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= CHEMICALLY ~-~CDIF i L~ ELECTPOI)ES . VI. L1LDING AND ~LVEPSH~L~.

ELECTROCHEMISTRY OF TETPJ~(ARI~ OPhENYL)?CRPHYRIM ON GLASSY CA-~ESb

John C. Lenno’,: and Poyce U . Nurray
Kenan Laboratories of Chemistry
University of North Carolina

Chapel Hill , North Carolina 27514 U.S.A.

In 1975 , Kariv and Miller , et a].. [1] utilized the carboxylic acid function

known [2, 3] to exist on thermally oxidized carbon to immobilize an optically

active amino acid ester on graphite through formation of an amide surface bond .

This “chiral electrode” was enantiomorphically selective in an electrode reacticn

which croduced an asymmetric carbon center , although the degree of selectiv tv

in. this and a subsecuent example [4] was fairly small. In these  covalent ly

s:c- C~~r~~~~ carbon electrodes , the ~r.mosilized reagent is presumably eiectro~ nj~:t~~v:.

We have demonstrated [5—7] that covslent immobilization of electroactive reageri’~

can achieved or. metal oxide electrode surfaces using organosilane surfact

bomdin~~.

‘~~s :reliminary report applies Niller ’s amidization approach to carbon

chemical ncdification to covalently bind electrochemically activc- reagents to

glassy carbon electrode surfaces. The desired carbon surface modification cheiri- -
~ ry

is

~~~~ SOd 2 NH~ L 
~~~~~ (1)

electrode OH Cl -
~

where R is an electrochenicativ reactive rs~~et y. ~~e otr sm-:t:v i~ 
~~~. I

system is an i n t e r e s t i n g  group bec~~.iso of i ts t.s~-r . ue11-~: ~~~~ r.~ ~~~~~~~~~~~

solution electrochemisrrv [8, Y], ~oc~ use e’iu-~n~ r~~~a~ 1 -~ i~ n o~ Is is,r c i ]  i:~~~

porphyrin could lead to a f-~ni l~’ ~ t . ur’~ us.~ r -Is:-: - - ‘.-s , ~s~d 
-
~~~~~.. 

-H ,’r : n  ~u : I  : i n i l I r  s:c~.~~; u L . .1’ s . ’ .~’ ~ i’ - ~~~~~~~~~ t~ : < r ~ 1 :  • - r - -~~ t i r = , .~

t ( s t ~~-I1l\ u : ’ f s i  ‘ i t - c r. - ~ , ~- E f . c ’ ~— F ’ ~~1. ‘ . i - c. -‘H ‘~~~~~ . T1

_ _  
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the  p and ir isomers of t e t ra (a mir . oph on yl )p o r ~ hvr i n  (d es gnated T (pNH 2 )i’P at::

T (n ~iH 2 ) EP , respect ively) ,  and p resent here evidence t h a t  cova lc~nt b i t ,d~ tig d es

occur. The surface redox r eac t iv i ty  of the tetrat:her :yl sorp hyr ins , a:. well  as

thei r  (Co) metallated forms , is ob secve d at potentials similar to the solut io:.

analogs .

Anson et al. [11] have described the electrocheniical properties of iron(:1 )

porph yrins which under appropriate conditions irreversibly adsorb on carbon

electrodes. We also have knowledge that Kuwana and coworkers [12] have immobil!:EI

other redox systems on carbon using ~iller ’s amidizat ion approach El] .

4

T e:ra(~ -anino~ henyl)porphyrin , ?(pNH2 )PP , was obtained by hydrolysis of

t e t ( :-en dc~~henvl )~~orphyrin and  pu r i f i e d  by s i l i c a  gel column cliromatograph :.’

us2is~ 7:3 (v:v) Ci~2C 2 :CH 3OH solvent . Tetra (rn-aminophenyl)porphyrin, T ( m NH 2 )F i .

was c s i m~ d by reduction of purified tetra(m-nitrophenyl)porphyrin. Owing to

so~~L i i t’. l imi t a t i o ns , a f t e r  th or cu g h washing w i t h  wa te r  and CH 2 CI 2 ,  T ( m N H 2 ) P F

was used as recovered from dimethylformamide solution . The respective ~-amido

and n-nitro phenylporphyrin precursors were prepared (condensation of appropriate

benzaldehydes with pyrrole in propionic acid ) and purified according to publish~- .

procedures [13, 1k]. Dinethylsulfoxide (DMSO ) and toluene (distilled from ~:u°)

solvents were stored over molecular sieves. Thionyl chlorid.:: was twice dist~~]!-

Glassy carbon electrodes cu t frcm rod stock in ca. 6 mm ler.gth~ w~ re

polished on the cylindr’r end to a sh iny  f5n h- ; h , endin g t i: 1 !r.~cr. :: ~ iircnI

lapp ing compound. Surf.i. -c- o~ d~~ 5 is: w- -is by e v u c u i t  ~ r i~ 5~~fl~ ( ’ t ‘r t s - ’  

f o l l o w e d  b y cool ing in a i r .  The ei’~ctr odes  wers r . ex : r•~~ ~u.:~ d ir .  S~. ~ OC~ - Hi

t c I r e r t~ fn r  use ho u r , rcrsve :~ ard  w - c , s ~ d L ’rc u chHi  .: t :r - : d : :,n ‘it ~~~ ,

dr d~~ for  f i v t  m i n : : ~ ’ - : ~ . T:~ - -~c~ d c~.1o:’~~:e e1’’C~~ -I .  : • : ~~~‘ ~~
‘ -Ys -~ -

I ( v : v )  ~ re- .. :~~~ ~‘l ~ c ~~: ~~~ o~ t i : -  ~~: ( .~ - s.. - r r .
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(cs.  1 mg/50 ml )  for one hour and ~‘~~ orous1- , - wj shed w t 1  C} i 2 01 2 .  7 N  r~~,~c iorI

ne bi un also conta ined a few ml d imet h y l forn &tm ide in the  case of ‘I (nH: 2  ) ! P .

~etall ation of T(p N H 2 )P P  and T(nNH2 )PF electrodes u~is accompli shed by a

45 minute contact with a refluxing solution of CoCI 2 in d imethylformdmide fol lo~ 1

by thorouAh washing with  fresh solvent .

Modified electrodes were mounted for electrochemical experiments using

shrinkable Teflon tubing . All electrochemical experiments were conducted in

0.1 N Et~ NClO 4 in D~’IS0 solvent , using either conventional cyclic voltatmretry or

di f ferent ia l  pulse polarography wi th  a Princeton Appl ied Research Node] . 174

instrument under conditions as g iven by Anson [11]. ESCA data were obtained

using a uPont €503 Electron Spectrometer.

Peo~~ t3 ~~~~~~~ ~~~~~~
Cv :l ic  voltam netry of a glassy carbon electrode reacted (see Exper imental)

wi th  T (n h h 2) ?F  is i l lustrated in Curve A , Figure 1. As i de from a somewhat

eievs:~ d hac?:groun d current on the first potential scan , the pa ttern of two

red uction ari d, re-oxidation wave s persists unchanged for many cycles .  The two

observed redox cou~les exh ib i t  the properties expected for electrode reactions

wi th stable , surface—immobilized reac tants and products [15]; the electrocher’ical

waves are symmetrically shaped , independent of stirring , and exhibi t  a l inear

dependence of peak current on p otemt~ al scan ra te  over t h e  examined 50-400 mv/ s ’~- ..

range . The two redox couples are fa~ rly but  not precisely charge t r ans fe r

r~-ver s ih le ;  AE is about 30 my  at 100 nv/ne c  scar. r ate .pe cik

The meta isomer ’s sur face wave ch a r a ct e r  is  t i .~s ar: repeated in  cyc i c

voltanro~ rams of glassy carbon e lect  ~der  t t -va~ ed .-: ( -
~ 

)r },  t ::rv.~

c t’rospor:ds to a T (p :2 ) i ~ ’ e i s~ ~~~~~~~~ 1~ .j - ti d fcc-:: tso - ne ~itcl: of acid c h l - .:r ’~

~
- - I C t rn  b -  : u ’-ed ~n pr . -~’it r t h - - c c . t : c ’ -d . ~;f I .e-i A . 

- — -5- — — - —  - - - - -  - —,
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Anson [11] has used the proclivity of iron(III) porphyrins to adsorb under

certain circumstances on carbon electrodes to observe the surface electrochemistry

of these species. In order to clearly dist inguish adsorption from covalent

binding in the present case , a variety of control experiments were carried out.

Figure 1, Curves C and D show that no observable electrochemistry ensues from

treatment of acid chloride electrodes with tetraphenylporphyrin (TPP) or

te-tra(~,--nitrophenyl)porphyrin (T(pNO2)PP) under conditions identical to those

used to prepare the tetra(aminophenyl)porphyrin electrodes. Curves E-h’ in

Figure 1 show N is ESCA bands for a set of electrodes pretreated simultaneously

through the acid chloride step and then reacted with T~mNH2)PP, T(pNH2)PP, TPP

and T(mNO2)PP, respectively. Only for electrodes treated with tetra(aminophenyl)

porphyrin is there a N is band larger than that typical for blank glassy carbon

(Curve I). These results demonstrate that the binding of the porphyrin to the

acid chloride glassy carbon electrodes is associated with the presence of the

amine group on the tetraphenylporphyrin. Peak diffusion currents for cyclic

voltammetric reduction of a 1 mM solution of T(pNH2)PP in DMSO at unmodified

glassy carbon vary linearly with the sauare root of potential sweep rate. Also ,

contact of a glassy carbon electrode for 30 minutes with a 0.01 mM T(p N H 2 )PP

solution followed by potential sweeping in the same solution produces no

porphyrin reduction waves . These observations show that the tetra(aminopheny l)-

porphyrin exhibits in DMSO solvent no special adsorption tendencies for the

glassy carbon electrode surface. Lastly , to emphasize the surface stability of

T(pNH2)PP on glassy carbon , and to rule out possible e focts of ri ,utc rial trapped

in pores, a T(mNH2)PF electrode was used as a rotated di~~ .~~:- sh mm in Curve A

of Figure 2. The hydrodynamic voltammogram is almost i t d i : - t  i r : g c t ehal le from t 1~~-

(ill ip t n o l u t  ion vo 1t ammo~ ram of Curve A , F i y c i r v  1 , wh i ch v I : -  o~ .t~ n. ci v i  l h  t h .

name electrode ~pecimen .

The preceding results provide strong evidence that . r . : ; o c ’ i, I t  Oct of the

III— ____ 
____________
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t eo-j  ‘s general  goal of s y nt l : et ica l ’,’ :’r ed 10 i v ~ s . c  :-~ : - o r : - c.~l nsd c~~~1.~’-

act eors- to Ic realized is ti sis case. : c c & ~ .v~~c , :h-:  p~~ or ats c-i. Lr-.-c d for

surface waves (—1.08 and —1.49 volt v : .  S .C .~~. for t he  ~~ i s-~ ’ioe of ~ (rc ~~h 2 ) ~~Y

elect rode ) match rather well  w i t h  tho —r .osr : I~~] V. ~~ s~~~cr t : :r --~: - :~cn ~ orp h ;r i n

d issolved in DN S3 (-1.05 and -1.47 v o l t) .  The t; r r  ~- o J o - :1cu er r  fcr the

solution TPP species [8 , ~ ] form ~he -:-rpi yr t n an~~ r r~ :iical and dia:.ion , and ;-:e

pres-rce from the good correspondence of red~ x ~-j~ erti.tlo th~~: the T(cNfl2)hP and

1 (rd.d ~~)?? elect rode surface waves 1cr ~ to th e se  ser-r re ioot  ion  er -o duct s .

~drile formation of four surface amide 
‘ onds n or  ze r5~(an : ’ ~ er~y1) sor:h~ rTh

is : :hiore:ricai~~: possible , th i s  un 1~~ ely en r-r~ccherico1 g r o u r . d . .  Ti -a

amine c ’s rhenv . ring positior :-. - 0 ~~ have to ~~‘ -iSoel for r r o p e r  ~-or : d

d ir ec ti :nalitv , arid tee  emine sites uculd . hay-a  to be in good ‘e~~ie ter w Sth acid

chl:r i~~e s i t e s  on the  ur .der ly ing g la. v car-L en e l ec t rr -d - - - s u r f ace .  ic~-r-~~:~~~r c~

at e t a :  two  anide bonds Der por~ hyrir. ni ght be rec~scn :bi’,’ spo cuiateci . Frc:~

models , the  v— et a (ar.d ortho) t etra (am!nopheny l)p orr  — n i r s  would t e  more

steHc ally suited for mult iple coupliog than T (j d ~E i 2 ) P ? .  Nu lt i p ie  am id e couj b i r . g

wor ’ 1..d lead to more stable chemical ly  co di f i ed  surface3 , and also ~~cu1d p lay  ar

important  role in charge t ransfer  r at2 prop ert ies  of the imm obil i7ed redox

system.

Our eresent data contain no cleat’ evidence for th-a ovars- e :: ch~-~- of surts:r

ar-ide bonds formed , or f or any . ;u L st a r t ~~ve d i f f ~~r;:’. - - v  ‘ - t  ~~~. T(plh.2 F-’i

T ( r . h H 7 )PF ’ electrodes. F-t h :.t,~d -il ity -~r d  L~ t~~~.j ’r. 
- - ‘~~ ‘ ~~-s s~~ ( :  2 Y -~ ’ a:-.

T(p NH 2 ) P r  electrodes so f~~ t ~~r ear ec be :u sir ‘ ! S r s . ‘ hs- - .: i- A— i-

ot I gure 1 ru-ge::ts t h ,~~~ a h i ~’1w: c c c . ’ - r~~r wi s c 1’ - : - d  li- st - -

T(r ’. : s  )i isoct’r’ . .-:,-vor , :- o v - r- I ( .  ‘ . d -  :1 - ‘ t i  ~‘s I s .’- - 1 ~- . t  t ’ .n  ‘ -  

______________________________ - -—- -—- - .________ 
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w i t h  coverages equivalc-r:t to t hat  of Curve ~- .  The te :! :(a c i s o~.h e rv i ) ~-or~d :.  s ir.

coverages are in fact not preci~ e1~ se~- r o c .J  ‘ ‘r b ;  iL t ~~- : :~ on of t h e  ~ :o - f . ~ro

c u r ren t  peaks y ields a range of r = 3-11 x !~~~
10 mole /cry  ( u s i ng  elec trode

geomet rical area) .  The level of obscrved back ground current paral lels  the

apparent porphyrin coverage , and comparison of Curves ~~ in Figures 1 and 2 oho;-; a

that the back ground current is predominantly surface-controlled. These , and oth er

data , and coverage expectations based on molecular models , sugges t to us tha t

surface roughness factors ranging from 2-10 may exist on these chemica l ly

modified electrodes . It is most likely that such roughness is induced during

the elect rode thermal oxidation step. (We should note tha t  apparent coverages

in the above range are presently ç u i te  cons is tent ly  obta ined in current

E x : cr ime r .z s , b-,it that too-casual a t t en t i on  to experirnen~~al de tails in the

ove r~~~1 e:•::erime ntal preparation pro:ess can y ield arp ar ent  zero coverage) .

Evalua :iari  and control of glassy carbon electrode roughen ing and the number of

snide z r face hc.nds ocr t etr a(o :-i~~~: h e r y 1)roroh .r r in  .swr t fu r the r  exp er i men ta : io r .

The :etr a(aminochenyl)porp hyrin electrodes have promise of considerable

redox ard electrocatalytic versatilit ’.’ if th ey can be retalIated in s i t u  w i t h o u t

loss of the immobilized porphyrin moiety. Curves B and C of Figure 2 i l lustrate

one successful example of th is , in which C o ( I I )  has beer inserted in the porp hvri : .

r ing to def in i t ive ly alter the observed surface wave redo> : propert ies from those

of th e immob il ized f ree base porp hyr in  to those expected for the C o ( I I )  -
~~ C o ( I )

redox process for Co(I  I )m eta i lop orphvr ins  in n o n — a o u a ou s  m c d i  urn [9 , .1 ~ , 17].

The sur face wa ve redox po ten t i a l  for the C o ( . 1 )  r - - t a l l a z€ d  e 1ect r odt ~, — 0 . 8 3  vol t

vs .  f .C . E . , is the same for T(nN } 12 )hl sod T( - : 2  ) } }  c l o s t  rsdem , and is i n

ox c e l l ont airetrment w i t h  t ha t  rceor~ ci [ J ]  ( — O . E 2  a t : . :  — . ~7 v-cit  ) f : r  t i : - :

- :c~~t t l  i r s form of C o ( I I ) 1 I .  The Li : Cr ’-- :  f l j~~~ of le. end Cc) 2’d 1-ai d:. in

I - j r . - 2 :~ c o t : f ir n . i t o r 5 - - v i d e n o c  f - :  ~- - .~i .r on of t i -  r : a - *’ ~~~~

_ _ _ _ _ _ _ _  _ _
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it . one rs~ tance , :s- redction ‘or.d t ‘ c-n.:. ~~ an : ‘cte me ‘~~ L I ~ r Icr.

t~ -dec t  rod’ ex i :i  L ited surface w iv e s at t. - - -~~e n ti a l s  for bo th  free arid rnet a l l

por: h yrir.. i t  is er.c c- urag ing to note th a t  t u e  t e t ra (ac i r.op he ny 1)~:-or : i.yrin

elect rodes survi ve the reaction conditions for- Co (Ii) n:~ tallation . Experirren ’

aimed at generating a family of irsr.:ct ilized rt’rtalloporphy rins are in progress.

Our electrochernical experiments in this and other [5-7] studies of

chemically modified electrodes have mainly relied on the well characterized

cyclic voltarnrnetric experiment . Anson [ii] has recently applied differential

pulse ro!arography to surface waves of adsorbed species t-:ith higher sensitivity

thor . f:r cyclic voltamrnetrv . We have also observed enhanced sensitivity for

the :cr :hvrir .  chemi caLl y modif ied carbon electrodes u s i n g ,  th is  method , see

The sus’face waves for f ree  base porphyr in  and C o( I I ) —r n e t a l l at e d

por:~:-rin soccer an the expected c o n on t i a l s , aed a~~sio are q u i t e  stable under

r e i a . t c t  ctserv at : tn .  The pulse  exp t ~r 1rcent Cetects  ;:hst ~s apparent ly  the

r eca rced  ~sc.cnd t-.ave [9] for the Co (Ii) rn et a lboporp t: ’r :: r educ t ion . Also , wi t h

both T ( : Id - i2 ) F ?  and T ( r c~ h2 )N el~’ctrod es an additional sot of eloc ’ rccner.:ical

waves arrears , these are not easily 1 erceived in the cyclic volt,ir:vs~~ram~ . The

natur e of these waves is no t clear , Eut they vanish U~~~ e5 tr~ t d11Jt 1Ofl  of tt -e

po rp hyrin surface ( -~r’.
- -~ A ).

Preparat ion of T(r.h2)FP electrodes opens an :rr-iy of experirre r ’. d ir ~’cted

at ho th under standine and opr l i c -a t ion of r e d ox— a ct iv e  c~:erL aH’,’ r d ~~f i- ’

e1ee~ rode s ur f a c e s .  Tt,,c’:,o inclade pt e. ar a t  icr: of c~ther i rr -h I iz~-d c-’~ - t  l .ite - t

t t -  t r . ’nv l ~ orp t t v r i n s  , :‘ :-c~ r:~ of t he  corr c -  :‘ond-ns’e b c - t s~- ’ ’n c i  • ‘c :-cchon i s t  rv

of  is- ..— : i i. ’ re-d an. dis~~- I v- -d su~eci’~~. and e,~ t i e effects cf v-- - t , t ~~~~~~ . 1> : i ii

I i -  nd . I t  i i i  sat ion of o .uc’fece— ::e~ it 7- ’  t ~ err-
’ ‘-c ‘ :: or nets] Io i --rr .t yr~ r- . .

- : 1: ‘~ 
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Figure Legends

Figure 1. Cyclic voltammetry (100 mv/sec in 0.1 M Et~ NCl0~ /DMS0 ) and ESCA for

chemically modified glassy carbon and controls . Curve I :  polished ,

blank glassy carbon ; Curves D , H:  ac id chloride form of glassy carbon

“react ed” wi th  -t e t ra (m-Nitrop heny l)porph yrin ; Curves C, C: ac id

chlo ride form of glassy carbon “reacted” w ith tetraphenylporph yrin ;

Curves B , F: T(pNH 2)PP elect rode ; Curves A , E: T (mNH 2 )PP elect rode .

Fi gure 2. Assorted experiment s on chemically modified g]assy carbon . Curve A:

A T(i nN}32)pp electrode used as a rotated disk electrode , voltainmogram

obtai ned at 400 r . p .m.  and 100 mv/sec; Curve B: quiet solut ion  cyclic

voltamntetry at 100 mv/sec of Co-metallated T (mNH 2 ) PP electrode ;

Curve C: cyclic voltanimetz’y of Co-metallated T (p NH 2)PP electrode ;

Curve D: ESCA of an electrode of Curve B , be fore electrochemical  use ;

Curve E : blank glassy carbon “reacted” wi th  CoCl2 in DMF .

Fi gure 3. Different ia l  pulse polarograms obtained wi th  Princeton Applied Research

Mode l 174 instrument with  settings : pulse amp li tude 10 mY ; d . c .  scan

rate 5 mV/s ec ; pulse repetition rate 2/sec. 
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