters.. On the lactam p051tlons of the end r1ngs there 1s3ﬁ

Al further palr of weakly acldlc protons wh1ch would be _7? [;}]°

,expected to 1on1ze only 1n strongly alkallne solutlons, o
lfThe central pyrrole rlngs would be expected to be weaklnyLf
'fba51c and should support protonatlon 1n strong ac1ds. |

J“B111{ub1n contalns a number of double bonds wh1ch shouldi”h
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"ﬂjmbe reduc1ble, espec1ally those in the 51de-cha1ns wh1ch

‘rare ster1cally more access1b1e to reduc1ng agents, and

uﬂrthose on the r1ng ends.‘ The two central aromat1c pyrrole

'-rlngs are expected to be more re51stant to reductlon. R

el

LBlllrubln can be thought of as belng composed of a pa1r of

"dlpyrrylmethenes and a d1pyrry1methane.l'$he N

“dlpyrrylmethane segment 1s much less stable and the

yA‘methane carbon 1s regarded as the least bonded p01nt in ::C-
: . :‘. g

“5ftthe molecule.' The d1pyrrylmethane segment may be attacked

::Zby electrophlles, and undergoes cleavage about the central
fCHZ br1dge in the presence of strong ac1ds.ifIheV,ﬁ“

‘fdlpyrrylmethene segments whlch contaln the conJUQated W

"electron systems are respon51ble for the yellow color of.f'

';ﬂfthe plgment..'“

B111rub1n can be readlly reduced u31ng sodlum amalgam o S

W.';or catalytlcally hydrogenated u51ng pallad1um or charcoal ;1

‘ﬂﬂ[29] Referrlng to F1gure 5, the hydrogens add two by

'ibtwo, flrst at the exo—v1nyl group (31te #l) and then at

' 'the endo—v1nyl group (s1te #2) Th1s results 1n the

I“grformatlon of mesob111rub1n.1 B111rub1n can be further

”“*sreduced at 51te #3 whlch y1e1ds colorless urob111nogen,

‘t';and flnally at 51te #4 produc1ng stercob111nogen.’fTbé};fL5:b'

:¥-latter reactlons occur 1n the gut and are catalyzed by o

ff»bacterlal enzymes of the gut flora [30]
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'Bilirubin undergoes a variety of oxidative reactions,.

a few of wh1ch are deplcted 1n Flgure 6. ‘When treated

‘wlth strong ox1d121ng agents such as pota551um

——f———permanganate—or—chromtc—ac&dbe%lrrub1n—raprdly—cleaves
‘,formlng monopyrnole units. The .use of less powerful
ox1d1z1ng agents such as ferrlc chlor1de leads to gentle
,dehydrogenatlon of the central brldge produc;ng the fully”
conjugated biliverdin. The latter oxidant ls commonly
\'1,:used for the preparatlon of b111verd1n i31]O The.uSé.of
"benzoqulnone and: acetlc ac1d in DMSO also works very well
[(32]. 1In the ‘dark and in the-absence”of any_other'
:'oxidizlng‘bgents,;bllirubln undergoes'spontaneous
'oXidation with atmosphericroxygen-[BB] . The”auto;,
rox1dat10n process occurs at a negllglble rate 1n
,3fchloroform, but becomes qu1te pronounced in aqueousbg

L

alkallne solutlons.‘ The mechanlsm of'auto—ox1dat10n‘has7

oxygen scavengers such as ascorb1c ac1d or EDTA o the
1yreact10n solut1on [34] A fourth ox1dat1ve path is phOtO?

’ X5 N
.ox1datlon.5 Thls react1on has drawn a great deal of

B

B attentlon due to its med1cal appllcatlon 1ng;he control of5hfr

.~

fyneonatal Jaundlce.' Photodegradat1on of b111rub1n occurs

.} qulte rapldly when llght of wavelengths 420 460 nm is .

1n01dent on the molecule. The predom1nant mechanlsm

_'appears to be an oxygenatlon process, whereby b111rub1n

- ~

‘vnot been determlned but can. be ea511y 1nh1b1ted by addlng :



- . +.I\c:oc_=uo,~:om o
[ NIQH3AIIE < —

o .. 9 P_:_.m_._..._.

I UIGNIIE JO SUONOBAY BANEPIXD [BIBASS

© 'SQIOV ITOHHAd
.. saaml -
. A

YOuw

O%H

(-

y .

: _ ~-u|qni —
THz= ulanua

y

N NOILVNIDAXO-0L0Hd

- %o

> NOILVAIXO-01NYV.



acts as a photosen51tlzer which results u1t1mate1y in‘its

~

- own destructlon 35, The’ overall mechanlsm is- as follows

14

o [36)— R =

‘Bilirubin + hv '+ Bilirubin*
Blllrubln* + 02 + B111rub1n + 02

B111rub1n + 02* > [B111rub1n-02*] + Products

' "1.5 ELECTROCHEMISTRY OF BILIRUBIN,

In‘his first-paper‘on‘bilirubin, Vari Norﬁan [37]
uproposed that the purlty of b111rub1n for use as a
tcllnlcal standard may be determlned through the

delectrochemlcal technlque of coulometry.- Hls study

con51sted of monltorlng the cycllc voltammetry and v151ble

‘,spectrum of a b111rub1n solutlon durlng electroly51s. As _

_‘ .

_the electrc]y51s progressed the cycllc voltammetry
1nd1cated that the peak helght of the b111rub1n ox1datlon
wave decreased. Slmultaneous spectra of allquots" '

1nd1cated that the b1}1rub1n absorbance at Amax = 453 nm

».d1m1n1shed as the b111verd1n absorbance at Amax = 384 and-
']650 nm 1ncreased 1n magnltude. The solutlon of b111rub1ni
© was electrolyzed at ‘a constant potentlal of 0. 65 v vs the*'

‘VStandard calomel electrode (SCE) The solut1on was pre-"

relectrolyzed at 0.80 V before add1t1on of the b111rub1n,j  "

ﬂand a background correctlon of charge per un1t tlme was

v
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made before and after the electrolys1s. "The calculated

value for the number of electrons passed per b111rub1n

‘an~ —value—of 2

——""—molecule y1elded l“96

: controlled potentlal coulometrlc ana1y51s of f1ve samples~

of b111rub1n in DMF gave the theoretlcal value w1th1n ,b\_

!

g
i3%r These results suggest that controlled potent1al
coulometry may be used as a p0551ble alternatlve in the"

evaluatlon of the purlty of . b111rub1n as a c11n1cal

standard. '_ ' ﬁdﬁ?"-v

Van Norman also 1nvestlgated the acld base propert1esv

v-of b111rub1n in- DMF [38] Tltratlon of b111rub1n w1th

\

elther p1cr1c ac1d or hydrochlorlc a01d showed that 1t had

no aff1n1ty for protons. T1trat10n of b111rub1n w1th the
ro.

base tetramethylguan1d1ne (TMG) showed two breaks in the

L)

;t;tratlon.curve,‘ They occurred at 1z l and 2 l

'TMG-bilirubin'molar ratlos. The spectrum of b111rub1n

1
~

changed w1th the addltlon of base~_ a bathochromlc shrft;
from 4&3 nm to 463 nm occurred.‘ The ox1dat1ve voltammetry

a‘also-showed'a change°v as - base was added, the neutral

b111rub1n was quant1tat1vely converted to the d1an10n..7,7»'

Ry 4N

: -4
o The two-electron wave at 0 70 V vs SCE shlfts to 0 40 V

The b111verd1n ox1dat10n wave appears unchanged._gVan'w
- Norman belleves that under neutral cond1tlons 1n DMF,

_ b111rub1n exists as the neutral molecule and thus o

' malntalns'1ntramolecularfhydrogen bond1ng,- ‘The neutral T



‘"‘__f“f_quantltative—neutrallzat1on—of two~ac1d1c protons ~—the

*molecule thus malntalns ‘a relatlvely h1gh ox1dat10n'

potent1al and appears 1nert to complexatlon. W1th the

ox1dat10n potentlal drops to- 0. 40 V Vs SCE. .The site of
ox1dat10n~of theldlanlon stlll'appears to befat the_;
;central methene brldge s1nce it was shown to lose two

,electrons to form b111verd1n as does the neutral

molecule. The removal of two hydrogens seems to dlsruptfp“

1ntra r1ng hydrogqn bondlng and leads to ster1c changes'
:'whlch leaves the m thene brldge more prone to ox1dat10n.h

Therefore the potentlal Shlft for ox1dat10n between the

‘. neutral and dlanlon forms is to be expected.-.The author_-’a‘

- also notes that the chemlcal oxldatlon sequence of
’nb111rub1n known as the Gmelln sequence can be dlrectly

observed electrochemlcally, although he 1s only able t0"

"ha;report the electrochem1cal productlon of the flrst three

‘products (see Flgure 7)

Cycl1c voltammetry,-controlled potent1a1 coulometry,'ﬁ'

Ehand th1n layer technlques have been applled to the

T}?electro reductlon and electro ox1dat1on of b111rub1n at

;mercury and gold electrodes 1n DMSO [39 40] These‘:

1workers have shown that b111rub1n reductlon occurs at two“.
'v““;d1fferent s1tes w1th1n the molecule.. A th1n layer cell
',hstudy produced ‘a voltammetr1c response characterlstlc of r;-i'

dpan e,c,e. mechanlsm for the ox1dat10n of b111rub1n to L
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»biliverdln.’vThey could not dlStanUISh between an I-I

(two 1rrever51ble electro ox1dat10n steps) or R- I (a

reve 1ble electro—ox1datxon followed bv an 1rrever31ble’

'one) They prefer however an e e. c. mechanlsm whereby the J

J}nltrogens on the second and th1rd pyrrole rlngs each lose

~an'e1ectron,'followed by the rapld loss ‘of two protons

:

glVlng rlse to the product b111verd1n.f These authors also

hstudled the effect of changlng pH o the reduct1on of-'

' blllrubln 1n aqueous medla.' -They showed that the

'Ipreductlon in neutral solutlon results in three waveSﬂ,'(I)

a rever51ble adsorptlon prewave, followed by (2) a

',rever51ble two eleétron wave wh1ch was -pH dependent,'and

) f(3) a one electron 1rrever51b1e wave., In ba51c solutlon.: ”

‘,_coalescence of the second and thlrd waves whlch were

.theY Observed only two waves.. The flrst was aga1n
-*-att“b”ted to-an adsorptlon prewave, and»the second wa_s a

?chree electron wave be11eved to be the result of the

f;detected 1n the neutral solutlon.’ No proposed mechanlsm‘r‘

'tfpﬁhas been made to explaln these observat1ons._

vb111rub1n has appeared recently [41] U51ng a Pt worklng

Further work on the ox1dat1ve electrochemlstry of 5'

'ffelectrode in DMF w1th 0 1 M KC104 and 300 uM %111rub1n,

“j'these workers observed three ox1dat1on peaks at 0 37 V,

-~

?HQO 59 V, and 0 72 V, vs-SCE -'The f1rst peak 1s attr1buted

'to ox1dat1on of the d1an1on of b1l1rub1n, the second peakij .

Y



"a two electron ox1dat10n of b111rub1n to b111verd1n, and.

the thlrd -peak ox1dat10n of b111verd1n. A cycllc

V'fregard to reductlon, b111verd1n dlsplayed two reductlon

*}voltammogram of pure b111verd1n conflrms the latter.” With¢'

_waves at —0 95 V and —l 20 V ‘A cathodlc voltammogram of."‘
'blllrubln conf1rms that the wave at —0 95 V 1s the '

<reduct1on of bllxverdln to %iélrubln and the wave at —l 20

"‘1V 1s the subsequent reductlon of b111rub1n.v It should be‘

<Qnoted that the solvent 1n thls experlment was not pure.nﬂj‘f
We W111 show hereln that proper dlstlllatlon of DMF leads
‘fdto the dlsappearance of the flrst ox1dat10n wave due to :
'the removal of any bas1c 1mpur1t1es whlch enhanced" T
conver51on to the deprotonated (more ea51ly OX1dlzed)

ﬂfspeclesrbg'

1.6 THE "“PHO"T(')CHEM,I STRY " OF " BiLIikUB'IN

(*f, It 1s known that 1rrad1at10n of Jaundlced 1nfants L

fp_ w1th broad spectrum v1sfble llght, or more monochromatlc ;;gi*'

l1ght of wavelengths near the 450 nm reglon has two major
Ageffects [42].’ Areas of the sk1n as well -as’ the underlylng fﬂ{,fﬁ

tlssue exposed to the l1ght become bleached.;.Thei;d‘

Q'concentratlon of b111rub1n 1n the serum also d1m1nlshes.,
”'These two effects are due to two processes. (1) theA

"fconver51on of b111rub1n to unldent1f1ed compounds whlch

'“are more readlly excreted [43 44], and (2) st1mulat10n of



the hepatlc excretlon of albumln free b111rub1n [44 45]

-~

‘ The relatlve contrlbutlons of the two processes ‘to the ‘i

overall result are unknown.»u

The complete mechan1sm of phototherapy 1s st1ll

;unknown. It is’ reasonable to suppose,;however, that the

:1n1t1al event 1n the process is" absorptlon of 11ght by'

blllrubln in perlpheral tlssues leadlng to the formatlon

»

"~of exc1ted state b111rub1n molecules. If thls 1s true

¢

.ffthen the b1ochem1cal mechanlsm wh1ch leads to the observed_

‘phototherapeutlc effects must depend on the behav1or of

th1s exc1ted spec1es. The ex01ted b111rub1n molecule may ;gf'f

..f.undergo one of three processes as shown 1n Flgure 8 g'bﬁw”
Amay 51mply decay to’the ground state and transfer most of

rAlts photochemlcally obtalned énergy to the surroundlng

|~,.0 8.

v'tlssue (thermal deactlvatlon) } Eggited b111rub1n may also
,ftransfer 1ts energy of exc1tat1on to some other molecule
r'%(quenchlng) resultlng 1n ground state b111rub1n and an

f,exc1ted quencher molecule.f Thlrd, 1t may undergo a

'Wychemlcal react1on w1th 1tself or: some other metabollte

'fwresultlng in formatlon of photoproducts.;tfﬁ"

There are f1ve known photochemlcal react1ons in wh1ch

\'-

b111rub1n part1c1pates.y A brlef dlscu551on of each 1s

N glven here along w1th a dlscu551on of the degree to wh1ch

each would be expected to occur 1n the body durlng

et

phototherapy.»-

A ]



'E (thermal) .

o _['"Expected reaction pathways of triplet state excited Billrubm (B*) i

S ,1) conversion to ground state
."__-i2) quenching ' :

_.-;3) chemlcal reaétion
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‘1.6.I Conver51on to 443 nm Plgment : '"*'cgi
’ When solutlons of b111rub1n in’ aqueous albumln or .

: serum solutlons are 1rrad1ated w1th a mercury lamp, the'

1o

ﬂplgment 1s partlally converted to’ a compound wh1ch absorbs‘¥>
"'at 443 nm [46] The yleld is. greatest when albumln is’, 'gf '.5;
‘_;present.- The compound is belleved to be the same as that i
1solated by Kapltulnlk [47] Thls compound has never . been-

,Jdetected in. V1vo dur1ng phototherapy. e7:

'“1.6}23_Phot01somerlzatlon ].Tp

The phot01somerlzat10n products of b111rub1n'have

'.Trbeen'ldentlfled {48] The overall reactlon is belleved tos“ii
Thbe a. free radlcal process, and 1s most ea51ly detected |
.Viunder anaeroblc condltlons. The III a and XIII - 1somer
L‘mhave never been detected 1n_gixg_dur1ng phototherapy;._Thef‘”v

.“1on1y natural 1somer appears to be the IX-a 1somer. o

1“.fl 6 3 Photoaddltloni;d"'

When b111rub1n is 1rrad1ated 1n the presence of
,‘alcohols or thlols, photoaddltlon to the exov1ny1 group
_;occurs [49] An 1on1c mechanlsm 1nvolv1ng the flrst )
;exc1ted state Of”blllrubln has been proposed.p.'hej‘
reactlon 1s slow unless oxygen is. removed from the:?f;

/

solutlon.

R
A



1.6.4 Photoeoxidation to Biliverdig

Te

' Although the yleld is very low, the format1on of

fb111verd1n durlng 1rrad1at1on of b111rub1n is well

23

knOWn. The y1e1d 1s max1mlzed by u51ng large startlng

; concentratlons and nonpolar solvents [50 51] It appears

":to be a free rad1ca1 process, and asjsuch should be,

'favored by ther1n 31tu b1nd1ng of albumln to b111verd1n

152] S
s

idfl,G;S Photo—ogygenatlon ‘f:f';"f‘{:ff“r,]l T

Photo oxygenat1on has been the ﬁost exten31vely

".studled photochemlcal reactlon of b111rub1n. In the

presence of a1r and llght, b111rub1n decomposes‘s:The -;E'

lrj“major products of thls reactlon (Flgure 9) have been shown :

'to be mono- and d1pyrrollc compounds {51 53] The {f{5¢ >
v“mechanlsm 1nvolves photosens1tlzed formatron of 51nglet
:oxygen by b111rub1n followed by rapld reactlon of 51nglet

'_oxygen w1th b111rub1n (54).' Blllrub1n 1s a poor 31ng1et

gOXygen sen31t1zer, thus by/addlng better sen51tlzers such s

' *as certaln porphyrlns or methylene blue, the reactlon can:n;digi_fp
”libe accelerated. Slnglet oxygen appears to attack ﬁ‘,:]l~i

ml.yblllrubln via l 4. add1t10n across the pyrrole rlngs and/or

”ﬂ'by 1, 2 add1t1on to the brldge double bonds.‘:7°“
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lf'l 6 6 Summary
‘ The flrst four photochemlcal reactlons appear to be-

bslow processes,'three of these belng free rad1cal ;

25

"processeS‘and the other possrbly*anmionlc~one. The-flrst—f'

“r_three are 1nh1b1ted by the presence of oxygen. -The.fifth,-;f;v"

;:however,,ls a fast nonradlcal process wh1ch requlresi

1‘oxygen,; The ev1dence has shown that b111rub1n, llke many

:jdye molecules, can undergo both radlcal and nonradlcal .”
.reactlons.; Based on the present knowledge one would

“ffexpect only photo oxygenatlon to occur to an apprec1able

a”;ﬂqextent dur1ng phototherapy.[ Slnce oxygen 1s far more

‘{soluble 1n nonpolar and llpoproteln medla than 1n water

mfn[55],‘1t 1s 11ke1y that b111rub1n found 1n the fatty

jgt1ssues w1ll undergo photo oxygenatlon much more ea51ly

’than b111rub1n 1n the serum.f In addltlon, b111rub1n 1n'

"’,the fatty tlssue 1s 1n general much closer to the skln

'i'surface than 1s the serum b111rub1n.' The present

'T-fconcensus 1s that photo—oxygenatlon of b111rub1n is.

LU

;_“prlmarlly respon51b1e for the skln bleachlng and formatlonf

”“1 present a mechan1sm to expla1n th1s has not been put

’fforth.y“51nce covalent bonds would be nelther made nor

:VZ]fbroken, the process probably does not 1nvolve chem1ca1

h“freactlon of the exc1ted state b111rub1n molecule.» One

-o ’ s

‘;fof excretable photoproducts.‘ What about the other effect_3;’

'7;fof phototherapy, 1.e. the decrease in. serum b111rub1n° Aty’d



o~

'j poss1b111ty may be some type of photodlssoc1at10n from

L3

B blndlng 51tes v1a 1somer1zat10n or a conformat10na1 change

of b;llrubln.‘
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CHAPTER 2 O

Y]

T a

THEORETICAL CONSIDERATIONS OF - THE- TECHNIQUES EMPLOYED ‘

2.1 INTRODUCTION

For the past flfteen years there has been rap1d
growth in the ut1llzat10n of spectroscoplc technlques for
in gitu_monltorlng of electrochemlcal reactions whlch
occur at<the‘e1ectrode—solut10n;1nterphase dur;ng |
electroly51s.. Propressdhas been‘realiZed in the study_ofyh
adsorptlon [56 581, double layer structure [59], metal

dep051t1on [60], reactlon klnetlcs [61 631, fiim:formation

[64],'and 1dent1f1catlon of react1on 1ntermed1ates [65]

~

Reflectance spectroSCOpy is,. 1n general, (dependlng on thellf

jsystemchnder 1nve§i1gat10n) extremely sen51t1ve to the

: R ‘ .
changes which occur 1nothe 1nterphase.‘ ConcentratlonS‘as

'>f011ttle as . 107 13 mpl cm 2 of electrochemlcally.generated -

spec1es have been detected [66 67].v,

§pecular reflectlon spectroscopy monltors the change

DU

'.1n 1nten51ty of the reflected beam between two electrode

ot potent1a1 states. = Reflectlon spectroscopy is. easy to

perform.and is in general;a‘very flexrble,and rapldf

.y

rtechnique_for obServingjintermediates,-

Cose T
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The first technique used to monitor an absorbing = ¢

. species during an electrochemical reaction was internal -

_reflection spectroscopy'[68'69] An attribute of'this
technlque 1s that ‘one 1s not hlndered by hav1ng to pass
'llght through strongly absorblng reactlon solutlons before
it contacts the electrode surface. The technlque is
A11m1ted by the ava11ab111ty of. su1table electrodes,'1 e;“
they must be conduct1ve and optlcally transparent to llght
in- the Opt1cal frequency range under 1nvest1gatlon.v_Th1n
metal fllms dep051ted onto. optlcally transparent 4
substrates, and the use of some sem1conductor materlals as

electrodes have helped c1rcumvent the problem [69 70].

fThe mathematlcal treatment of the experlmental results 1s_7

”7y1n general dlfflcult to apP1Y-

\

Another popular technlque has been convent10nal
transm1ss1on spectroscopy employlng optlcally transparent .
4electrodes (OTE) {69, 70]., The conventlonal use of thls |
‘technlque is not su1table for the detectlon of short llved
1ntermed1ates due to the extremely small perturbatlons |
h1nvolved 1n the total transmltted beam caused by the'j ;f>'
valntermedlate spec1es, wh1ch as stated earller may only be .?M
ipresent in typlcal steady state concentratlons of 10 13
mol- cm Z;h More spec1f1cally, OTE s often have hlgh
““res1stances wh1ch may not “be- corrected for by eff1c1ent

e

cell de51gns Th1s ‘can result 1n uneven potent1a1



. . . . .
. « . . . L
' B . . . RN
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e . N . ..

di trlbutlon across the electrode dlstortlng the '

electrochemlcal currents under 1nvestlgat10n. OTE S. also

29

////abs/rb a s1gn1f1cant fractlon of the 1nc1dent rad1at10n.

Modulated specular reflectance spectroscopy (MSRS ).

\\\ has been successful in. overcomlng the problems associated '

tw1th the other spectroscoplc technlques.‘ MSRG has the

greatest sen51t1v1ty of the group,'and can be used 1n the j

‘ultrav1olet [71], v1s1ble [72],_and 1nfrared [73] spectral
”reglons. For the eluc1dat10n of an electrbchem1cal '
7-reactlon mechanlsm where homogeneous reactlons of the
1ntermed1ates, products,\or reactants may precede or,
\‘:follow the electron transfers, the use of the follow1ng S
'general plan 1s recommended [74]
fI). Perform convent1ona1 dc and ac cyc11c voltammetrlc,.';
vchronoamperometrlc and.coulometrlc electrochemxcalgi‘
. exper1ments on the system... | o | |
,;II) Perform modulated reflectance spectroscopyvas a.

.functlon of wavelength 51multaneously w1th the

'electrochemlstry to obtaln an. absorptlon spectrum of the.

"'iintermedlates and products at the varlous potentlals.“_fpx"'

~

"III) Obtaln'absorbance/tlme tran51ents at-the absorption

7peak wavelengths w1th the same experlmental apparatus in

H{,order to- klnetlcally follow ‘the format1on and. decay of the o7’

‘w“fabsorb1ng spec1es. o

N .o
. K . '
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l ) If poss1b1e, prepare by 1ndependent methods the R

1ntermed1ates and/or products for conventlonal

-:electrochemlcal .and spectroscoplc studles for p051t1vefi'”
1dent1f1catlon of suspected specxes.;,ﬁ.;n' . .
V) Isolate flnal products.offthe‘reactionikj7
Ideally, one w1ll be able to obtaln an . absorptlon
“'spectrum for each of the 1ntermed1ates and products alongrg7:*
,1 with - the klnetlc behav1or“’ Often the detalls of the {ﬂd’ ;:'
k1net1cs.and/or reactlon mechanlsm may not be’ eruc1dated;"
w1th a 51ngle technlque because of one or mdre p0551ble 2:.“ﬁ
schemes.glv1ng rlse to 1dent1cal results for that B
technlque.l The add1t10n of data from ‘a completely
‘l dlfferent phy51c&l technlque performed on the ‘same tlme.
p scale often allows for dlfferentlatlon of the |

!

,alternatlyes. '

2.2 REFLE;CTANCE':'T’HE'ORY”.",' o

_The expected response to an MSRS experlment can be L

I-,

derlved via the follow1ng con51deratlons.: For an
electrode process w1th no homogeneous k1net1c

¢

compllcatlons ‘
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‘the absorbance tlme proflle has: been shown by Kuwana [75}

Alt) =gex [ iteyae oo o2y

“forla%transmissiOn~optically~transparent electrode
'experlment._ A(t) is the absorbance, er'is the molar -

_fextlnctlon coeff1c1ent of the reduced spec1es, Fris'the_,

'

'.Faraday, n is the number of electrons 1nvolved ‘in the

reaction, A 1s the electrode surface area: and 1(t) 1s the

\-fcurrent response as a functlon of tlme. When both the T

'?viox1d1zed and reduced spec1es absorb at’ the wavelength of”"

»the 1nc1dent radlatlonf-then Ae [76] must be subst1tuted:“
-1nto Equatlon (2), where Ae-%"er‘v Ox,'l.e. the

'b;dlfference 1n molar absorpt1v1ty of the redox pa1r.t The_

t_ 'optlcal path for a MSRS exper1ment 1s deplcted 1n Flguret.

;110 3 Slnce the beam passes through the dlffu31on layer
“';twlce at an angle of 1nc1dence 6, the absorbance must be_g
ivcorrected for non—perpendlcular transm1551on.A From Flgure
.f10 we ‘See that the actual optlcal path 1s 2x/cose where xllf
l?ls the perpendlcular dlstance coordlnate from the \'Ql

"felectrode surface‘ thus the absorbance w111_bé”-

;‘éAg. \ l£~7 F ST A
nFA cosQ5OIA¥(F) dF~;f SRR (3)

CA(t) =
S R e ST ST



The coordinate. system used In . .
specular reflectance spectroscopy

- Reflected ®
_Radiation

lnc_id:e'_rrt_.' -
 ‘Radiation

- Figureto
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We choose to measure the change in reflectance as the

7norma11zed value

S o N o . ,

"1,AR/R‘= (lef,hd)/xo }fuT hf?n? ';fff’(;);u;f

Rl is the t1me dependent reflectance at potentlal El

hfn(where the faradalc process of 1nterest occurs), and Ro 1s£? o
;[the reflectance at the base potent1a1 EO' where no o

 faradaic process involving the substrate °¢°urs{',wé note.

»

. thatfé" '_;;:vvif';ac'j_f_'i_:_u 5:eﬁlf;';v~;‘fr

© 1 +AR/R-= 1 + (Ry - Rg)/Rg é.RI/Ro;lﬁl,kjf;(sj“-""'

‘fnlettlng R RO by normal conventlon.y EromeBeer;sgiawi fn‘h"

. ALY) = -log Ry/Rg = (-1/2.303)In Ry/Rg (&) o

S Thus el

Cow

A(t) ( 1/2 303)1n (AR/R + 1) ‘_vihf[f(i;gfigéz

or e e T e -,.;fflfi;L'hlf,ﬁt~T.'

S n GR/RT1) ST2U308 AT



"lf Thds@ffbmsEquation,(3),

RN
: » SRR SRV
a . o . ) A ~‘ . ° - ! T t

U8

;,>ln¢(AR/k‘+“1)f =2, 303(3?52%555 ~1(t) dtj

: Co : ‘_‘*v’ t L ST e :.‘ " T . ) -
oo o44606 Be. TTLoey g Lo -
~*. " nFA cos8 oinf(t) dF S .‘(8),jju

g
o

\.fFor small values of AR/R, the“loga;ithmicftermtis Taylo?‘

- expanded to :

Al

. 1n (AR/R“+ 1)

AR/R o (9)
AdThls approx1mat10n 1s qu1te valld 51nce AR/R 1n our b,lg'b,;f

"pexperlments 1s 10 3 i 10"6 and the second term 1ﬁgthe f.‘
: A

”iexpan51on 1s quadrat1c 1n AR/R. Us1ng th1s approx1mat1on, s

pg.we flnally arr1ve at the worklng equatlonvf'a '.'tg_f;' S

s

R o 4 606 Ae s R T PR -
Sl ‘AR/R I’EFEfESEE. J “f)idtsi~;~,i;‘-;,.119?"

R

Ly

U243 SINUSOIDAtﬁy”MobULATEDfAC7§EF£ECTANCE«SPECEROSCOPY; S

Recently a pouerful new spectroelectvbchemlcal
'bitechnlque has been developed 1n thls laboratory [77] The ffg'g
’“technlque has been termed SMACRS - S1nu501dally Modulated

'7;AC Reflectance Spectroscopy. 'It has been shown that 1f a

'jsmall amplltude 51nu501da1 perturbat1on 1s super1mposed on’

AN
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a. slowly vary1ng cycllc potentlal ramp applled to an

'Lelectnode, the output of a lock- 1n ampllfler m0n1tor1ng a‘

_ photodetector collectlng th“_llght beam‘refrected from cne-'
:act1Ve electrode surface mlrrors the charglng current—;
‘corrected ac voltammetr1c response.‘ Th1s technlque hf

'prov1des both the.. qual1tat1ve and quantltat1ve 1nformat10n

"')of ac voltammetry, along w1th the spec1es resolutlon

‘"«.reflectance spectroscopy.,

react1on schemes.;.

’ee;harmon1c»current—result1ngﬁfrom*the_supeIPOSLtlon,of_

-9

'.advantage of spectroscoplc observat1on. The select1v1ty ": o

"sattalnable w1th SMACRS has made 1t espec1ally useful 1n

t

"athe deconvolutlon of overlapplng voltammetrlc wayeS<as is -

the case’ exhlblted in b111rub1n voltammetry.‘ It is

hextremely useful for qualltatlye dlagn051s of complicated‘ji

P

_ ‘ co : T R
f As was prev1ously stated SMACRS"was employedrherein-

-3'only as. a qual1tat1ve tool for the 1nvestlgat10n of the

‘t S e

:b111rub1n oxldatlon mechanlsm.‘ Only a br1ef d1scuss1on of

. .-04/

aithe theory 1s glven here, detalls are glven elsewhere [77-

\

'179]L’ As\was derlved for general modulated specular'

4.606 Ae (S T B
”fAR/R ~.EFX‘EBEF,¢I e).de oo ALy

-

' Co ' L R ) PR
'.'For a qua51 rever51ble electrode process, thevfundamentaligﬂ'

f‘small ac 51nus01dal wave on some dc b1as potentlal 1s S

Qf‘.glven by [78]
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= I(mt) re; F(t) Glw) sin (ot +8) - (12)

EE

'Here; F(t) and G(w) are functlons wh1ch take 1nto account
‘
'the effects of non- nernstlan behavior: on the dc and ac

?-ltlme scales respectlvely. m 1s the angular frequency, t -

s the t1me. Ireu 1s the fundamental harmonlc faradalc

vfcurrent component."
o % lcb M2 p M2 .
TSV 4RT cosh® (3/2) R

-i'°5t;lf‘} +-(;m)1/2/});..f t, - f_(14);‘A
B o R
= k;u(;FQj-+~§FJ)/(P§xD§);/2 S sy

B R
.o

E a is the transfer coeff1c1ent,‘B = (1 a), Edc is, the b1as

potentlalf-and E 1/2 is . the half wave potentlal. We see. )
that the fundamental alternatlng component of the, ‘
_ reflectance response can be found by substltutlon of

. “EQuatlon“TIZﬂ“lntO“Tio)‘"”;“f"fﬁf*fW?F-“
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L S . lﬁ . S
: 4 606 Ac : Lo

—————usrng*the*normal—assumpt1on—that—F(t) remalns—constant
’ w1th respect to the ac t1me scale.: R(wt) 1s now deflned

A
h

;'as the normallzed reflectance parameter..
CR(wt) =AR/R (wt) . .. (18)
:After-lntegration Qf]Eqdaticn€(17)'We are”left_with‘

_'4;606fAe”7

R(wt) = G TFA Gos® lfeVF(t)Gl@lcOs(wt +0r, -.-(;9)
-31§The ratlo of the magn1tude of the fundamental harmonlc
“current to the correspond1ng reflectance parameter 1s
glven by
| T(wt) f;'n?A’b'COSG*;J . S
IRTwt) |- .14;606:Ae_:_:;lvv . (20)

'f:\ . T DR

'Th1s is the relatlon that may be useg for thelnjh°j

fdetermlnatlon of extlnctxon coeff1c1ents or n- values.;wltsz'

» fh‘should be noted that at any glven frequency, the'hn |
‘talternatlng reffectance 1s Just a multlple of the g
f'correspondlng alternatlng current._ Hence the mathematlcal
' ;treatment of ac voltammetry also abpl1es to the data
Jncbtalned from a. SMACRS exper1ment. The.rnherentf

Y
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L~

:‘sens1t1v1ty assoc1ated w1th th1s type of reflectance

' N

measurement, along w1th 1ts 51mp11c1ty, makes SMACRS a’f

'fverv attractlve sDectroelectrochemlcal tool.

2.4 DC 'cxéLfIé"-v‘oLTAMMETRy o
For most potentlal sweep methods, the electrode

'potentlal 1s changed 11nearly w1th tlme,'so that the_“'
. = ; R o ""“%;\af

-potentlal may be wrltten as

*‘”where Ey 1s the 1n1t1a1 potentlal, and v is the potentlal

‘-7fsweep rate in- V~ 1; nd t 1s the tlme 1n secovds.n'v' ’
;Un1d1rect19nal or cycllc sweeps between two 11 1t1ng
- fpotentlal values may be employed._ For very'slow potentlal

gsweeps the reactlon‘f ;L»'"¥'f'
0 tmeT IR .(22)

7j3w111 show current potentlal plots whlch one would expect

from - the theory of steady state experlments.: As V. 1sA7‘9-35-"'"

'”*1ncreased a: peak w111 appear 1n the I-E curve, becomlng

.

’umore and more promlnent.. The peak 1s caused by both the”l"w"

-

rapld deplet1on of reactant concentrat1on 1n the dxffu31on 'ff»f“‘



layer, and by the hlgh mass transfer rates caused by the
‘,1mpos1t10n of a_ non- steady state. If the rate of electron\

f‘transfer 1s sufflclently hlgh so a nernstlan equ111br1um

s

’-[‘can be ma1nta1ned at the electrode surface (a rever51ble el

Qireact;on scheme), then the peak current dens1ty for a.

fCathod1c reSponse of reactlon (22) is’ ngen by [80] as’ -

: Ip7%"2L72F%_105 3/2 1/2 1/2fcgf*ﬁﬁ~*ét*259C-;, 23y

Lo is thé;Eoncentratlon of the ox1dlzed spec1es ‘in the L

- O‘

'f:bulk solgflonpiDo i's the dlffu51on coeff1c1ent of the:nf']fj;“

'Clpox1d12ed spec1es,,and the other terms are as prev1ously gg7¥;eq‘

'h7‘ﬁdef1ned.¢ The peak potent1a1 w1ll be 1ndependent of sweep

y'rate and 1s related to the polarographlc half wave phpji,f
, potent1al (El/z) by '

o Bp = Byt s029/hVolts. . T (24)

'ﬁ_If the reactlon under 1nvestlgat10n is. sufflclently

‘u'fgslow compared w1th the potentlal sweep rate, then thef3~

fa,surface concentratlon of 0 and R w1ll no longer follow;f3:ﬁv“k

fnerstlan values.. Instead of obey1ng Equatlon (23) the Ip

’f{w1ll approach the follow1ng at large sweep speeds [81]

2. 99 x. 105 n(an )1/2 1/2 ol_p}/?i’_at;2$°Cj]f‘sL125)§Vt;*

s




Loeg T

'Jaha'i |
By - %72}': .048/an, Volts N (2“6);.,‘
' Ep‘f‘Eb?“’_"l‘z F in—-—l-)-g—[i\-.))-t—..ln 'k,ooj " ‘.(27“) s
.where E ‘is“the standard”electrode-pbténtial, Ng iS'the
‘f_'number of electrons transferred prlor to and durlng the P
bb:rate determlnlng step,_koﬁ.ls.the rate constant for | 'éf
‘1electron ttansfer at the standard electrode potentlal, ‘i‘f
lV is’ the ‘gas constant and T is the absolute temperature. .kéf
f{gThe other terms are.1dent1cal to those prev1§isly‘ar"“r:~§, o
' -ment1oned._ By plottlng peak helght, shape, and p051t10n ;;lép
:':_as a functlon of sweep A‘Eaa' theq:f, na, and. k ‘can be r__'é

;jdeterm1ned.. The most 1mmed1ate qualltat1ve dlfference
: : R

‘;between thlS and the rever51ble case 1s that here the peak

el PSS

',ppotentlal is- dependent on the sweep rate' there 1s a

'30/an mV Shlft per decade 1n sweep rate.

<"

PO s NN

Prov1d1ng R 1s stable, a. reverse sweep back to the

>

“.1n1t1al potentlgl w111 produce a second peak equal 1n

PRt

T e

e

PRV

&.fhelght but 03p051te in. s1gn.‘ Thls peak corresponds to the

fklopp051te reactlon (ox1dat10n of R) The peak allows for

';the measurement of a new k1net1c parameter, the peak f

B PR

@dseparat;on;A@p;' For a fast rever51b1e process AEp

e
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R
: [}

found'to be 0;059/n V., - and iS'independént“of_sweepb

speed. When the sweep rate is incréased to the point

where nernstlan equ1l1br1um is not able to .be malntalned,

»then AE wall begln to 1ncrease w1th v; the shape and

P
p051t10n of the- peaks w1ll depend agaln on a, v(ﬂand»ko
Although quant1tat1ve~data can be obtalned‘from,‘

cycllc voltammetry, its major use has been 1n the rapld 8

3,

qua11tat1ve eluc1dat10n of reactlon mechanlsms. Cyc11c
voltammetry allows for observatlon of a system over- a’ w1de
e A N

potentlal range. In a 51nglerexper1ment, 1ntermed1ates"

can’ be dlrectly observed,*and the1r pos51ble

nt1f1cat10n 1mp11ed by the potentlal at wh1ch they

1ze or reduce. One can often galn 1mmed1ate -

:

Affﬁinfoxmatlon gbout the reactlon meohanlsm from peak

o0 .o

}separatlon, peak helght ratios,’therabsence of ﬂbversibie'

[‘peaks, the appearance -of new peaks on the subsequent

- scgps, etc.'

.t A

There are. two main. experlmental factors that must be»

9

T pons;dered whlle 1nterpret1ng cycllc voltammetrlc

a.responses' 1R drop and charglng current.l For a properly j?f-n,

'deslgned cell and a hlghly conductlng solutlon the scan -
rate is practlcally 11m1ted to about 50 V—V l; more- often

« - the 11m1t 1s much less. '1R dfop 1s explalned in- detall

in the. next sectlon.' However, it sbould be mentloned here’

L

-~

3that 1t w111 cause dlstortlons of the'. peaks, and may sh1ft

o - ;



!

sweep rates, since a larger current results.w'Theweffects

the potentlals. This trouble is‘more pronounced at ‘higher .

42

of 1Ru'1s very 51m11ar to- those caused by a- small k
_value, i.e. an 1rrever51ble electron transfer reactlon.
These effects may be d1st1ngu1shed by comparlson w1th a .

‘known rever51b1e SYStem u51ng the same cell and R

‘electrolyte.

The pbpblem of charglng current 1s due solel§ to a .

anonfaradalc process. It is". caused by a reorganlzatlon of

’

‘the ions -in the electrlcal double layer in response to the'

.‘changlng electrode potentlal. The magnltude of the
";charging current is d1rect1y proportlonal to dE/dt,'1 e.

Jthe sweep rate,,uuzaAs the sweep rate is 1ncreased the

. »
2

'_charglng current w111 1ncrea51ngly mask the faradalc

8 o
* CRNEREE

’current since the former 1ncreases as v and the latter asl»J»

ivl/zl Correctlon 1s usually ‘made’ by subtractlon of . the .

%

f'current obtalned in: an 1dent1ca1 cell not conta1n1ng the'

'electroact1ve spec1es.:
1(4 NP

2.5 AC“CYCLIC VOLTAMMETRY - e

Cycl! ac. voltammetry was used as 'a tool for the

'_investrgatlon of electror R ocesses durlng b111rub1n

boxldatlon.v ThlS technxquc i- oowepful because 1t retalns';

, the best features of two compl mentary methods,

-

.

’”conventlonal ac and, dc cycllc voltammetry.
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A}

Heterogeneous kinetic reversibilitY’is characterized.

Sin” the dc cycllc experlment by a forward and reverse?<'

':-present from wh1ch accurately measured currents are;’

Y
-

current peak separat1on of 59. 2/n nv. at 25°C regardless of

potentlal sweep rate.alIn the ac experlment, rever51b111ty
1s man1fested 1n superlmposed forward and reverse waves,
and by half helght peak w1dths of 90/n mV regardless of

vscan‘rate. The chemlcal stab111ty of the reduced form 1s

./

\_'demonstrated in the dc: experlment by ar peak currenm ratlo
i p,r/1 f of unlty,‘where 1p r 1s the reverse sweep peak

ﬁintensxty,-and lp f 45 the forward sweep peak 1nten31ty.lrf4f:
" For charge transfer reversrblllty the same ratlofg”“”
'determlned 1n the ac experlment 1s used._ The advantage to

' Ithe ac cycllc experlment 1s that a good flat basellne 1s e

'avallable. Thls reference 1s not ea51ly found 1n dcjﬁf“{

R

Y-

! l voltammetrlc exper1ments 1n general.
When dc rever51b111ty does not hold, henjthe"'
"’51tuatlon can become qu1te complex.* The mean surface _,,71““

'f concentrat1ons at a g1ven dc potentral tend to depend”ont

'“Q;the way in whlch that potent1al 1s reached.v The surface_&

',concentratlons at any Edc'w1ll dlffer on the forward and

R S

=,u;reverse scans, thus we can expect the correspondlng traces.ﬁ)'

:fto dlffer 1n the ac voltammogram. In the e’ cycllc fﬁ;~f>
‘nvoltammogram, an . 1ncrea51ngly slow electron transfer

acauses greater splltt1ng of the forward and reverse peaks

“‘x
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‘s1nce larger actlvatlon potentlals are needed to cause

'.;charge transfer., Thls peak separatlon is- also caused by

'~the fact that the surface concentratlons undergo the
tran51tlon from nearly pure "o to v1rtua11y pure "R”'in"”
'f.dlfferent potent1a1 reg1ons for the two scan dlrectlons.c' —

f Slnce the ac - voltammogram shows a response only in the—v”"'
,.\‘. . . ‘7 . ) ' v
ﬂpotentlal reglons where an electron transfer takes place, :

s

L,we can: expect the ac voltammogram to show sp11t peaks that

‘,;are allgned w1th the forward andqreverse dc vo;tammetrlc‘

4ha1f wave potentlals when the dc scan rate 1s very slow R

gd Kg 1ls large.; It has been shown that a crossover:ﬁ'/

RS

fipotentlal ex1stsr where the forward and reverse scans_cﬂ"”

"'ffiyleld the same response.“ The potentlal where thls\éx1sts

- &
.1s r1gorously shOWn [82] to 11e at

IR

'wlAll terms are as prev1ously deflned.w Th1s equatlon 1s

1 - -

'ijtoften used for the evaluatlon of the charge transfer .

’fflnformatlon can be obtal‘ed

-~

'dgcoeff1c1ent.{ The system under 1nvest1gat10n w111

‘Qgenerally dlctate the degree to wh1ch quantltatlve

e



CHAPTER 3 .

~ EXPERIMENTAL -

3,1 SPECTROELECTROCHEMISTRY -

MSRS was. utlllzed to obtaln absorbance spectra'of the
R _ S

v1ntermed1ates 1nvolved 1nva glven electrochem1cal
.freactlon., To do thls a phase sen51t1ve detectlon system ;f
ﬁwas employed ' A scannlng monochromator runnlng-typlcally
*mat lO A -5~ is slow enough to assure’ that the absorptlon hyt]:~
h max1ma of the spec1es are not dlstortedm The other ?fl -
ldityplcal 1nstrumental parameters‘are llsted 1n Table 1
llfUnder those cond1t1ons a steady’state spectrum of the’h**”
:glven qugles was observed. The spectra obtalned were‘}f

‘fﬁcon31stent w1th those spectra bu1lt from a tran51ent‘flﬁ.f

[
- l‘

.'”Qmethod descrlbed “ih the next sectlon.z,'jl‘f 'f’j[“7y.;: B

"5.

‘3xgﬁ3;lfly Opt1m1zat1on E }_l‘;‘l.5*];I,frf";fffp,:;;v‘
| The pulse length at the worklng electrode must be hjfi'”“
;:properly chosen._ If the pulse 1s too short, then |

';1ntermed1ate formatlon may be outrun by the experlment.,f

R
v

"jThe modulatlon frequency must not be 60 Hz or any low odd K

"f>harmon1c thereof due to exce551ve 11ne n01se coupllng to =

'the opt1ca1 31gnaI. Proper ground1ng must also be

-~

a5
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”~TableAl{'"Tybical<MSRS'eQnditiohe forJBilirubin"oxidetlon.

”{Subst;atejceheehtratien.

) ﬁéfgrénéezalecfrede B

1Modu1atlon Frequency

».Modulatlon Pulse He1ght

Phase Sens1t1ve Detectorxei‘

- Sen51t1v1ty

lPhase Sensitive Tlme o

Constant

jRecerder_Sensffiyiﬁyjf;x o

Coo1.20 v £o +0120.V .

250 mv cm”

“IOmM | |
-l;Ag/Ag+ (0.1 M) in DMF Lo
~0.10 M Supportlng Electrolyte

.~,._._40 Hz

1.0 mvyv

- 1s

-1

- 250 mv em™




~

',assured., Ground 1oops can cause a great deal of n01se and

/

{unrellablllty. When the system is worklng properly only

47

'gwhlte n01se from the photomultlpller tube (PMT) should bej:"

'.observed on an.. osc1lloscope dlsplay.v The potentlal 11m1ts
'fat the worklng electrode should be from & non faradalc

reglon to ‘an upper 11m1t 200 mv beyond the peak potentlal

‘_jobserved on a. cycllc voltammogram. Under these condltlons.ﬁ,

one 1s pulslng from an- unreactlve potentlal to ‘a potentlal
fwhere the reactlon is completely dlffu51on controlled.

o The concentrat1on proflles of the reactant and products L
: . [§ ﬂ- -~ : :

‘.nfare thus deflned by known equatlons or'can be predlcted

jfrom 51mulat1on techn1ques.~

3 . R o
Lo I

">;3;2~;MSRSQINSTRUMENTATION;i | j_.f‘

MSRS can best be descrlbed W1th the help of a block

‘“}agram of the apparatus, Flgure 11 nght from a hlgh

' {glnten51ty mercury xenon lamp was passed through a hlgh
1gflthroughput GCA MacPherson 201 monochromator to select thef"'
'”flwavelength of ch01ce. Dependlng on the appllcatlon the -

wfllght may (adsorptlon studles) or may not (homogeneous }”i?f;:

,studles) be polar1zed before be1ng reflected off the,ff" o

.t.‘»

?:fworklng electrode. The potentlal of the worklng electrode

was. controlled by a H1-Tek DT2101 potentlostat and PPRl

Y

TFwaveform generator.o The reflected llght was collected and

.then focussed onto a photodetector.g The output of the L
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'?photodetectorlwas then‘amplifiediand fed into avsignal .

: recovery system._ This.was either'anphase sensitive‘
. ' " K

Vdetector/lock 284 amp11frer“lf“spectra“were belng—recorded

‘7.or a d1gltal 31gnal averager for tran31ent recordlngs. ‘tf

_The electrochemlcal process was perturbed repetltlvely by

;‘modulatlng the electrode potentlal w1th a’ square wave,'a'iﬁ

‘ﬁtrlangular sweep or some other approprlate repetltlve
'hlprof1le.' The sxgnal recovery system 1gnores the average

steady state output of the photodetector and locks onto.5

Vfthe small optlcal absorpt1on component fluctuatlng in step

,w1th the applled reference modulatlon. ThlS component

‘ilcorresponds to the small changes, AR, in the reflect1v1ty

s

. of the worklng electrode ,at- the two potentlals.- When the

o wavelength is . altered as in the case of scannlng modulated

° ;;[..

'j’reflectance SpectrOSCOPY: the llght 1nten51ty of the

'sOurce also changes. Thus, 1t was necessary to normallze oL

49

'fjthe reflectance to the background at all wavelengths.r If:tlf

:”fa photomultlpller was be1ng used as a detector, thlS could

;'%f{be accompl1shed by an optlcal feedback system whlch

‘ fﬁadjusted the PMT power supply to ma1nta1n a preselected

‘fﬂconstant dc anode current.. The output was thus AR/R.

kT When a: photodlode was be1ng used, th1s adjustment was not

‘Tpos51ble, and the background dc reflect1v1ty of the

\.;electrode, R, to be not d for each wavelength.;;k~t'
&8 o

N

fFlnally the-output of the 51gnal recovery system, AR,,was



normallzed by d1v1d1ng by the average electrode

A reflect1v1ty at each wavelength and all results are quoted

AN

s tne—relatrve—reflect1v1ty—change——AR/R.,.

.-

P 313‘ TRANSIENT RECORDINGS OF BLECTROCHEMICALLY INDUCED'

INTERMEDIATEb

'The absorbance tran51ents of the 1ntermed1ates were m-
dlgltally stored in’ a- Hl-Tek 512 word, 10 b1t 51gnal -
avgkager.; The 1nstrument was trlggered by a H1—Tek PPRl i
“waveform generator such that tran51ent recordlng would

begln at the same t1me that the electrode was pulsed 1ntoiﬁ
the potent1al reglon El (ox1dat10n of the substrate) | The"..
: data acqulsltlon t1me was adjusted to 1nclude theA e
absorbance decay when the pulse was, term1nated. In some'-a°'
cases,‘ln order to observe only chemlcal k1net1c control S
after the 1n1t1al pulse, the system was: open c1rcu1ted at‘..
the end of the pulse rather than u151ng back to EO- Thls,.;
B was accompllshed by 1nsert1ng a mgrcury-wetted reed relay
‘701rcu1t 1n the secondary electrode lead.. The relay was
tr1ggered to open c1rcu1t by a TTL pulse from the waveform

generator wh1ch ‘was avallable at the end of the maln

pulse. The waveform t1m1ng sequence 1s shown below.

o



: 151_'. " A

"Worklng electrode potent1al 1 S VW ;4 S S — ~§t.“‘
WRT reference o R S ‘ S o

!

ffWaveform generator trlgger hiJ S |i R
f~for averager : o T

~Waveform generator trlgger PR “}’!l — . lm*
for reed relay e s g . 7 o S

‘fognaﬁjaverager”ﬁtatQST

" ‘Transient stored’ .~

Most translents con51sted= f,a-l '50 ms electrode‘

> vt . 0

'_1pulse, and a 100 500 ms open c1rcu1t. Delay tlmes of up

\
A

to 16 s were employed 1n order for suff1c1ent lee to
‘elapse to restore the Cell to essentlally orlglnal
';;condltlons. The number of cycles averaged would dlctate‘;'
| sen51t1v1ty, between l and 512 cycles typlcally were -
2averaged and d1g1ta11y stored.-

The- wavelengths chosen for tran51ent stud1es were f;,fU»{

wideterm1ned from the absorbance max1ma obtalned from»the

-

"Qscannlng method descrlbed 1n the prev1ous sectlon. jTheT

spectrum bu11t from tran51ents can. be compared to that
- obtalned by the scannlng method.» ThlS 1s accompllshed by

collectlng tran51ents at a varlety of wavelengths and

'f'notlng the magnltude of absorbance at a g1ven tlme.f These

;"'Aresolved and of quantltatlve value',f;ﬁfV-'j

v

p01nt by p01nt” spectra gave the same maXLma as thosei'q

'found froﬁlthe scannlng method.: These, however, areﬁtlmey”

B S
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304 SMACRS'INSTRUMENTATION

. £

The 1nstrumentatlon for SMACRS 1s shown 1n Flgure_-'
h12. 1L1ght from a 200 W Hg Xe. lamp was passed through ‘a -
‘GCA MacPherson 201 monochromator, and then focussed onto’
the electrode éﬁrface 1n a conventlonal reflectance cell
(see Flgure 12) After reflectlon,vthe l1ght was focussed
::onto the wlndow of a RCA 31000M photomult1p11er tube. fThep:f
PMT was powered by a hlgh voltage source,'and the output -
01rcu1t conta1ned a current feedback loop SO’ that AR/R
could be measured dlrectly by a PAR model HR 8 lock 1n
| ampllfler._ The reference 51gnal for the lock 1n ampl1f1er
was taken as the actual potentlaI applled to. the worklng.
electrode, wh1ch was avallable between the worklng -fgﬁif;ﬁl;;“
B electrode and reference electrode.. The hlgh 1mpedence “ff?f]f ff}
threference electrode was 1solated by a’ h1gh 1nput 1mpedence |
'h’voltage follower at the reference electrode.v The output

_was: recorded on a Hewlett Packard 7045A recorder.;lﬁ

WA

-

3.5 VOLTAMMETRY INSTRUMENTATION =

Cycllc voltammetry was performed u51ng-a Hl-Tek ;“

DT2101 potentlostat and a Hl—Tek PPRl waveform

1,

generator., The voltammogram were-q

HR 2000 x-y recorder or a Hewlett-Packard 7045A \




. | "Ins"t'mmeht'at_i@ﬁ fdf__SMACRS‘  _.*.

gy .

L. Lock-in:

AL Power supply for Iamp
- 'B.Lamp -
Gl _Monochromator

'D. 'Electrochemlcal cell
. ‘E..Potentiostat = L
'F.. Waveform. generator

. G, Osclllator . -

f_jEH;PMT<4g 'jf“f.“ -

o L:Current: follower SRR
B Integrator e

- K. PMT hlgh?voltage source

| ML Recorder
| qum12

g f"Bf__-gr._'::v- o T



w1re worklng electrode was l 0 cm in 1ength and 0 1 cmzpin'

recorder.; For rapld scan voltammetry, 1 el sweep rates -
A K

greater than 4 V— .}; a H1—Tek AAl 512 wordQelgnal

averager was used.

The k1netlc cell used 1s shown in’ Flgure 13.0 The‘Ptb'

area.' The secondary electrode con51sted of a Pt basket'
placed concentr1ca11y around the worklng electrode. ‘The"‘

cell voltages are referenced to Ag/Ag+ (0.1 M) in - DMF. 5

7o

: The reference electrode was 1solated from the worklng

Repo;&ed

»

"3.61 ELBCTROCHEMICAL:CELL PARAMETERS

i very close to the worklng electrode surface 1s used to

';;experlments.v L)

A R ~ . - . . o B Tk . " .
. . ‘ S 5 . . . . . . - . !
AR AN A SHEE SO TS P L T T

The current 1s passed between the worklng electrode and

,the seﬁbndary electrode. A Lugg1n reference probe placed

b\The current den51ty must be constant over the entlre area

There'ane 51x ba51c factors whlch should be

con51dered when‘employlng a cell for electrochemlcal

o~

J

measure the potent1a1 ‘at the work1ng electrode. Tc'-f{ijvzaj‘f?

accompllsh th1s,va three-electrode cell should be used.

LN
r

t "J"" R

\.‘.‘

wagg -f; gd‘ﬂ

monltor the potentlal at the worklng electrode w1th ’;%;;.f .
respect to the unpolar1zable reference electsp}% _)

b

*worklng electrode. Thus 15 accompllshed prov1d1ng



, Cell Configuratnon Used FoP‘
Electroklnetlc Measurements‘»

N v . Lt N
O & ' . .
- PN
v o ’Ié
N O
. - ' d
S - ’
3, é
-
.I
.

- 'A Working electrode

BT B Counter electrode
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pievery p01nt on the worklng\electrode is equrdlstant fromv

¥
R

56

ﬂthe secondary_electroder__fn_pract1ce—thls—48—not_ .large

*

’probgdm, however, 1t éhq§ld bg rememgwred that an

B 1. : AR . ,ﬁ\ ‘-.‘ . ’

. ﬁm.\operly placed Lu gxngprobeqymkl 1nterfere th the
‘Ib-.’ 'nl-"'i ) ,4‘4‘1—/ i Afﬁ: v - "fR :
unlformity of they%urrent éhstrlbutlon.. III) e de51gn

’gf ‘the' cell shou‘ld‘kpf'g‘h ‘rm to t‘he model used te develop
SN :».‘"’

= ' ) Mk - "‘1“,‘: R . . ;
NG el TR Vi oo ‘I
i bheztheory.ggav For example, the cell g
- PR 3 '4"“", ne._ S s

‘_?-omett”'may def ﬁd&coﬁd t1ons for 51mple llnear

,?: IV) The reactlons at the sec%ndary electrode must

/‘,..:-

L'1n no way.unteﬁfere w1th the processes at the worklng

’ Lo P 3 v

. .J ~Ln
hchosen to be much larger than the worklng electrode., ihﬂ'

! ;,,{1 ‘o

'd01ng so the curreht can Onl be l1m1ted by the processes

N
.

*?ﬁsecondary electrode wh1ch may react at . the worklng

{the two electrode processes.. This 1s usdatly not a B

. .\.-,-‘_; . 4) s

J :

5ff'--”problem for short tlmescale experlments.t V) It 1s
; ' P

.de51rable to place the wm”

u - \‘.,-" .~ B g )
SR close as p0551ble to m1n1mlze cellgresLstance. uThla
- '.' » .
“,reduces re51st1ve heatlng of the cell solutlon., VI) The

.shape'%nd placement of the Lugg1n probe 1s dlrectly

L E e
f 'related tgﬂthe dlfferenceﬁbetWeen'the potentlal whlch the
g R

i}f@grobé monftorsxandgthe potehtlal thch actually exms€§ at
L N : ) . ‘I‘)’h Lo N ‘ '. o . ® ; RN ' v'.

) . ". X . ° . - . . g T - L
] Lo . . B TR -

diffuslon,";ls‘

,»electrode.g The area of the secondary electrode 1s always "',

"&at!the work1ng electrode._ If a- Qpec1es(as produced at the o

e

e T SR el H
1'a fr1t or membrane may be necessary to separateﬁ”



Qa

~ the workingieléctrode.w The dlfference is iR, ur where Ru 15:

the uncompensated re51stance of the solutlon between the

'
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o
W L

o~

T L
electrode and the Luggln t1p, and Lo the current flowlng

A

’through the cell Mov1ng the Luggln closer to the

: electrode W1ll mlnlmlze thls problem. However;“a Secondw

problem is. 1ntroduced°' "sh1eld1ng of ﬁhe worklng

_electrode wh1ch was dlscussed 1n II.' The best compromlse ;

.
a

LS that the Luggln t1p be placed 2d away from the worklng B

:electrode where d is the dlameter of the t1p.d Slnce l
sh1eld1ng and iRy drop ar@ re01procal effects there is an

®
Y‘Opt1mal locatlon where the two effects are max1ma11y

Ag/Ag+ (0 1 M) reference electrode.- The cell 1s@shown 1n

b - g

Flgure 14 V It was constructed of Pyrex glass w1th two
b, . . g G e e T

fquartz w1ndows at r1ght angles to each other @see Flgure

.. °
g

's;7f;QPTICAL>CELbef”' - ERRE ‘iiﬁ
'3.7.l, The Reflectance Cell i e ' ‘; Ja?43%7‘
S For- MSRbf'SMACRS, and translent recordings, thé same‘ﬁrf#.
‘cefl.was used. The cell cons&sted of threewelectrode5° -a nga
: Pt worklng electrode:.a Pt secondary electrode and an | _5;;>

: 10 for” the optlcal path tﬁrough the cell) The Cell i;‘luuh

o
el

'volume was 100 mL The,worklng electrode was mounted 1n -

“tf the cell such that 1t-was centered d1rect1y 1n front of'-

% the optlcal w1ndows.- The worklng electrode was

f‘"‘-"?" : .

.¢.
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tthe end of a long brass cylinder.h ‘This:., un1t was then

59

-t

-hconstructed by mountlng a hlghly pollshed Pt cyllnder onto

l J B

DT SR

'3“electrode face was pollshed with the a1d of a mandr11,v¢f?

- Decrea51ng s1zes of alumlna pollshlngm

.the assembly was 1nert to. a01ds and organlc solvents.l The

'the worklng electrode. It was fabrlcated from a 10 mm

3;7.2 ‘The- Photochem1ca1 Cell

'erer1ments 1s shown 1n Flgure 15, Thls cell

nheat shrlnk f1tted 1nto a hollow Kel F cyllnder,'so that

i
_Sgﬁnd Were used,,

) 'the last belng 0 05 um dlameter. The secondary electrode

\

.l was: placed 1n the cell 30 mm 1n front of and parallel to

v

M_vdlameter»Ptld;sc.-“_t_{~_';”Aﬁff 2 ;" _ -‘i,élj'

Lt
o

The opt1cal %gll used for photoelectrochemlcal fy-ﬁ

S

conflguratlon was employed to electrochem1cally measure.f

'the productlon of b111verd1n durlng the photo-ox1dat10n of /“f

>

f_blllrub1n.. L1ght passed through~the quartz w1ndow at the

L
s

'front of the cell for a glven perlod of tlme.lxhnyiyv_”

L5
'.l; ;' I
- - : 4

;blllverdlnﬁwhlch was photochemlcally produced‘was mhen

c

Z'electrocheﬁically reduced back to b111rub1n by applylng

'lddlrectly?behﬁnd'tﬂ% optlcal
:was placed 3G ‘mm d1rectly b‘

con51sggd of: a,lO mm dlameter'Pt*loop,. The reference

| ;;the propers ot €1a1 to Che workyng electrode.. The i
* -p % .' . .

Cof

;?‘work1ngze1ec§rode cons1yte§?ofza Pt m1n1 electrode located

,u o,

Thg counter electrode-'

:orklng electrode and
. ‘f

A tee,
- ”.“‘('ﬁu

'iielectrode was'separated from the workgng electiéde by a Q".

S

RISy FEEE
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aowr
b7 .
o Byl

;.Luggln probe.f The cell was constructed of Pyrex and held

'~50 mL of solutlon.y . ";’=“f‘5.'. = ;

B v

”-3.7.3 The Electroly51s Cells

Bulk electrolyse/ mere carpled out 1n‘a spec1ally
;de51gned glass cell (Flgure 16A) The worklng compartment-
"_was 50~ mL.g The worklng electrode con31sted of a Pt mesh
eseparated from the secondary electrode by two glass A.l:

M 5/, & o
fr1ts. The$}eference electrode compartment was: separated

,lfrom the worklng oompartment by a Luggln probe and a'wet
: Y. o R , LIS,

*fstopcock ”;h"‘

B used for voltammetry. For small'scabe electroﬁy51s a

i'riprep cell was ut111zed (Flgure 16B) Thls-cell:was
t'_;u,employed fsr rapld productlon of b111rub1n ox1datlon

P L |
e

iproducts, whlch 1s p0551b1y due to 1ts large electrode'hi =
,l.area to solutlon volume ratlo.‘;” tg&lf;*”.“ﬁf‘

*fvﬁ:j3,7u4 The Spectral Electrolysls Cell
Often 1téls de51rable to obtaln a gross spectrum of aﬂfy*f‘

R ‘ [ PR ki S
Lproduct or 1ntermed1ate be1ng creabed at an electrode ~~"’,.;
: . IVB‘\X

'T“isurface 1n ‘a- qu1ck and easy manner.' In the past opt1cally
bltransparent thln layer electrode (OTTLE) cells have been;;fai

:l»employed. They have,vhowever, a serlous drawback 1n a

,‘. . »V

"nonaqueous Sblvents.; It ?s difficult in these cells to b

P

' obtaln a voltammogram of quallty suff1c1ent to resolve the‘}

”cpotentlal at wh1ch the specxes under 1nvest1gatlon is

Ll . . . - -



Dlagram of Electrolysls Cells Used For
Billverdin/Purpurln Productlon '

A (B
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N L ' B. Secondary electrode

T

| . | emF

-

Cer e (B) Prep Cell

‘:..D Luggln probe _
E. Glass frlts__‘-:n'r>‘._ “ :
) F Gas port | '

B g 5 o (A)Bulk Cell. }' A. 'Worklng eIeCtro“de'

el “ :'C Reference compartment
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- g S A . A o . T
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.produced. ThlS 1s caused malnly by the poor electrode .,

|
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fgeometry and hlgh reSLStance. The sécondary and reference :

N .

Te}ectrodes are: 1ocated externally, and: the current

.

rdlstrlbutlon is- very poor at the m1n1gr1d. These cells'

‘“fgare constructed u51ng two glass plates whlch sandw1ch a

_.'-4:

. path passed dlrectly through the center of the

. were effectlvely e11m1nated. The cell and mount are shown

ﬁr.cell was mounted 1n

“*hspectrometer.- The dell was allgned such tha

ﬁgold or platlnum m1nlgr1d work1ng electrode, and are held

ﬂwtogether w1th epoxy glue. There can be a problem 1n'
}new cell was de51gned [84] so. that these two*llmltatlons

'fln Flgure 17 The worklng and secondary electrodes were

——

tijt, the former a mesh, and the latter a pa1r of stralght
r:wlres symmetr1cally placed parallel to the worklng

l"--electiide and located between the plates.:“The two quartz .

T\

:lTeflon boat whlch held 5 mL of

‘h mount. : he allowed for placement of the Luggln probe,'
pu/

*and the rge gas 1nlet and outlet. The ent1re un1t f1t

nf:rlnSlde the sample compartment of a Cary model 14

‘).
A

.‘»electrode mesh&; The electrode leads and the gas llne were

o ) L e

_,

; also ﬁed 1nto the sample compartment., W1th a

R E B .

deo

‘lsolvents such as DMSO wh1ch read11y dlssolve thlS glue.g;A“y

| "Cplates were 3 ‘mm thlck i The separat1on was: < 2 ‘Tm. ‘Thefff ;f

‘the optlcal-

fg'i,ndf:: L
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" "Thin Layer Optical Cell
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A Secondan slectrode (2wires)

_ plates

©B. Working electrode (grid) . ' - J

" C. Reference compartment .~ ,

~D. Teflon solution boat -

 E.Gasports

B




potentlostat, waveform generator and a recorder, it wasf,

then p0551ble to obtaln a voltammogram of h1gh quallty and L

——ne—monitor—spectraL«Changes—aS—a—funct1on oﬁ_potentlalf

d3;8;,PREPARAT10NS“,- '
: 3.811 B111rub1n Purlflcatlon _'"“”_' -_* ; e '
o Due to poor analytlcal response to the 51mpler

e Qphy51cal tes&i of purlty, such as the fact that b111rub1n ‘-;'J

ic_has no meltlng p01nt, and that chromatography 1s

o

al;nadequate to assure pur1ty on the 99% level, a better RPN T

‘ cflterlon of purlty f@% thlS compound 1s usually based onlﬁif
spectroscoplc response.‘]":

byﬂfl7ﬂ

» Pur1f1cat1on of commerc1a1 b111rub1n was performedﬁ

._','?-,. . (L .5, : -_‘;“‘Y?} -

-“the- follow1ng procedure. Commercgal b111rub1n was- ﬁ&f
dlssolved 1n chloroform by b0111ng 5= 1575 whlre under” fﬁfff.::'{

‘“‘1-., .

[ : e

'-AQreflux._ A concentrabuon oi 80 l'

’,‘obtalned.. The solut1on was then cooled to room temp—r-;an;%;;j'

erature., A column oﬁ anhydrous sodlum sulphate whlch”had}ﬁﬁf‘V.u

frbeen wrapped externally W1th alumlnum f01l to prevent”f,gfaafaf'l

;fphotochemlcal degradat1on was used to separate the

RIS

-.1mpur1t1es. Impur1t1es such as blllverdln and mono- and

,,,-

;d1pyrroles rema1ned on the column [27] ' Approxlmately 60%

""of ‘the volume of the eluent was then removed by

l\

v'idlstlllatlon.u Crystaldlzatlon began spontaneously. gCareu'f7l,5“

{

.iyhfmust be taken at th1s stage beciuse 1f,cryi

ta111zat10n 2
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proceeds too rapldly, occlus1on occurs and the volume of 5‘.7'

chloroform has to then be doubled to once agaln d1ssolve

The solutlon—whlle—sttll hotwwas '

all_the—crystals

2 ‘ . -

'flltered through a hot water funnel. It was then cooledj'“w

to -20°C for 24 h and an. equal volume of d1ethyl ether

:whlch had also been cooled was. added whlch served 60 br1ng

-~

collected by flltratlon, and washed w1th d1ethyl ether

’_lg_vacuo at;roomptemperature, 1n the dark. : he y1eld was

o

318;2 Preparatlon of Pure Bll1verd1n

Blllverdln 1s the flrst isolatable product follow1ng‘ S
‘fW"”

“;the ox1datlon of heme [85] It can also be obtalned by

N

kW?;of thls compound would obv1ously be 1nva1uable 1n the.

1f.cmechan1st1c study of b111rub1n ox1dat1on, thus the most .

'“practlcal synthe51s for thls verdln 1n pure form was

o

'fsought out., As prev1ously ment1oned several chemlcal

'?ffmethodé fgr Ehe product1on of b111verd1n ex1st [86 88]

/.

'1somers" wh1ch are a result of ac1d catalyzed 1somer1c

.

'hlPurTflcatlon of b111verd1n 1s dlfflcult and t1me vf*fk

I3

' “.ﬁ-,'j’ﬁf'rVﬂf.'Vw 'g_”ygﬁ lﬂ

‘out . some of the remalnlng b111rub1n. The prec1p1tate was Q" 4

luntll the ether was uncolored. The prec1p1tate was dried

'gthe chem1ca1/electrochem1ca1 ox1dat10n°of b111rub1n. ‘Userf

QThese procedures, however, all lead to substantlal amounts_g[t‘

7;§?qﬁ verd1no1d by—products such as the III a, and XIII a fr"":”‘:'”

'ﬂﬂscrambllng of the 1nrt1a11y pure b111rub1n Ix—u 1somer.3fg;‘~



el

*

cohsuming. The typlcal method involves ester1f1cat10n and

Ve R
1

then TLC [89]

‘,.nnother method ﬁor—the—preparatlon of b111verd1n—has———————

_been employed by Manltto and Mont1 [90] In our R

}iflaboratory thls method has proved to be*the most eftlclent

.fAmaterlal.‘

1n terms of low costfof materlals and total tlmes jﬁ

'flexpended.- Purlfled blllgublh was USed as a startlng

_}traces of the III o and XIII—;“fsomer were'm'

N 1‘

“':present.‘ Follow1ng the b111rub1n pur1f1cat10n, 300 mg was

‘ ‘then added to 400 mg of tetrachloro—l 4 benzoqulnone,

.talong{"th 570 mg of p1cr1c aoid and 20 mL of t- butanol.‘

-4-Thlsumv‘tUre was then added to 500 mL of ethanol free'

lﬁ;chl‘?otorm. The solut1on§was purged w1th argon for 15 N

im;t After benng properly sealed, the flask was stored 1nt>

'ﬂthe dark for 6 8 d : As ox1datlon progressed the solutlon
. .

tfchanged from orange to dark green 1n color., When thejt_?

- ox1dat1on was complete the chloroform was evaporated in

ldffvacuo.u To the product 100 mL of methanol benzene (5 100

/v) was added.3 After st1rr1ng, the green prec1p1tate was f7m

”}”jcollected.‘ Thls prec1p1tate whlch 1s a 1 1 complex of

B .4
‘.I

’ jblllverdln and p1crlc a01d was then washed wlth behzene.p

> The yleld oﬁ thls complex was usually between 75—95 mg.
TTo remove the p1cr1c ac1d, the complex was dlssolved 1nwﬁ

L of DMSO Tn1s solutlon was. added to 300 mL of ethyl ’fffﬁ :

N e
%:acetate, placed 1nto a separatory funnel and Washed w1th
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Sy LT s -u‘ -
- . N ) .‘ : ' ) ° t )
didtilled water until thenaquéous‘phase'appeared‘
‘ ;,.. . - e ‘
colorlees. ThlS usually requlred ten extractlons. The "

ethyl acetate solutlon whlch contalned the pure b111verd1n,

y LR
'was then flltered, and the product was drled in vacuo.. S
‘40 50 mg (20% y1eld), of pure b111verd1n was obtalned.n :,

The purlty was checked 3%1ng TLC. The e1ut1ng system was

bl
e

methanol benzene (5 100) One green spot m1grated Wlth Rf N
3

= 0 23 A v151b1e spectrum showed peaks at.. 650-nM'and 384
’nm 1n DMF.v;.‘ S :"?”; -,‘f v‘”fl. n-~bﬂ'l - f.'~ S

3.8, 3 Preparatlon of Blllverd1n Electrochem1ca11y,‘“;

Blllverdln was also produced followlng ‘the -same

procedure as’. that for electrolytlc purpurln productlon.;ﬁ'5

descrlbed\ln the next sectloh. The precursor was pure'_p R
- brllrunln. The conver51on was determlned to ‘be complete
o S e ,faA . . . o o = - ‘ _
quy'spectroscoplc;monltor;ng,_ ‘f) ' L

» '

;siL 3 g 4 ?Preparatlon of Purpurln
Purpur;n Wﬁs Prepared by controlled POte”t 1NJ."

'electroly51s.. Pure b111v:rd1n was used as the
( E

SUbStrate-. TYPICally 2 mg was dlssolved 1n 8, mxa muin 5"

amount Of DMF ('5 mL).; The solutlon was. pleced 1nto the L
“‘\L. i .’,*.'

- worklng compartment of the electroly51s cell and brought

“'to a workable volume u51ng acetonltrlle.! The acetonlégule

provldes ‘two. funct10n5°' (l) it 1ncreases the volume so -
s h J ' ’ u ’ !
that the entlre work1ng electrode 1s covered for max1mum'f oo
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AR e Tt v
o ) L T , RO _ _
R . ” :" i ,.1
ce o “..I'\’ J"l"
r'.‘. ¢ *-_‘ v v '\.*
\r' - ', - . ‘ . L . e . . :4“|-.".. ,Q:
u Q’ ;electro1y51s eff1c1ency and (2) upon completlon.3£
.f ’ "’ \ -‘. . u Rl
B qja.electrolys1s f@ 1s easlly removed 1n vacuo to prov1de a
ca vy . y**’é RPN
- eontentfated~£LnaL—productf—the—supportlng electrolyte______
". & et m" ‘ . > i . Bl
FPR was Q”I M tetrabutylammonlum"tetrafluoreborate.. A cycll e
R S CITRS BN
;gv‘d'voltammogram of the substrate was taken to determlne the ‘
S ,by -

1ﬁﬁ half &%ve potentnal of 0 23 V. The potentlal at the

@ borklng electrode was then chosen t% Ee 150 mV p051t1ve of

aﬁ“ the half—wave potentlal.u The current through the cell wasn.

;k;-~ tegrated. Oxygen‘Laa bubbled through-ehe soluﬁlon, and ﬂﬁ
.

1" N o
b

.perlodlc spectra of the solutlon were‘taken to monltgr the

a P LGBy . e,

o convéﬁslon.n Upon completaon of the react10§'(2 G—(;Zl Qf.;F'

i:.‘ sub%trate) l) th@.so;utlgh 'was, congentrated by wacuum '. Rt

".; evaporathn.pff 'f-“ e ‘ jﬁgf'?pf C;H
. ”f3}8{5 Preparatlon of Supportln'i ; ﬁ’ 21

. ’ “ 0 . IR -’" : :
TS Ta%ra n—butylammonrum tetrafi@orobdra e (TBAFg was o
e R et
prepared u31ng a modlﬁled method of Lund and Iverson - N
8 AR
[91] The supportlng elettrolyte was prepared Ain- one mol'f~

) .
dhantltles. 340 g of tetrabutylammonlum hydrogen sulfate

was d1ssolved in 750 mL of dlstllled water.- Thls solutlon |
.4_ L Vv - _,-. o

;~ was flltered,‘and then placed 1nto a- 6 I separatory .»,;V .
’ : "\ BTN
funnel 110 g oﬁ sodlum‘tetrafiuqroborate was dlssqgved |
v'~1n 650 mL of dlstrlled water, fllte ed, and added to the '1}

'Qseparatory funnel.f Upon m1x1ng, the tetra n butylammonlum'_»

.. -

:':'tetrafluoroborate 1mmed1ate1y precrth ted.l 500 mL of
A

o o
crushed 1ce was added to the pre01pltate and the mlxture
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vuwas then thoroug)_hﬁy shaﬂ&n. 150 mL of metihylene chlorlde
e 4. \’4.»» - D - ..* *y f
LT was then~ &dded» to t:b =
v. ’ L ' o
S m1x1ng_ =

SR 900 mL of 1ce-go%hydrous dlethyl ether.,, ‘The TBAF was -‘;', X
R _.-allowed to pre01p1tate for 15 m, fllﬁgred,
I : 7
‘ “ox 2

‘,,redlssolved m 150 mL Qﬁ»wﬁeﬁhy“lbne chdorld

e F ".:f s P 5° ’ oA EEFEI
. ST ,(3' ', _- o . . L .,'-; "‘ B - o ey & e U k"
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6 60°C for 72. hj. An 80% y1e1d was: obtH 1ned. S
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AL~
—

&.,50 mM m"mllrub;n ana 0 15 M TBAF% T,@

% ' reﬁerencedvt04§5/Agi,(0'1 M) éfry DMFfso
g,:’- & ' ® » : - g -.'. .
. ‘saturated w1th argon fdf ligm prldg to the‘experlmegﬁg A ey
f R A B L

pos 1t1ve swee )

,at' 0. 1'6 Vk}-s .é? .13 showm in Flgure 14§A. Thls B d

N~

.0 24_V, and”ﬁ

B

glacated at o""' 1 v, 0 10 v,

r\-‘"

S

A &\y‘.'ﬁ ' : R ’ : R ! R .
_ exhlblts one p;omlhhv_m;eve-at —1;5& V, and two smaller TR A S
15&; ox1dat10n waves at'—l 00 V and —0 21 V..g» *,wg 'w'fff‘

;E

e Flgwre 19 shows the blpolar voltammetry of

H -
H i i .

f?’fﬁf}&ﬁrubln.f When the potentlal sweep was 1n1t1atéd 1n the"

t”. ngSltlve dLrectlon oxldatlon waves at 0 10 V, and —1 00 V' ,;gyifﬂj

NI

'alongawith reductlon,wavés at —Q~88 V -1 35 V, and —1 55

: V are observed., Flgure 198 shows the voltammetrlc Wﬂ' _i;e ‘ f'f;
o 'respOnse when the poﬁentlal sweep was‘1n1t1ated 1n the SRR







. direction A) positive ﬂrst"_‘ B) negative first
S Parameters are given In. ‘Figure 18

41
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: - .ﬂlf - ’ " ’ "‘ - B
negatlve dlreétlon. The reductlon waves at —0@88 v and

-

--l 35 v are observed to. be the iksult to some oxldatlon

,*, 3 . . .r_‘ f “"l RN . - .. :
process 31nce they do not appear unt11 the electrode ol ﬁ”f;ﬁ

Eha b

3 potentlal has been swept p051t1ve.. ',-_ .“f:,idi;ﬁ?f' epi

/ . o L Q

Flgures 20 and 21 show tHe voltammetrlc response oéSﬁy'*ﬁ
blllverdLn. For a p051t1ve sweep (Flgure 20A¥}fﬁ ‘yh' &

oxldatlon waves at 0. 24 V and 0 47 V ‘are obéerved.‘fhg}’“

¢

N

e " - 3)’, . . .‘,. ".
negatlve sweep exhlbxtggayo reduct1on mf%es at-—i 3& v “ﬁd‘*}'-'

¥ i BRI A

‘The’same sweep u51ng b?lk§erd1n dlhﬁ%rochlor1de« g‘ ff‘
‘ R, S ‘“ - N e o :\&',:. .
: 5 (commer01ally obtalned, Flgure ZOC) has two baslc f.k{p_.l~"'”¥jm‘
ff‘-.\ : * £ ‘ L . :; “ -, "’“ : Sy R ’ : ' o
. fdlffévences; 'fwa waveyatf—O 90 V”and
r(,»g ', Y e : g

: one broad wave from-ﬁlm35 tﬁV-l 55 V J
hﬁ\; :;f_ The blpolar voltammetry for b111verd1n 1s shown 1n
. Flgure 21 All of the prev1ously observed waves are g §}“1»75¢q
(I e v B A o -

Lo

present regardless of the 1n1t1a1 dlrectlon of the sweep,;1~;if-;

v

'..thh the exceptlon of that at'-O 88 V'f Thls wave was only | L
present aﬂter the petentlal has beeﬁ flfst swept to | vf }f
pos1tive potentlals.‘,jg;.gés" h*ﬁ'v yg‘ Af . e

)

“'bln.' When cycllng from:-O 40 V_@;_

”flncreases quantltatlvely

".“ » R e

'?;.1at 0, 10 V decreasggblnghelght.

at 0. 24 Vawas unaffected by the addltlon of base.;p.
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-_f ;Voltammetry of o 5 mM blliverdln in DMF wlth 0 15 M ‘[pAF
* and Ag/Ag*" (0.1 M) reference_ elvectrode. Sweep rate is’
,;o1ov e ,




Voltammetry of 0 5 mM biliverdin as a function of sweep
dlrection A) positive ﬂrst | B) negative ﬂrst; Parameters are




I
&
(X

S

v ‘«'

‘- 0. 4~v 0v'+04vA s

T S . ‘ \ " ‘1 R .
C Voltimetric changes of a O 5mM bilirubin solytion el

PO R

-in DMF with 0.15 M TBAF as. tetrabu;ylammonium o
~hydroxide Is. added. ‘Sweep, rate is 0.10 V'sec™! and
the reference electrode is Ag/Ag"' (0 1M) L

P ' k SRR S




”'7*hjand then reaches an equ111br1hm valge, 2) the reductlon ~{i'f

“7gfreqches an’. equ111br1um value, 3)

~f“ff-0 82 1ncreases 1n helght and

-ﬁ§Wba51c-solutlonS‘but d1sappears under ac1dlc condltlons.

’Vﬁstart1ng 1n the negatlve dlrectlon the reductlon and; V”»

;o »
| 78 .
o : ._;" _ 2 o
ftblilrubhn is shown in Flgure 23 ) A plot of 1p ‘vs. v1/2 for‘“ o ¥
.fthe 0 10 V okldatlon ane exh1b1ts a decrease 1n ;lope -as - ;, |
.dthe concentratlon of ac1d 1ncrease;.,v . |
i Flgure 24 dlsplays the effect of repetltxve cycllng f_’ o
habout -szo V to 0 14 V The sweep rate was 0. 15. V— 1; ﬂiu._c*;;

1sAs the cycllng progreased three dlstlnct changes are

J -

'inoted-i l) the ox1dat10n wave at 0 11 v decreased sllghtly

&

Vfwave at -0 88 v rapldly 1ncreases 1n helght hnd also

xof' S

a u,r."
».-

cp \h

'vt‘equlllbrlum value.. ThlS wave was wuesent 1n neutral and

_t;w‘- *! ‘r'f-f-

The effect of cuttlng short the voltammetrlc cycle .

'j,lbetween —1 20 V and 0 14 V 1s shown in: Flgure 25.‘hff?

o’ ‘.,‘, '@..n‘;_

-~ P o

;ox1d§tion waves at--O 88 V and -0 82 V are’ absent.™ Agter

R

ljsweep1ng to 0<44 V and then comlng egaﬁ;ve aga1n:%oth of 1;25@
- e j:i*'
~the:$§evious waves are pnesent. Howeve/y the spec1es a_t_ﬂf-'




S ‘A O mM acld |

————Q;,,oom mM- aclu T

~ E,'OS mMacld  — A
by UF 1:0:mM acid

et ‘ G 20. o mM acid

el T

l
<b“ﬁmqqm>;;j,,A;,

Condit|0ns- o 8 mM bmruaﬁ.._;__ AT R
DMF sdlvent . oIt
AQ/AQ“’“reference electrode (O 1 M) T
_0.15M. TBAF -
potentlal limlts o OO]V_to 0 50v




fffect of repetltive cycling about, —1.
Yon a 0.5mM solution of.bifirubin; "% "
~ " The potential is referenced to Ag/Ag"" (0 1 M)
' o -SUpporting eleetrclyte- 0 1 5M TBAF

wfiﬂ“"’ 24
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‘g; prqduced by controlled potent1al electroly51s u51ﬁg the"'

< %ﬂ;n laye

peak at 453:hm characterlstlc of b111rub1n 1s shown 1n

) » : ? vt A‘ 82'
A t’.' 1 '. i . )
e ¢ o o “«*
' ,, : S . ' DU
v ' : K , i v
. :\':': .. v _“. S e -;' ¢ ) « vd % ’ ‘ . .
SR - et - B S TR P S S oy
.. . . » B ) ‘fl’ P .. B $ 2 - X N
) ‘4,2. AC VOLTAMMETRY " « . | A I
:.'_ ) D SRR iy »
EAS - ¢ .8
¥ ‘ 5. The ac voltammetry of b111rub1n is shown 1n Flgure
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0.5 mM bilirubin in DMF
with 0.15M TBAF. .

'Ag/Ag“*' (0.1Mm) reference

. electrode,

" .de ramp 0. 005Vsec

ac oscillation 0. 005Vp p
slne wave ‘

CHet)
AU |

150 Hz

50 Hz -

25 Hz

13 Hz

T
" +0.40v

Figure 26
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Figure 28
Spectral changes of biliverdin when acid is added to .
the solution. A) DMF solution of blliverdin wIthout acid B)
in presence of 0.5 mM acud
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Figure 28B shows a shift in the 650 nm peak to 670 nm
while the peak at 380 hm remains unchanged.
4.4 SMACRS ‘

B B

F1gure 29 shows R(wt) at various wavelengths for a
'SMACRS experlment recorded dué;;b ‘a llnear potentlal sweep

©

through the flrst two ox1datlon waves of ‘a 0. 50 mM
bilirubin solutlon. The .dc sweep rate was 0 005 V-s 1
The ac cond1t1ons were 45 Hz and 0. 03 Vp é. The b1polar v

shape 1nd1cates first the appearance of some'bilirubin‘ . o
oxidation.product (hegative'R(G/)), and then the‘removali
of some absorblng spec1es from the electrode surface/_
‘(posit1ve R(wt))f‘ A plot of the 0. 04 A peak (A) and ‘the
'0 15 \Y peak (B) as a functlon of wavelength of 11ght is
shown in Flgure 30. Thls spectra cons1sts ot 20 separate
"SMACRS experlments. | | | .

] F1gure 31 and 32 show the SMACRS and voltammetry for
0.50 mM bilirubin from 0. 00 V to 0. gO V'at 546 nm as a‘f‘
‘functlon of base and acid additions respecx1vely. The»f;
magnitude of thehac reflectance'was noted to decrease.asp‘
 base was added. The voltammetrYLindicates'that with
additional amounts. of base the;firsgfogidation wave
‘disappears.‘ When acid was added tb thewsolgtion,.the

voltammetry shows a positive shift in the. peak potentials

of‘both'o%idation waves. - The SMACRS results showed an
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- " SMACRS Dependence on w'avel.éngt‘h
" Peak Height for 0.04 V and 0.15 V Peaks _
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'optimum“concentrat1on"of—protons_10 +28— mM)—abové Whlch

J

R(mt) decreased "For both Flgures 31 and 32 th;ua01d;an_;f;ﬁ7&i”

“{:}';
base concentratlons reported represent the net amo

51nce the small amount of ba51c 1mpur1t1esuln\¢he soly

N w&}---m ‘:. > "~~

el

vw1ll effect the pH of the solutlon.

| If R(mt) was measured over a more extended potent1a1
range two further ox1dat1ve processes ‘can be 1dent1f1ed.
:These are shown 1néf1gure.33A. The reflected 11ght ‘was
-held constant at 546 nm.f When ac1d was added ‘to the
solutlon (trLfluoromethylsulfonlc aC1d (0 5 mM)) the - f1rst
‘SMACRS peak (I) 1ncreases\1n height, the second peéak (II)
'remalns essentlally unchanged, while (III) and (IV)
1ncrease An - helght. The voltammetry of these solutlons.'_
'.are shown below each SMACRS scan on the same potent1a1
scale. ' | N

e

"'4 5 ‘ tM.S_RS :

Flgure 34 shows the MSRS response for a potential

”

modulatlon between -0. 50 V ‘and O 20 V. A weak 51gnal at

"'675 nm was recorded.' Flgure 35 glves the MSRS response “

‘when the modulatlon 11m1ts ‘are extended ( 1 20 V to 0.20 o

_V) ‘A very strong 51gnal ‘was recorded._ Peaks were
: present at 636 nm- and 675 nm.f When the modulatlon o

',frequency was 1ncreased to 80 Hz the peak at 675 nm was
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%.R'(wt)_j

100 A em=t

-

OV 4060V

SMACRS and correspondlng voltammetry for 0 5 mM blllrubln e
" &t 546 nm. Voltammetry: ©. 10 V s~!, SMACRS: dc 0.003 Vs,

ac 36 Hz 0.03 V p-p A) noutral solution B) acidlc

(O 05 mM) acld - .
' Figure _33 ST
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soo 550

MSRS recorded at 40 Hz with potentlal hmits '-0 5OV—+O 2'0\'/ ,
slitwidth 2000A scanrate 5A sec‘1 0.5 mM blllrubln in DMF L

- and 0.15 M TBAF Ag/Ag+ (0 1 M) reference electrode
" | ' Figure 34 i



MSRS recorded at 40 Hz, with potential I[mlts . .
—1.20V to +0.20V , Other parameters (R
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' . Severely attenuated, while theipeak-at"636 nm was only

slightly affected. Below 500 nm exce551ve ‘noise was

96

- froh -1.10 V. (800 ms ) to 0.20 v (100 ms),'and 64 scans

ev1dent since the large b111rub1n absorbance beglns there,

' ,iand the feedback system tries. to d1V1de AR by. a very small‘

'number.

4,6 TRANSIENTS
Flgure 36 shows absorbance tlme tran51ents recorded
-'at 625 nm, 636 nm and 675 nm. The solutlon was’ 0.5 mM

‘b111rub1n 1n DMF w1th 0 15 M TBAF, and the“referenceﬁ

electrode was~Ag/Ag+‘(O 1 M). The electrode was, pulsed

were collected and averaged The recor@éd tran51ent con—

51sted of 512 10 bit data p01nts obtalned at 500 us-pt 1"

"4;7H'PHOTO¥CHEMISTRY

Flgure 37 shows the changes in voltammetqy wh1ch

a_occur when 1lght (350 -700 nm) was 1nc1dent on a solutlon'k;”'

‘

of 0.5 mM- b111rub1n in DMF contalnlng 0 15 M TBAF. -The v
.voltammograms Were¢taken attvarlous~photolys1s tlmes'with
'a’sweep&rate of'O 10>V4"1;3'A§\the t1me was progre551vely

d . .

1ncreased wave (I) was observe to decrease in helght

whlle wave'(II)-lncreased in he1ght.



‘Time (m_s:e_c)‘vﬂz'“ .

v

~ Absorbance-time transients recorded at (A) 636 nm,

. -:(B) 625 nm and (c) 675 nm 0.5 mM Bilirubin in DPMF

with.0.15 M TBAF Ag/Ag (0 1 M) reference Slit wndth
, 1000 A ‘

L L

| Fi'glflre 36
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r (A.U.) R

"‘-’0.4'0»-f" o +0<sov

Voltammetnc changes as a functlon of\
photolysis tlme

| .«'Broad band vlsible Iight was empfoyed
0.5 mM bilirubin solution in DMF - R
with 0.15 M TBAF was used. Sweep =
rate was 0.10 V s~ 1. Potentials are

h .referenced to Ag/Ag+ (0 1 M)

Fig»ure 37



‘Table ‘2 displays the compiled results of current

monitoring during photo—dxidation, ’The.électrode

s

99

potential was maggtained at <I.30 V such that any
.biliverdin pfdduced (via photo-oxidation of bilirubin) -

would be electrochemicaliy reduced at the Pt working.

electrode. The ‘cell employed is shown.ih Figure 15, TheJ

current which resulted from the electrochemical reduction

. of biliverdin was infégrated for 100 secohds. "Backgrouhdv'

4 . £ :
current was measured by turning off the light and

measuring the resultant current for 100 seconds. ‘The 
elecfrdde;SUrféce'and solution were ‘thoroughly refreshed

between runs.



Table 2. Photdcgrreﬁl obtained during the photo—oxidaﬁion

of bilirubin with brpadband light.

100

A}

Background (100 s)

With Light (100 s)

Volumeiof‘solution upon
- which .light was incident

Integration time

Light.waQeléngt

h

-

- 1.57 x 1073 cm3

1

Lo

Vs ‘ge=/1015 © yos  ge=/10!5
L1215 | 1.56 .1630 2.03
:1104 1.37° .1510 1.87
L1226 1.52 .1467. 1.82
.093 1.36 21400 1.74
.1178 1.46 .1428 1.77
1178 1.46 1400 - 1.7

L1208 1.50 1340 . 1.67
.1105 1.37 L1391, 1.73
1073 1,33 < 1462 -1.82

.08l 1.34 L1438 1,79

~"S.<_>lut:ion ﬁbﬁéentratibn  - .73‘mM1

- 100 s

~-400 - 550 nm



" CHAPTER 5

~DISCUSSION

5.1 BILIRUBIN OXIDATION MECHANISM

. N . . ‘ o
- Figures 18-21 show the typical voltammetric behavior-

~of bilirubin and biliverdin in DMF during. oxidation and
reduction. To'assist in the discussion of the - o
voltammetrlc response, a compos1t2 voltammogram dlsplaylng‘
all of the ox1dat10n and reductlon waves for b111rub1n 1s»
glven in Flgure 38 Wave (I)'has been preV1ously
1dent1f1ed [37] as the two electron ox1dat10n of b111rub1n‘
‘to biliverdin. Oxldatlon waves (II) and (III) have not V
been discnssed prev1opsly and are absent at,sweep speeds
-greater thanb0.30 V—s’l;.ﬂWavej(II)‘appears“at_the same -,
E,‘potential as that-of the oxidation'potential of pure
;b111verd1n and was thus aSSlgned to b111verd1n
:ox1dat10n. Accordlng to the Gmelin sequence (Flgure 7)
the ox1datlon of b111verd1n leads td/the productlon of'
“Lpurpurln;' Wave (III) was therefore suspected to be the:n
v“bégxidation-of purpurln.‘ To confirm th1s a551gnment, purev
.purpurln was: prepared by the electrochemlcal ox1datlon of
b111verd1n.f A voltammogram of the purpurln showed an:"

- ox1dat10n wave at the same potentlal as wave (III).

'101



v

A composite of all oxidation-reduction waves
for discussion purposes..
S ~ Figure 38
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o

A most. s1gn1f1cant voltammetrlc result concernlng o

b111rub1n ox1dat1on was appearance of the new, redox couple‘

’(waves (IV)—and (IX)—an Flgure 38)~——$hese—waves—only O
'appear after wave (I), and are observed (Figure 24) to4he
‘accompan1ed by the’ regenerat1on of b111rub1n 31nce the' : ?”
peak current (1 (I))¢ remains v1rtually constant upon
:'cont1nued cycllng between -1 20 V and 0. 15 V.vs Ag/Ag
When .the negatlve sw1tch1ng potent1al was reduced such
that the potent1a1 limits are —0 50 V to- 0. 15 v, the
b111rub1n ox1dat10n wave helght falls rapldly. Thereht
ex1sts the p0551b111ty that wave (IV) was 51mply the"
”reductlon of protons whlch are generated durlng the
'oxidation of blllrubln.- Protons reduce at -this potentlal
'in bMF[on-Pt Vs Ag/Ag+ (see for exam%}e Flgure 20 —‘the "
Areduction of b111verd1n dlhydrochlorlde) However, when=
the same potential cycllng experlment (- 1 20 v to 0 15 V)
;was carrled out ‘on a v1treous carbon electrode, on wh1ch
the hydrogen overpotentlal was large, the same results'as‘
¢shown in Flgure 25 "are obtalned._’It can be concluded that
some 1ntermed1ate spec1es produced durlng b111rub1n.
ox1dat10n at peak.(I) was be1ng ‘reduced and ox1dlzed 1nd
“ waves (IV) and (IX). The overall ox1dat10n of b111rub1n -
involves the loss 0f two electrons and two protons.: The
small s1ze of the b111verd1n ox1dat1on wave,qespec1ally at

h1gher sweep rates leads to the conclu51on that at least



'y

N . \ \‘ . o .,}7: . i . . ’ B
one of the deprotonatjpn steps was 'slew. -Also, the
Tnabibity,to.ever see a reverse wave for bilirubin

.oxidation or a-transition from n=f " to n=1 at_ high _sweep

T
“speeds 1nd;cates that the second electron transfer takes

9

‘place slmultaneOusly W1th ‘or 1mmed1ate1y after the

‘w
‘_.‘ o

“first. ThlS 1mp11es that .if a deprotonatlon step

.‘}separates the.electrochem1cal~steps‘1t must be extremely

ffrapld e L 1‘?m L

B

Waves (V) and (VI) are observed to be the reductlon
S

2-uwof bllrverd Lp- and b111rub1n respectlvely.” Flgure 19B

confivrms- thlS. In1t1a11y the solutlon was pure b1]‘1rub1n
and as expected pnly one reductlon wave . ( -1. 55 V) was
present.» However, upon sweeplng p051t1ve to 0 15 V |
b111verd1n Was produced at the electrode surface. W1th a

@

subsequent potentlal sweep in the negatlve dlrectlon, the

reductlon of both b111verd1n -and b111rub1n occurs.s The)f

RN

.c_

negatlve potentlal sweep of pure b111verd1n (Flgure ZOB)
further substantlates these peak ass1gnments.;

Wave (VII) was the ox1datlon of some b111rub1n

‘freductlon product ThlS wave does not appear if the

1

negatlve sw1tch1ng potentlal was more p051t1ve than the

halfwave potentlal of the b111rub1n reductlon wave.v The:

f1na1 oxldatlon ane (VIII) was a551gned to ox1datlon of

104

: the dlanlon of blllrubln [38] ;f_tfhh o R

4
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o Flgure 22. shows the quantltatlve conver51on of
.b111rub1n to: 1ts dianion.. As tetrabutylammonlum hydroxlde.

was added, the wave at'—O.Zl V‘increasestandithe 0.10.V

bilimubin oxldation wave'decreases,7'weﬁhaveffound’tﬁat'
:when DMF was storedlln tlghtly sealed céntalners 1n the
dark for more than two days, suff1c1ent amounts of basic
-amine- 1mpur1t1es are: formed such that a. notlceable |
‘.chem1ca1.reactlon‘occurs 1ead1ng to format1on of the
.dlanlon.. Whlle thls was a nulsance‘and has prompted | ;"‘

\
.d15t111at10n of the DMF over’ barlum'oxide_befOre.use,'it .

also‘has the attrlbute of prov1d1ng7us with.a'means-of-l
"checklng that the solutlon was’ 1ndeed pure before an
: exper1ment was performed._"a’: | e

The effect of acxd on wave (I) 1s shown 1n Flgure.
23,* The slope decreases as the ac1d concentratlon,
Itlncreases but the 11near1ty as a funct1on of sweep rate
b:does not dev1ate. It can be concluded that the rate of

"electrochemlcal ox1dat10n was slowed by the addltlon of

3ac1da From Le Chatl1er S - pr1nc1p1e thlS was exactly what

"ﬁfwe would expect 51nce two. electrons and two protons are

";step,

'lost dur1ng the react1on.h The observatlon that the
L
tb111verd1n ox1dat10n wave dlsappears at hlgh sweep rates,
“lcoupled w1th the fact that the slope never changes from
" n= =2 to n—l allows us to conclude that the last step 1n thel;f“

',overall ox1dat10n of b111rub1n must be a deprotonatlon'a;éw



‘From the six~mechanistic‘possibllities which-<

1n1t1ally ex1sted as shown in Flgure 39 we are now . able to

106

.e11m1nate the three whlch do not have deprotonat1on as. the_.

‘flnal,step.' We are. left with EECC, CEEC, and ECEC, where

E"deontes electron_transfer, and C denotes a homogeneous
V}chemical reactlon.“ Wlth this 1nformat10n it was now
(.p0551ble to eluc1date the rest of the mechanlsm.by o
employlng MSRS, SMACRS, and .ac voltammetry. |

Because of . the close relat10nsh1p between Riwt).and

I(wt) as shown ;n Equat1on 20 "ac measurements‘were’ o
l»utlllzed as a complementary tOOl.“ThlS ch01ce.was‘made,
“for two reasons.. l) a greater 51gna1 to noise. ratlo'may"
be’ obtalned with’ I(wt), 2) II(wt)I 1ngreases wrth W

fwhereas |R(wt)| decreases.‘ Flgure 26 shows some 11near o
a.

'.through waves (I) and (II) - Wh11e the b111verd1n currenth

7

v.wave 1ncreases w1th frequency as expected, the b111rub1n T

q‘wave actually gets smaller at hlgher frequency..:

S -

Van Norman and Szent1rmay [92] have shown that

"p01nts. They occur when one and two equ1va1ents of TMG

V,per mole of b111rub1n has been added.; However,

ﬁ)f5t1tratlon of blllrubln w1th TMG (base) has two 1nf1ect1onug'

: electrochemlcally only two ox1dat10n waves have ever beenf.-

{observed, 1 e.‘wave (I) belleved to be ox1dat10n of

i

'neutral b111rub1n and wave (VIII) ox1dat10n of the-ﬁ
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dianion. It appears that wave (I) in F1gure 38 is .
_actually ox1dat10n of the anlon of bilirubin wh1ch was in

'equ111br1um w1th the neutral b111rub1n molecule._ The

neutral, closed, hydrogen bonded molecule appears

electrochemlcally 1nert over the poten_1al range

e

2

rstudled Observat1on of only two b111rub1n ox1dat10n'
”waQes (Flgure 22) along w1th the low frequency response
-‘leads us - to suspect that the b111rubin ox1dat10n process
;fmust be - preceeded by a chemlcal equ111br1um between the
‘hneutral molecule and 1ts _anionic. form.j This pre—.J
".equlllbrlum was~denoted4as (P).
’~ : Flgure 29 Shows R(wt)650 .nm recorded durlng a l1near ‘
protentlal sweep through waves (I) and (II).- Repeatxng" ‘
7b}thls potent1al sweep at twenty d1fferent wavelengths glves -
lthe spectra shown in-. Flgure 30 The large dlfference 1n.‘
Hspectral response between the two waves 1nd1cates that.‘H
'ywhlle the: spec1es be1ng removed (B) at O 15 V was
reiblllverdln as mlght ﬁé‘expected,‘the 1n1t1ally generated
Tﬁ;spec1es (A) at O 04 v was somethlng dlfferent. AThe“ ' |
hfspectra shown in Flgure 288 conflrms that the spec1es
"_belng removgh (B) was - protonated b111verd1n (the protons*
7lhre51d1ng on the nltrogens).- If we recall that at the,hf

. 2

‘electrode surface the solutlon Was h1ghly ac1d1c due to
%]dthe rapld release of two equ1valents of proton per mole of
'-ffblllverdln produced, the absorpt1on maxlma at 675 nm

'iuh(protonated b111verd1n) was expected.wf“

e b



It was observed that the add1t1on of acid or base
causes a potentlal shift in both the b111rub1n and

b;llverdln ox1dat10n waves. 'In basic solutlons the two

4

109

. waves begin to;doalesce‘and it was impossible to determine

lthe relative sizes of 1 (I) and 1 (II).‘,From the dc’

.voftammograms in Flgure 31 it is ev1dent that the current
v]represents a mlxed process. However, by u51ng SMACRS,

‘R(mt)547 nm’can be used to "track" the biliverdin ac
”vresponse 1ndependently of the’ b111rub1n oxidation |
'process. The wavelength spec1f1c SMACRS response is shown
above each ltammogram as base (Flgure 31) and ac1d
"(Flgure 32) were added.n Voltammetry showed tha~ a
potentlal Shlft in. the b111verd1n ox1dat10n wave’ occurs
h(0.065 v per decade of ‘base added from_another -
‘experlment) _ Clearlvlthe‘oxidation of biliverdin'was pH
dependent. The ac reflectance shows that there ex1sts an
hoptlmum pH at which R(wt)547 nm was ‘a max1mum.

"-If R(wt)547 hm Was measured over a greater potentlal

"1range (F1gure 33) two further ox1dat10n processes can be

A\

e1dent1f1ed Peak (II) represents the formatlon of some

".“blllverdln ox1dat10n product., Peak (III) represents_

’subsequent purpurln ox1dat10n (a removal peak.:note
»p051t1ve value of'R(wt)) Peak (I) was aga1n some

'1ntermed1ate spec1es produced durlng b111rub1n

i_oxrdat1on._ Peak (IV) was suspected to be the ox1dat10n of'
- - N . .

4
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" .choletellin, i.e. the third,oxidatidn product . of

-

bilirubin;'as'given ip’ the Gmelin reaction (Figure 7).

110

d ) - ‘ .
Due to the large background current present at this
'~ potential, it wﬁg not possiblejto resolwve this process

. VR .
using voltammetRIC‘experlments.

By ox1d1z1ng b111rub1n at the potentlal of peak (III)

in the thin layer/%ptlcal‘cell, the spectra of the-
resultlng spegf/s ‘was recorded as shown in Flgure 27D.
Thls speopfa’conflrms the 1dent}ty ‘of the specles‘belng
removep/at peak (I11). Since peaks (I)”and (II)*are

creaylon peaks ( R(wt)) the1r magnltude was sen51t1ve to

the t1me scale of the experlment. -On the‘ac time scale of - -

h /SMACR% experlment peaks (1) and (II) represent

oxrdatlon Lntermedlates. However, 1f the solutlon was -

ful\/ e ctrolyzed at the potent1al of peaks (1) and (II),

the resu{tant spectra (Flgure 27B- C) shows only ‘the

~ov ~rall dc time - scale products of b111verd1n (I) and
purpurln (II) ox1dat10n. |

Modulated reflectance spectra for a solutlon of
Pbillrubln.recorded about wave‘(I), (- 0 50 V to 0.20 V)
gave a very weaklsignaIlwith Am;* =675 nm as shown 1n;“
Fipure 34f‘ This gSRS signallwas)thus dueito.bIIiVerdin;

© Just as infthe SMACRS experihent,'the‘strongly acidic

reglon near the electrode surface 1eads to the observed."

ufbathochromlc sh1ft of the b111verd1n absorptlon max1mu? '
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from'650‘nm. When‘the modulation limits are extended

( 1 20 V. to 0 20 V) to 1nclude wave (1V) (Figure 38) a

_very strong MSRS signal was observed (Flgure 35) show1ng
the removal of blllrubln,‘and the generatlon‘of a new
species‘withikﬁéx'Atfs36_nm;n A" small shoulder'at 675:nm-
‘was still present indicating some“residual protonated
b111verd1n formatlon.} At a moduiationtfreduenoy of:80 Hz‘

1the 51ze of the ‘675 nm band relatlve to the 636 nm band
- was very small.orh v,-[.\‘,’ | | | |
The characterlstlcs of wave - (IV) 1mply that the
»’potentral for the second electron transfer E2 (durlng
_b111rub1n ox1dat10n) was ne at1ve of that for the first

El. Durlng the recordlng o} the MSRS spectrum,iwhateverlh
'spec1es‘was generated at the upper potentlal 0 20 v was‘o
‘reduced at the lower potentlal -1.,2.V. Since we ‘know that
:ythe f1na1 proton transfer step must be slow, it Qas“ -
reasonable to a551gn the 636 nm absorptlon peak ‘to the
} carbonlum ion of b111rub1n., ThlS was formally the same asif
the protonated b111verd1n molecule.‘ We therefore assrgn |
.the:potentlallfor Ezwas the‘(Br D Qr ) reductlon ;..
potentlal,_where Br denotes b111rub1n.' |

| Flgure 3§ dlsplays a tran51ent recorded‘ln a -
,b111rub1n solutlon wh1ch was pulséd from ~1.10 . v (800 . ms)

to 0. 20 V (100 ms) and then back to —l 10 V For thls‘Hv

study the system was not open 01rcu1ted at the conclus1on‘,
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of the main (p051t1ve) pulse. It was evident from the '

SMACRS " and voltammetry results that we are pu151ng between

h potentlals where creatlon of the b111rub1n cation (upper‘
potent1al) and degradatlon ‘to the b111rub1n radical (lower
potentlal) occur.% Interpretatlon -of the tran51ent was
complicated by the fact that Br+ has the ab111ty to
4undergo concerted proton rearrangement produc1ng
protdnated b111verd1n wh1ch does not reduce at -1.10 v,
and addltlonally has a greater ext1nct1on coeff1c1ent than
Brf.at the'wavelengths ofmlnterest.‘ The' sum of these two-
absorblngfspecies explains why the-tran51ent rlses.faster_
than tl/2 | | | | | |
For a convent1onal.exper1ment where A-;-ﬁfwas :“
‘rever51ble and only B absorbs at the wavelength o
1nvest1gated, a plot of —log(l AR/R) vs tl/2 w1ll be
r11near.‘_When thls plot was made for the tran31ent 1n
Flgure 36, a superl1near curve resulted. Thls dev1at10n
" ocecurs sﬁnce th1s system has the form A(I B & C where A
'represents Br .B represents-Br 'and C: represents
':_protonated b111verd1n wh1ch forms at some. characterlstlc

'rate-k.u Addltlonally, o} was a greater absorber than B,

The superllnearlty results from the fact that spec1es B
{ .

=

,:forms as t1/2 (11near) but superlmposed on thls r131ng

v'absorbance was ‘the contrlbutlon of : absorbance from spec1es

c,C which was k1net1cally controlled and forms ‘as a functlon.
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of,time.? The sum.of.these two absorbances leads of the.

<

-

observed responSe. If species.C had an. extinction

.

—“——¥mecoefficrent—iess—than—species—B_then_arsublfnear—cnrve
'would be-. observed for the plot of —log(l AR/R) Vs tl/2

[93]1." The rate - constant for this homogeneous compllcatlon

has.been shown. to be [93]

- _«_ . | "k“=' : Ak (t). - 0 (t) . L (‘25)
. ' — oty . Ae .
Of R(l"‘%) AO (t) - (t)} : v '

‘Qhere AkT(t) is the total absorbance of both spec1es as 'a
functlon of t1me, AOB(t) is the absorbance of spec1es B as
;~a functlon of,tlme in the absence of -any- chemlcal ' ifh
».compllcatlons, and Ael— ec ”.EB where €c and eB‘represent
the extlnctlon coeff1c1ents for c and B respectlvely.
‘;From thlS equatlon a value of k = 0 61 s»1 yas obta;nedi-
Afor the.reactlon:.- _» ‘ |
'»as'demonstrated earlier'the spectrum of a'given
‘bspec1es can: be bu11t from a serles of tran31ents.. bven in
v the presence of h0mogeneous compllcatlons, th1s remalns ;t"'
b‘”qualltat1vely_true., From Flgure 36 we see that the
‘sgreatestlabsorbance-occurs atwéﬁ6.nm. -From~the_MSRS>hj‘h
‘eexperihents‘we obServe Br+zto}haVe Ama%~?f636»nﬁf‘thUS theha
spectral response of these tran51ents supports the fact‘

that we are 1n1t1ally produc1ng Br
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v
’When the pulse was terminated at -t = 100 ms, species
C contlnues to form from re51dual B and absorbs light \
T while most of“Spec1es B was béing reduced back to A at ’ \
—1 10 v, Thls process was manlfested in the second \\\//

portlon “of the tran51ent where the absorbance (- AR/R) is
noted to decrease at ‘a far slower,rate_than-eXpected forV
an A pe B system. | ‘ | :
| SllfStEIn and Arial (391‘have suggested‘an_EECCb:
- mechanism forlblllrubrn oxidationgon'the:grOUnds“that the
two nitrogens‘are;oridized~at the Same‘potentialli
151multaneouslye fhe observation of ‘wave (iV)'however, was'
’conolu51ve ev1dence that the electron transfer steps areJ
,separated, ‘with- Ep < El' Thls fact, together Wlth the-
vbstrong pH dependence of wave - (I) leads us to- dlscount BECC_;
“as a llkely mechanlsm.f‘h - " y: .‘,;, - '.b‘l_ 5
The 1ow frequency ac voltammetrlc response supports'p
”CEEC as a llkely mechanism, . e._the.deprotonatlon step.
fmlght preceed the flrst electron transfer.. ThlS may occurp
: 51nce the carboxyllc protons are qu1te labrle and 1t was
Alp0551ble that a N H proton was shared w1th a COZ group.;*
we feel however, that ‘the above argument was weakly
'bsupported, espec1a11y ‘since-we observe a SMACRS 51gnal fﬁt
'durinpythevox1datlon_of brlrrub;n, because of - the xf__;i-5ﬁ
selectivjty toward reversibie‘processrlnherent in $MACRS,i“,.o“

i

it is unlikely that we would see ar irreversible electron
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transfer as would be the case for EE w1th E2 < Ey. It is

more 11ke1y that the SMACRS 51gna1 reflects El of an ECE

typ

dependence of the b111rub1n R(wt) wave shown in Flgure,
33. At high proton concentratlons the deprotonatlon step
1s inhibit d SO that we see an’ enhanced ‘(more rever51ble)
R(wt) for the f1rst electron transfer Br + Br ot (Flgure
33B peak I). It is clear that the enhancement of R(wt)
.was.not due to the b111verd1n formatlon process. In fact,'
the opp051te was true ‘as ev1denced by the reduced
b111verd1n dc oxidation wave. under ac1d1c condltlons.A_‘
The low frequency ac response must therefore haveil
'another cause.; The mos;&llkely p0551b111ty is | |
’ 1ntramolecu1ar hydrogen bondlng between the carboxyllc
bac1d and amlno groups, caus1ng dlstortlon of the molecule
.'-[38] and 1nh1b1trng charge transfer;;-81nce hydrogen:
lbonding‘doesfnot‘take place if7the-carboxylic prtOns:are
lbst, a pre equ111br1um must ex1st 1n whlch the‘ | B |

p051t10n1ng of the carboxyl1c group acts’ as the openlng or

'v c1051ng of a gate,ﬁl e. non hydrogen bonded or hydrogen

. bonded._">

| - To conflrm this proposed ECEC mechanlsmlfor the
ox1dat10n of b111rub1n, the sweep rate dependence of 1p
‘(I} IV, IX) in F1gure 38 was. examaned 1n terms of the’

' NichOlsonrand Shalnvtheory for. an EQE.proceSS‘[94].. A
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,plot of 1p//v 'vs v for each -wave allows for the
d1fferent1at10n of the four p0551b111t1es 1nherent in thls

mechanlsm,it_NJ___RL_R—IL_R_R)”where_l_represents_an'

.irreversible heterogeneou5'charge transfer step and R
represents a rever51ble heterogeneous charge transfer.

step. The sweep rate was var1ed from 0 10 V— -l'to 3 5
"T—sf}: The results allow for theéaxclu51on of I I and |
:R-I.-iHowever, it was not p0551ble to dlscrlmlnate between o
R-R and I-k;‘ Erompconsrderatlon of‘the_SMACBSuexperlment |
(figurejéé))R—R.ls'the probable‘mechanism (inherent“
senSitivitv toTreversible processes)*v“ h_f;wn' ':Np

[

In con51deratlon of the above results we . ass1gn wave

l'(I) to the ox1dat10n of Br +: Br'+, followed by
deprotonatlon of Br*" and a second electron transfer

y1e1d1ng Br probably in 1ts protonated form because of

.!, .

,the 1ocal low pH ‘Wave . (IV) was the reductlon of Br

)Br‘;- The Br was then reoxldlzed to Br+ (wave (Ix)),_or‘

»l.-\

avmay’besprotonatedlto form Br._} wh1ch was then rapldly S
reduced to the parent molecule Br at thlS potentlal. ‘w- '
These conclus1ons are further supported by the'~‘

.

,voltammetrlc results obtalned 1n ac1d1c solutlons where“

+

]uwave (IX) was absent and wave (IV) enhanced,'l e.vlnﬁac1d
solut1ons the protonatlon of Br was. accelerated. The“
decrease in wave (I) at” hlgher sweep speeds was a

.

consequence of’ the rever51b1e nature of the Br redqctlon
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under these conditions - (no bilirubin‘Wasbbeing - TR -0

regenerated).;

The Pomplete;oxidation_scheme_wasfthereﬁore;proposed;_af;;__;

“to be:
-e- -n*t ~-e” -g*

Br Br : Br'." ¥ Brt f Bv

t4-HY  4y=Ht ae-mt o b-ET pe-nt ‘
—e” ~H* -e” gt

gwhere Br means Br w1th ‘a deprotonated carboxyllc group."

'vIt should be noted that the observed protonatlon of Bv ...

".11

;lead}ng'to Amax = 675 nm was llkely due ta. protonatlon of b,d7b
'-the'basic amine groups. " Because of the low pH at the
.,"eleetrode the‘636 nm‘band'was“Br rather than Br and the -

PR

'broad absorptlon observed 1n the SMACRS experlment (Flgure ﬁ,b

'30) was Br‘.; The Br Was too short 11ved to ever be

<.

observed in: these experlments (equ111br1um concentratlon <

h;,iO =11 mol/cm3) hﬁfﬂ,;"r;”.,B»b‘fii‘:rﬁz_

K

Flgure 40 dlsplays a p0551b1e molecular mechanlsm for

f'blllrubln ox1dat10n. The molecule was 1n1t1a11y held in- a

'rxgld twlsted conflguratlon by the hydrogen bonds between u
:-the carboxyllc groups and the pyrrole N-H groups. ‘A |

~hydrogen bond—nonhydrbgen bond equ111br1um ex1sts._'Inf J

-, E T
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N Proposed mechanism for bihrubin oxidation (PECEC)

. + .
BR—»BR——»BR —»BR -e; BR———»BV

HoatosioRao

o’/ - . Figure 4o 0//\O—H T
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v

order for'electron~transfer to,ocour_thefhydrogen bond. . -
“must be-broken,fxOnce'this occurs, loss of'an electron and

»protonuat the pyrrole nitrogen~takes'place, leadlng to

formation'of3the radical Another electron was

.subsequently lost followed by a proton at the methaneﬁ
":brldge.p051tlon.~ Upon rearrangement of electrons thevnewf
rigid, llnear tetrapyrrole ex1sts as b111verd1n, w1thj -

fully protonated carboxyllc ac1d groups.

'5.25‘PHOTOCHEMISTRY' O
" Flgure 38 shows the qualltatlve changes observed;invr
the voltammetry of a b111rub1n solutlon as. a funct1on of

_»photoly51s tlme. Although numerous products are formed

‘2fdur1ng b111rub1n photoly51s, we are only 1nterested 1n

e determlnlng the relatlve percent of photo oxldatlon,.l e}}."

-i”.the percent of b111verd1n produced compared to the percent |

'.}of b111rubrn photolyzed;~ As the duratlon of photoly51s-"“w
was 1ncreased the peak he1ght of b1l1rub1n was noted to
,.decrease.h‘leew1se, the peak helght of the b111verd1n
hiox1dat10n wave 1ncreased w1th photoly51s tlme.

Before proceedlng w1th thls exper1ment,»an addltlonal
;experlment was performed to conf1rm that the voltammetrlc
»liresponse observed durlng photoly51s 1ndeed represented |
b111verdln product1on. U51ng the cell shown 1n Flgure 15,igr

\

,the work1ng electrode potentlal was flxed at -1 30 V
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(blllverdln reductlon potentlal) such that any b111verd1n

formed photochem1cally would be reduced

o electrochemlcally.v The current whlch resulted durlng

gphotolys1s was monltored. Clearly b111verd1n was formed
(Table 2) as ev1dent by the larger current at’ thls
P AT

_potent1al when the llght was 1nc1dent upon the solutlon.~

'After correctlng for background and determlnlng the volume|

N of solut1on upon Wthh the 11ght was 1nc1dent, 1t was;vf:gg

',found that l 84 X lols.molecules were photoiox1d1zed 1n a ;5’

-gdvolume of solut1on wh1ch conta1ned 6 9 x 1020 molecules offgp-‘:'

"b111rub1n.- ThlS eff1c1ency of conver51on 'was comparable

’to that prevﬂously found [6]

L

-'Returnlng to the or1g1nal photoly51s experlment

'7'(F1gure 38) we note that the current can be expressed as

—

'51mply a- constant multlplled by Cb as shown 1n Equatlon 25y -

3for an 1rrever51ble reactlon, where Cb represents ‘the bulk-

Vconcentrat1on of the reduced spec1es:—1namely b111rub1n.f
o From thlS relatlonshlp 1t was observed that the changes 1n‘fgi-f
v'fpeak helght dlrectly relates to the changes 1n

B . ﬂ .
b”concentrat1on of the two spec1es. A decrease 1n peak

'fhelght 1mp11es a decrease 1n concentrat1on, an 1ncrease 1n~f”'

Zpeak helght - an 1ncrease 1n concentrat1on.“ By u51ng the
f:peak helght for the b111rub1n and b111verd1n oxldatlon

'1waves, convert1ng them 1nto un1ts of current, dLv1d1ng by'

':thelr respectlve helghts at photoly51s t1me t = 0, and,ffhj

‘o
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_-plottlng.these absolute changes as. a functlon of tlme, we'

obtaln two lines w1th d1fferent slopes. The slope of.

"athese 11nes represents the changes in concentratlon of the'-'v

two spec1es as-a functlon of photoly51s t1me.ﬂbe the s
Tphoto ox1dat10n of b111rub1n to b111verd1n was 100%
hkeff1c1ent then the slope of the two 11nes should be

'tildent1cal assumlng that the d1ffus1on coeff1c1ents and the

”'charge transfer coefflc1ents are 1dent1cal D1v1d1ng the

"~‘slope of the b111verd1n 11ne by the slope of the b111rub1n

‘ ‘11ne w1ll reveal the percent of b111rub1n wh1ch ‘was photo—vh””'

“;vfox1dlzed to blllverdln.; Follow1ng thls procedure a value }j

T&fof 17% was calculated for the amount of b111verd1n belng

‘fformed durlng the photoly51s of b111rub1n.. j'“

'-ff5Q3¥:CONCLUSIoﬁs1‘fj

The ox1dat10n of bll1rub1n 1n DMF has been observedﬁ'

f;;to be con31stent w1th a PBCEC mechan1sm where P is:aj

b”tpreceedlng equ1l1br1um,gE 1s an electrochemlcal step, C avnfii;
;{chemlcal step and E2 in the above mechanlsmvwasiless;thani,.
“ngl.d Spectra are reported for.Br 1(Am$* 636 nm), fﬂﬁ':
.;(broad Amax 625 700 nm), Bv (Ama¥ = 550 nm) and i
ThprOtonated BV (Amax = 675 nm) Oxldatlon potentlals for 7‘;'“

I'fBr /Br»f and Br+/Br are reported as E = 0 10 V and -0 90

| \' vs Ag/Ag+ (0 10 M) respectlvely. Through voltammetry,v
) Sy

“x,1t has been poss1ble to perform in’ 51tu monltorlng of _f y;,;.'”
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.
.\‘
.

biliverdin formation during the photo-oxidation of -
';bilirubing ~For photoly5i5xtimes‘leSSvthan:two minutes,‘

"17% of. the b111rub1n has been shown to be photo-ox1dlzed

'_'to blllverdln.A From the 1n51ght whlch voltammetry

'eprov1des along w1th the spectroelectrochem1cal select1v1ty
_,of MSRS and the recently descrlbed SMACR% technlque, it
"has been p0551b1e to eluc1date the electro ox1dat10n.'f

_;mechanlsm of blllrubln IX - in DMF
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