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..u. Abstrac t (cont ’d) )‘ ,

with a l.~u ~~ spacing, operated to give approximately 33~ reflection.,
was used t o  ~~nitor optically the reduction of methyle,te blue and (he
reoxidation ~‘t ~hc leuco form at concentrations as l~~ as 5 x l0 7H.
For both react ion s , the absor bance Is linear witn ‘~~ from 10 ms to
Ca 3 s , and the ma~ nIt ud~ agrees well with valueb calculated from the
p.,Lc ’~~e t ry  u t  the optical path.  Amond the advantage s of the new technique
are greatly incre.~sed optical scn~.i tiv ity and the ability to use elec-
trode materials which are not transparent .-
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BRiEF

A new thin layer multiple specular reflection spectroelectrochemical cell

can moni tor absorbance change s below S x l0~~ absorbance uni ts per electrode

reflec tion.



ABS WaCT

Multiple spec ular retlectl on is the basis of a new thin layer spectroelectro—

chemical cell which does not use opt ically transparent e lec t rodes , t he optical

sensitivity ot  which exceeds tha t of cells using transparent electrodes by a

ractor ot  several hundred. As a result , the abil ity t o  detect short—lived inter-

mediates and weakly absorbing species in spectroelectrochemical studies is much

improved. Absorbance changes less than S x 1u 5 absorbance units per electrode

reflection arc rr dily ~t ’ s e r v e d .  A ce1~ -.cm long wi th  a 1.~u .~m sp ac in g, opera ted

to give approximately J.~L) re: l~~Lt ions , was uSed to monitc t opticall y the reduction

ol methylene blue and the reoxidation ci U.e l e u c u  f o rm  at  co nce n t r a t i o n s  as low

as x 10 ‘
. .  For Uct reac tion~~, the .a~ sorban~ c is l inea r  with , t I rom 10 ms to

ca 3 s, and t . . e  ~a~ nitude agrees wel l with values ca l c u l a t c u  t rum the geometry of

the O~ t icd1 p ati;. i~~ong tue advantageS o t  the new tecLn~~ ue are g rea t l y  increased

opt ica l se nsLt ~ v it , and tnc abi iit ~ t~ use  e i t . . t r o d e  m at e r i a l s  whic h are not trans-

parent.
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iecnntc ~ues fur optical monitoring ox electrochemical reactions have made

it possib le to to l luw opt ica l ly  the concentrat ions of reac tants  and products

and to detect intermediates (1—10). For study of electrogenerated species in

so lution, the most wide ly used methods involve optically transparent electrodes

o pe r a t e d  tn  ett ~~e r a transmission or an attenuated total reflectance mode .

S pec u lar t e I . e~ t a t i c e  has been wide ly  used to detect changes in electrode sur—

~~~~~~~ ( 11—I.. ) and to  a l imited extent  to study tIe trogenerated solutes (9,l0).

A thin ~.l.- er c el l te~ hn~
(
~ue ~~ed b Reil le (~~) to ~:.onitor stable solution species

tnvo l .e d  .ana~~v~~in.; i~~,:.t re t  Ie~~ta nce a t 5an opaque p latinum e lec t rode .  W hile

nt T o .  • -~~nt :e .; ~:.e ;Ic s s ~ t) i 1~~t r ci using mult ip le e l e c t r o d e  re t lec t i ons , he did

uct  ~ ui s~~e t. ~c r ecen t  iev~ t w  by a ine~nin ‘) su~~ua r i .es  these va r ious techn i—

uc s.

.nv :~.a,or .i t.i t~~uu c i  L i .ese  tec. unA~1 uts , as po~~:itt~~ cut  by 1:.. Lr eery et al

t . ) ,  is t n.a t t i  s n~ t c i t c t i v c  lCh i p’,tiI c I  tue o p t i c a l  pat:. lowe rs  the opt ical

sensit~ v itv and h ; : ; - : e -  is  t~;e d e t t . ti c h ; . .  w e a k ly  . sorbln c or sno rt—live d species.

A i c~ t n t  s pe c u l ar  reh  ie~ t ~~ . a I ccnn i~~ue deve ccped  by Mc C ree rv  et a l , in  whic h

tat  . a : : a l v t l . . a l beam str 1 a s  tJ:e e l e c t r o d e  .at .s glancing ang le , improves the optical

‘~t f l S~~I~~V i t .  t o r  t i e.. ~ t ~eat’r.atc~l solutes by in~ reasing the path length through

tue  s.’ .ut to:; 1 ,a. - er ;.. t o Lr-.-a .:~~ate v~~. 1:;tv of the electrode surface. This

~ethod t s  a s .~~~t e d  i r  ~‘ L s t a .’~ .s in w~,icL a str i:~:ly absorbing reactant is trans—

I r~ c~ tnt  a co lo r  c s s  p1 .. d uc t , h~ v uvcr , be .. a u s e  the length of the optical path

t : r c  .~~:: the unreact J :ulk so lu tio n is a c T  neg ligible in relation to the length

Inc s o l u t i’ n laye r  adjacent to the e lec t rode .

— e  r t ; c o r t  a c r e  a n c t a o d  b r  c p t i ~ .il~ V monit oring electrochemical reactions

i n  w a i c a  t.~e species ci interest has a low molar absorptivity or is present in

, c W  .. Oi, entl.itiun u.n Is based on multiple specular reflection (MSR) in a thin

laye r .~~l1. Prev ious app l ications of MSI( spectroscopy (l.o ,15), most of which

have been concerned with studying the electrode surface , have employed electrode
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spacings oX 0.~ to .l tui.. , thereby i l i u l tin g  the number at reflections to ca 20 or

less. Our technique emp loys e lec t rode spacings on t~ae order ci 100 ~m, thus

increasing the number ci reIlc~~t ions to several  hundred. ~ s a resu lt 01 the

increased optic al pathlength , the optical sensitivity 01 Jfl MSR cell is greater

than t hat ol a thin layer  cell of the sam e thickness operated in the transmission

mode by a f ac to r  01 severa l  hundred. To i l lust ra te  the app lication of MSR cel ls ,

we have used one to nunitor opt ica l ly  the e lec t roreduct ion  oX methylene blue

(MB) and the subseque nt reox idat ion of the co lo r less  leuco form (LMB) at con—

cent rat ions ranging ron 1 x l~
)
~~ M to as  low as S x 10

~ ~~~~~~~~~

ii the cc 11 in i ,~~re 1 on t a lus a s i  ngi e absorb in~: s pec 1t s and the ii gli t

bean t raverses  it o n c e , A , t he ,abscrba:. c t  a t  a g ive r t I::.c, I ol lows from

~~ u at ~~,n  1

— a L Ix ,t)d& (1)

where a r ep r e s e n t s  the nolar . l nso r pt  iv i t y  and C (x , t )  t n  concentration pro f i l e

U t tue .u)Sc’ i a in .: s pec  US as .i t unc t i on of t In c and d i s t a n c e  norma l to the d cc—

I rode ~ur a c e  and .1 • s an if lC re a ~ea t  ci paLl I en ,:t a. ~ep l ac ing  d by i ts equiva-

le nt dx / s in a , w h e re  a is the aug Ic ...l t a t  l i g ht be an wit f respec t  to the e icc t rode

sur ta.c , yields L~ ua:~~,:,

1% — — L(x ,t)dx (2)
I sini t

It tue .a a s L r a A i . g  s pec  i tS is gene r a t e d  by C l e L  LI nOc react ions at both

e l e c t r o d e s , c . x ,I) ~:us t be i n t eg ra t e d  eve r  both d i f iusiOf l  layers.  For Iluxes

controlled by semi—infinite linear diffusion , integration of Equation 2 yields

Equation 3

A t 
- :~ N



where the subscri pt P indicates the product of the ele ct rod e reaction , the sub-

scr ip t  R r ep resen t s  the reactant , C~ denotes the bulk concentration of the

reactant , I). denotes the d i tlasiun c ue t t i c i e n t  o X the rea c ta n t  and t indicates

th~ ti:~c ire::: the s ta r t  ci the e l e c t r o d e  r e a c t i o n .  W i t h  a ce l l  t h ic k ne s s  of

icc ~.m , the assumptIon ol seni—inL initc linear ditlusion is valid b r  time s less

than . . a  3 se ..  c a d s .

For N s pe c u l ar  ret i cc  lions ot the l~~,at bean., tat  beam t r a v e r s e s  the c e l l

N + I t L~.es , w:ii cu ~:ay ac . ipprox iu..ated .15 :‘ ii N is SO or n.. re , so that  ta t

a.an.. e I ..r N s O C O L .  .ar re t  icc I us is N t i~ .C5 Inc v.a b e  ,.l vcu

~_c~ua ti ..a i. As F t ~ ,a i e  I s l o ws , d , tue d I S t . a :. c e  .a ion~ t h e ’ ce ll 4 s s o c i a t t d  v i ta

ea~n t L . a v e r s c  ci t he . . c i  I av I.e  lIg: t bea::. , ;s , t . a n  ~~, ~a e r a  T is tue cel l  thIck-

ne ss .  It i ll  . . vs  I ..~ t a t  t o t  al ::n.n:’e r . . b t~~.av e rbd is IS s h d wh ich In terms

c ne .asu re .aa c ,a . i a :i ti e s , ~~~. L ta:; I . t.’cr..b~~ni:., t a ~~ . i e s u lt  v i ta  e.~uat ion 3

yields ~~~~ u.a t a .. , ~ a h do :~~~:. s u t  a 1 abso rbanc c a s a :u;’. t i c  a I t Inc and

no a s a I U a a 1 c p:’, s I . a 1 .a r . ~ r s of he t ’

A 1 
— 

•.:.~ 
[.t]

~~ 
(~~

)

~~~~~~ 
f at’ a :  so : :~~ :..~ spo I I S~~~~. the elec tro a ctiv e s;c lCs instead of t he

a . .  I • l . a  e . t  . t x o a e  :e.a..I~~oa , tue .ahsorbaa ~~e de cr ea ses Ii..n an initial

va.. .. a a r . a c  t e l  1511, ci Inc b a  . a c e a t r a t l~~n ci tue absoro ing s~ cc ies  and the

. e ll 1 , ,r .tn.e:c rs .  uec.Iuse I:c s c i a t i c a  is or ig ia.af lv  uni f or m, the Initial absor—

b ,aace  ~s sin.pAy tao pl o ..:. 1 ‘ 1  t ue r l g i na l  co nc e n t ra t i o n  of the absorbing

,~~e.. ~es , its ::... l .ar . i . s c r p t i v i t y  and tue p . a t a i t n g t a .  T he ’ l a t t e r  term is the

roduc of tue nun.bc r 0! t rav e  r sa  Is .aau ta t  path e a g t a  as cc lat ed vi t i  each

tr aversal. As :.as a l r ea dy  been sa wn, the n in5er c i  traversals is L tan ca/T ,

and Fi,~ ;re 1 shows tn. at i c r  each traversal , tue pathl ength is T /sina . Combining

these results yields the Initial absorbance term , and reas on ing analo gous to

that .01 lined f r  Equation yields the tim e—dependent absorbance term. This



4

resu l ts in E~~uatj uit 5 , where ‘ R 
is the ‘molar absorptivity ci the e l ec t r o ac t i v e

species and the other symbols have the same meanings .as bebore

A
~ 

- _____ — ;
1
1~~

Rel.at ive to a thin layer cell of the s ame thickness o p e r a t e d  In the trans—

miss ion node , ty p ical  I~SR ce ll s disp lay op tical sensitiviti es that are highe r

by a I acto r  c ’t seve ra l  hundred to  a thousa nd.  For t ransient  absorbance , the

en haticencc it.  I ac to r  is 1. 1 L O S  ~, and f o r  the m i t  I .~ 1 absorbance in  the absence

of a , pi~~cd poteuti. i l , t he e :z : i ,a : ;cen.eat  :.~~.. b r  i s  h/ I  c O S  1 . inns , .au~~ lSR c e l l

1 •n:. t nj c k  .and ~ cm iuflb vita the Ii ~,..t 511 1~~iuj; I l:c e icc t rode at 45° enhances

tue Ini t ial a~~suru.ancc av a I a.. Icr 01 j bj  and tue  t ran s i e n t  . c a s o r b . A n c e  by a

t a .~ tOr  ot l1i~~.

I .ie m i  I ae nce o I I. e  o p era t i n g  pa r.n .e  te rs on Inc :::e.a s ured abso rbance also

rit s arielT ccn :.cnt. As ex 1 c c l od , Ii:.. le .a s i ag the c c i i  iez - .gta or Inc angle of

the I i1~ht be.c:: v i t a  res p ect to tue el ect re~~e sar lace increases ‘c o l t , the t ransient

abseraa: ;cc and the b a i t  i,ii a bsc rbancc  by inc 1eaS in~ tue  nunner ~) I i a c S  the bear

t r a v e r s e s  t he c e l l .  A l so , fo r a given .ang ic , Eq uat i on s  4 and S show t ha t  Lec r e a sing

the’ c l i  tl: Lc~~nes s i n c  re a s e s  the t r I n s  lent. .absorb.incc , bu t Equation 5 shows tha t

it has no e t  :.‘ ct on Inc initia l ,abs~ r:c .a:;. u . As can b. it: I erred f ton Figure 1

Inc c I t i c a l  p .athleng th per ret lcd ion is  direct ly proporticcn .d to  the cell thick-

ness , aut Inc ::n.ncc r 01 re t  i cc  l Ions is inverse ly pr c pcr I icn. i l to the cel l  thick-

nes s , so that the t o t a l  length of the c p l i c . a i  paId . i s  independent of the cell

I nlc~.ne’ss .  ; a e t z c c  , v.a a the concentr .atic’a ci tue absorbing species Is uniform, the

Iota  .aas . .c r  :) .aac c does not cepenu cc l i  the c c  11 t a ickness . On the 01 icr and , dur ing

e l e c t r o lys is under semi—inf in i te  linear d i f fus ion  control , t he n~~ ber o~ re flec t ions

remains inverse ly pr oportional to the ccli thickness , but the length ci the

optical path through the diffusion layer per reflection is independent of the

cell thickness. As a result , the total path length through the diffusion layer
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‘I

i no aaag:i t t  ud o o~ tile tran sient auss r :iance to r r ,  e I two r so lv p i .. ‘~ c it  ona 1

t o  Inc ~cil I::ic~~i:css.

l A P

A cross  s e C t t o n a l  s c a e n~a t j ~ . .b tj ,~r.cn, 01 Inc ~f d ~ 5 0 1 1  i s  ::, Figure ’  1. Inc

I ~~
,‘ S p C  c UI at  C 1c c  t l aos . . at sa r I a • C ~~0 Ic ::. ti r .r ~ u’ :t ii a:: u::,ie : .‘ c .a t iag c:

11 an t  cm l.’ l::,~’ I ev e t a o  .a,h,es i.:: of  go 1..: I..’ t t iC  
~ 
I ass  I ‘fe II is Cr lot o . , I rvine ,

cA) . O n o .a c l :  c a d  ot . . ac  : 1 : 1  . .r , .. sn.& b I s~~.t tea w.,s nc ’. coa t ed to a l lo w  the

m a .. cia 0 1 u t  :o ea t e r  .. .. ,~~~~ .. t u e  .. .11 ,  Pris:: :, _ e ’ i  a ’  . It’ ... I c  1.c cacp .

c .‘ , ..c .c c t  a c .. .‘ o i  I . .t :. a k : : i .o .  a t e  d s... I. uns as  1 ..
~ 

cc , . : ,  be ad pt 1 .1 cone a I

i :,d , ..am ; ~~.iu,,i ill.. c c . , ... z I a~~tcn , ... ) . Inc cc~ S~’.iL in0 w 0 s  I Ix o d  as i t i~ tel lou

~~. ,,~~ o .  5 .

m ’s 7 :n... u L .a .  ,... ‘ ,‘. tube ~~~~~~~~~~~~~~~ . .., , t . !  iI.l i.,,. .and uuI g.ass in~,

wa s ,u U c.~ ~ t i e o ..~~,a 0. I. e  ~ c ‘ ..‘ .. ,. .~ : ~~
‘ .‘ . .  a. : w c I S iii I no p

, e’ I 1’t . . a i ’d ’,~~~ i :  I. .. t a ,’ , ..p e’ l  a s  t n d t c  . a t e ~ . U. ’ t . , e : a . i , cJ  : : s  1. . 1 . . ~ o a t _ I t  ce ll

Was :n.i~~ e v .acuan L k ,,..t , ,s t :.~ c . I I cX  vacuan epc ’x’ . i ’ e’ IP. i : ,  L....c t , Res t  a , V A ; . Inc

rc : . ’ : e :’ . c e lc ~ It ,’..., c :  Inc i t  c c ~~.:; t e ’ i  c s c t t  cu e ’  w e r e  sea led  in Inc

It  I . :‘ g I .. c , t o  :0 :: r I I r on. ,, c c : , . ’ o t  : :~ ~ . ::~ a I cc :  r ,bc in..: the

l a t t a :  c a  I) c” ‘.i’.. :. . a a :‘-pa ns.at e : re s is ce  Of a r ; ‘lt ’se:lt. atlV e c e l l  Is

c a  I ‘t o’ .a , nina S t  p o , .11 t ue  ,;: : of  I : e  1 1 • ~ a ’ t a:’ c It ’ .i :s t o  a Icc tr. 1

b..lb . .  ::uat: : :ng tic ‘In s, ’ , .  I ion , and .~ s t dc.arn b e t w e e n  t a t ’  bulb .an... the ’ s topcock

. 1  a mu. ..~~~t a ~S bag ,‘t’, a v . a . .~~ a n .  Inc.

A t  t a r  ,c s i u t ic ’:: 1:: t u e  100 : 1 • lb ‘.‘ ,a s  ‘a t  g a s s o c i  by 7 f r c e c c — p c n a p— t a a w

a Ia  S a I a p r e s s u r e  :‘ I ..s’ I t .rr , I . e  s c m l : :  was  Se .1 1. a ~ : I , and t no sI op—

— a as c l os e . .5  to preve nt  tue solution 1 rom cater ing toe ~c l . ‘ihe ce l l was

I toil ed ~a tue I 0n1 patti and tue ang le o l  I ;i~ deuce o the  beam 01) 1 :, o p r i s m
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