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Abstract 

Cobaltous tetraphenylporphyrin ( Co( ll )TPP) and cobaltous phthalocyanine ( Co( !i ) Pc ) complexes were studied in a variety of solvents. 
including water. The imidazole and nitrosyl adducts were synthesized and characterized by UV-Vis spectrol,h.~:eme'ry and electron spin 
resonance spectroscopy. The imidazole adducts were subsequently exposed to nitric oxide to study the competitive interactions between 
nitrosyl and imidazole ligands in these cobaltous compounds. This is important, since it has been suggested that aqueous solutions ofcohaltous 
porphyrins and phthalocyanines can serve as denitrilication agents whet: bound to an immobilized imidazole mtRlitied silica gel (IMSG) 
substrate. Our result:' indicate that while nitric oxide binds both Co( II )TPP and Co( !I )Pc in organic solvents in the absence of a bound 
imidazole ligand, it will not hind when imidazole is a.,'ially bound to the cobalt ion. Neither Co( !1 )TPP. :or Co( !1 )Pc are water soluble and 
both will dimerize in water. A water soluble NO sorbe,, wl~ich does not dimerize in water would be ideal for removing NO from flue gas 
streams. The Co(Ii)PcTs(IMSG) appears to meet these requirements. Preliminary results indicate that aqueous suspensions el" 
Co( II )Pc'rs(IMSG) are capable of NO rcnioval from a gas stream pttssed thn~ugh these suspensions and may thus be .suitable candidates t'or 
fttnhcr development tts N() sorhems for NO, abatement. ~ 1998 ['lsevier Science S.A. All rights reserved. 

K,'vivord~, ('ohzlll con|rdc.,t~,,.s; I)orl}hyl'il| COll|plcxcs; Nitric oxide ct~t|lplcxc~,: I)hthzdtB.'ymfinc COtllplexe~, 

I, lntrodttctlon 

Nitric oxide (NO) and nitrogen dioxide (NO~,), collec- 
tively designated as NO,, are two of the major pollutants 
emitted l~)tn coal-tired power plants. In the presence of 
organic peroxyl radicals generated from atmospheric hydro- 
carbons, NO and NO., can participate in a catalytic redox 
cycle resulting in the accumulation of ozone in the atmos- 
phere I I ]. Thus, there is a critical need to develop effective 
methods to reduce NO, emissions into the environment. Most 
of the present denitrilication technologies, although effective, 
are relatively expensive. ', : new and more cost-efficient 
means of removing nitric oxide are desirable. The use of 
cobaltous phthalocyanines, Co( l l )Pc  and Co( l l )PcTs  
(Ts = tetrasulfonate) and porphyrins. Co( Ii )TPP (TPP = 
tetraphenylporphyrin) as sorbents tbr nitric oxide has been 
examined by sevend investigators 12-61. A thorough exam- 
ination of the binding properties of these complexes with 
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nitric oxide both in the presence and absence el' other nitrog- 
enous ligands is an important basic step toward the potential 
use of these complexes in NO removal strategies. 

Cobaltous phthalocyanine was chosen for study because: 
(i) its nitrosyl adduct is relatively stable in air 121. (it) it 
can act as a catalyst for the reduction of nitric oxide to N.+. 
N.+O and NH.~ 13 I. and (iii) it can be attached to a silica gel 
substrate, which will prevent dimerization 121. Co( II)TPP 
complexes share many of these same desirable properties, but 
the metallophth:tlocyanine systems lend to be more oxida- 
tivcly stable than thc corresponding porphyrin derivatives 
[6]. In fact, the binding of nitric oxide to a Co(II)- 
TPP(IMSG) complex (IMSG = imidazole modified silica 
gel. sec Fig. I ) and to a Co( II )TPP/SiO, complex has been 
examined previously by UV-Vis and IR spectrophotometry 
[6].  The results suggested that the IMSG cobalt complex 
moderately absorbed nitric oxide at ambient temperatures but 
effectively absorbed nitric oxide at elevated temperatures, 
Mochida et al. [ 3 ] and Ercolani et al. [ 4 ] observed a similar 
behavior for solid state Co( l l )Pc treated with nitric oxide 

in air. 
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Fig. I. (a) A di~i:r'-,m of Co( !1 ) phthahx:yanim: imm~,i~ilizcd on axially I~)und imidazoh: i . (~il icd silica gel substratc ( IInMSG ) ( adapted I'ronl RcI'. 1231 ): 
( h ) th~ structure o1' metallophthah~:yaninc (1.2). 

This work de,~ribes the behavior of cobaltous phthalocy- 
anine and porphyrin complexes in water and in a variety of 
nitrogenous solvents. The reactions of cobaltous phthalocy- 
anines and porphyrins bearing a nitrosyl and/or an imidazole 
ligand were investigated to provide a better understanding of 
the competitive binding of nitric oxide to cobalt complexes. 
The central questions surrounding the,~ cobaltous phthalo- 
cyanine~, and porphyrins are: { i ) does nitric oxide bind? { it) 
I1' so, are these nitmsyl complexes stable in air? {iii) D ~ s  

the presence of axial tmidazole(s) aflbct the bi,ding of nitric 
oxide? The intbrmation presented in this report might help to 
explain the observed facile binding ot' nitric oxide It: 
Co{il)TPP(IMSG) reported by Tsuji et al. lOl as well as 
contribute to the development of more efficient sorbents for 
nitric oxide. 

The UV-Vis spectrum was taken and compared with lit- 
erature values {when possible) for each of the following 
compounds: Co(II)TPP, Co{ li)TPP(ira), Co{ li)TPP(NO), 
Co{ !1 ) Pc, Co{ I! ) Pc{ lm ), Co( !! ) Pc(NO), Co{ i l ) PeTs and 
Co{ II) PeTs{ Im). Some of these complexes were also char- 
actedzed by eh.sztron spin resonance spectroscopy. The 
behavior of the imidazole adducts in the presence of nitric 
oxide is clo~ly examined, 

2, Experimental 

proceduw 181. lmidazole adducts were prepared by direct 
addition of this ligand at room temperature into solvents con- 
taining metalloporphyrin or metallophthalocyanine and stir- 
ring lbr 24 h in the absence of air. This procedure was first 
reported by Cariati et al. [ 9 I. Nitrosyl adducts were prepared 
under anaerobic conditions by bubbling 90% NO in N., into 
various solvmtts containing the met:dloporphyrin and metal- 
Iophthalt~zyanine complexes under study and monitoring the 
positio, of the Sorer band. The inlidazole modilied silica gel 
wits prepared fitlhlwing It procedure reported by Burwell 
I I01. Pyridine. N,N-dimethylformamide, toluene, dichloruo 
n|cthane and quinoline were purchased finn1 Aldrich, deux- 
ygenated with n i t r o g e n ,  dried over CaO, and used without 
further puritication, 

2.2. Spe('tros('opi(' pn,redures 

UV-Vi~ spectnt were obtained on a Cary I" spectmpho- 
tomcter, The nitmsyl complexes were examined in quartz 
cuveUes which had been sealed under anaerobic conditions. 
The ESR spectra were recorded on a Varian E3 spectrometer 
at X band liquid nitrogen temperature device. All of the com- 
plexes were examined at 77 K. g-values were verilied using 
a gauss meter and the Iollowing equation I I I I: 

g, = g:  ( H , I H ,  ) 

2,1, S)?etheth" pn~'edtm, s 2,3. NO renan'a/e.~perinwnts 

Tetraphenylporphyrin and phthalocyanine were purchu.~d 
from Porphyrin Products {Logan, Utah) and used without 
additional purification, The Co{ II)'rpp complex was pre- 
pared by the N,N.dimethylformamide method 171, Cobalt 
phthalocyanine tetrasulfonate was synthesized by a publishod 

Removal of NO I ~ . .  a simulated flue gas were conducted 
using a gas bubbler column (diameter = 5.5  cm, height = 2 I 

¢m) equipped with a sparger on the inlet line. NO was intro- 
duced at a rate of 450 ml rain ' at ambient temperature from 
a calibrated mixture of NO/N: containing 490 ppm NO into 
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an aqueous solution (500 ml) .  and NO concentration in the 
outlet stream was monitored with a Thermo Electron model 
l0 NO analyzer. Experiments were performed using either 
Co( I! )PcTs (0.75 mM ) or Co( It )PcTs. IMSG ( 2.2 mM ). 
All experiments used a 5 mM N-2-hydroxyethyl piperazine- 
N'-2-ethane sulfonic acid (HEPES) buffer at pH 7.0. 

3. Results and discussion 

3. I. Electnmic ('haracteri=ation , f  porphyrins and 
phth,#rlo'anines 

Cobalt tetraphenylporphyrins exhibit electronic spectra 
characteristic of most porphyrins (see Fig. 2). The Soret 
band occurs at 417 nm. the Q bands at 527 (Q~) and 595 nm 
(Q,,). and several smaller bands appear near 660. 885 and 
1055 nm I 12, ! 3 I. These latter three bands are associated 
with metal --, porphyrin ring or porphyrin ring --, metal 
charge transfer transitions. The Soret and Q bands arise from 
.'rr ~ ~r* porphyrin ring transitions, with the Soret band arising 
IYom the addition of" the a~,,(~')-~e~(~*) and the 
b,, ,(~) --,%(11'*) transitions 114,151. 

Metaliophthalocyanines exhibit spectra which include a 
Sorct band appearing near 320 ran, and Q,  and Q,  bands 
occurring near 615 and 660 nm, respectively (Fig. 3) 
I 16.17 I. These bands arise from the same transitions as those 
fi)r poff)hyrins. The Soret band, very intense for porphyrin 
complexes, is usually broad and I~'atur¢less in the phth~do- 
eyalline sl~Cll'a and is usually not as sensiliw.' to the nltlure 
ol' the axial ligand. 

3.2. Reactions ~t'ith imidazole in vari#us soll'ent.~ 

3.2. I. Co(il) porphyrins 
A spectrophotometric titration of Co( ll)TPP with imid- 

azole in toluene is shown in Fig. 4. Coord,nation ofimidazole 
produces a red shift of the beta band from 527 to 555 nm. 
The Soret band also shifts from 417 to 431 nm while the 
bands initially appearing near 660 and 885 nm are shifted to 
the red ( see Fig. 2(a) . (b)  ). When the concentration ratio of 
imidazole to Co(II)TPP exceeds 10:!. three new bands 
appear at 421 (a shoulder of the 43 ! nm band). 515 and 555 
nm. A neat solution of imidazole exhibits no absorbance in 
this region. The band appearing near 42 inm is a shoulder of 
the more intense Sorer band at 43 ! nm. Others have reponed 
the existence of bands near 422. 515. 550 and 595 nm in the 
spectrum of Co(II)TPP(Im) lOl: however, there has been 
no report of a band appearing near 431 nm. 

Ligand numbers can be determined utilizing the following 
equation I 18 I: 

iog(A - A,,) I (A .  - A )  =n iogl lml + h)g K ( I ) 

where A,, is the absorbance before any ligand has been added. 
A~ is the absorbance when the maximum amount of ligand 
has been added, A is any absorbance value between the.~ two 
extremes, a n d ,  is equal to the number of ligands bound. This 
equation is valid under isosbestk; conditions and a plot of 
Iog(A -A, , ) / (A. ,  - A  ) versus Iogl lm] for Co( II )TPP yields 
a slope of 1.0. indicating that only one imidazole ligand binds 
( see Fig. 4). K~ is calculated as i.02 × 104. indicating that 
the reaction below lies far to the right: 

Co( II )TPP + . I ra ---, Co( II )TPI)( hn ),, ( 2 ) 

where pa ,:, I. 
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3.2.2. C~#ll~ phge, l¢a,y~#~i~ee.~ 
Co~It(l l)  phthalocyanine was found to b¢ soluble in 

quinolin¢, N,N-dimethylformamide (DMF) and pyridine: 
however, it is no~ ~luble in water, The $o~t electronic band 
positions for Co(II) Pc in these organic solvents appear pri- 
nmrily between 300-450 nm, Recause of its unique solubility 

in water, Co(II) PCTs was chosen for further investigation in 
this study. 

A spectmphotometric titration of Co(ll)PcTs (Ts = 
tetrasulfonate) with imidazole at 670 nm in aqueous solution 
displayed good isosbcstic points ( Fig. 5), and application of 
Eq. ( I ) to the data yielded n = 2. I and a K2 = 4.3 × I 0 ~'. The 
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magnitude of K2 indicates that the following reaction lies far 
to the right, and that two ligands are axially bound. 

Co(ll) PcTs + nlm ~ Co(ll) PcTs(Im). (3) 

An analogous titration of Co(ll)PcTs was also carried out 
with I-methylimidazole, since this ligand should more 
closely approximate the ligand character of the lmMSG com- 
plex, The results of this latter titration (data not shown) were 
comparable to the results obtained with imidazole (n = 2. I 
and ~ = 2.2 × IO~). Solutions of Co(ll)Pc have been shown 
previously to bind two identical nitrogenous ligands when 
the ligand concentration is high [9]. Results oft&;s study are 
in good agreement with previous reports. The Co(ll)PcTs 
complex was characterized by UV-Vis spectrophotometry 
and ESR spectroscopy. 

The ESR spectra of the Co(ll)PcTs diimidazole adduct 
complex appears in Fig. 6. This spectrum of the diimidazole 
complex is well defined and clearly contains all eight lines 
associated with the hyperfine splitting by the I = 7/2 nucleus. 
Each hyperfine line is further divided by the 1:2:3:2:1 super- 
hyperfine splitting pattern associated with the presence of 
two nitrogen atoms (I = I ), indicating that the two imidazole 
ligands arc coordinated to the cobalt ion. This same splitting 
pattern was originally observed and characterized by Walker 
119l for Co(ll)TPP( quinoline).,, and has also been reported 
by Cariati el al. for Co(ll)Pc(Py).~ 191. 

Fig. 3(a),(b) contains the UV-Vis spectra fi)r 
Co( ll ) PeTs and its imidazole adduct. Fig. 3(c) contains the 

z 

.112 

. . . . .  

A ,' ' ~  A Nitrogen 
~ . , ~ . ~  (Supemyperfln, iplmttlr~) 
: : (--.-A ~ (hyl~/ine I~lltt;ng) 

Co(Pc)Ts(Im)2 

2750 
H (gauss) 

Fig. 6. ESR spectrum of Co(It)PeTs(Ira)2 in toluene at 77 K. 

700 

spectrum of the Co(ll)PcTs(Ira) complex upon t~atment 
with NO (this is discussed later). Upon the addition of imid- 
azole to Co( ll)PcTs, the Sorer band shifts from 320 to 350 
nm, and the Q~, band shifts from 6~:) to 665 nm. The Q~ band. 
which appears as an inflection (630650 nm) of the more 
intense 660 nm band in the Co(11) PeTs spectrum is clearly 
present at 615 nm in the spectrum of the imidazole adduct. 

3.3. Reactions with nitric o.~ide 

3.3. I. Soh,ent 
The UV-Vis band positions for nitric oxide in various 

solvents were examined. A quintet of peaks (338, 350, 361. 
375 and 390 nm) appears when nitric oxide is dissolved in 
water, pyridine or dimethyiformamide. Only two peaks 
appear when nitric oxide is dissolved in quinoline (480 and 
375 nm). The origin of these peaks is likely related to the 
presence of one or more of the following species: dinitrogen 
tetraoxide ( N:,O.~ ), dinitrogen pentaoxide (N.,O~) and dini- 
trogen oxide (N.,O) 12 !: NO., and NO, - may also be present 
[3]. Springborg et al. [20] have assigned the band near 350 
nm to the presence of the NO.,- ion. 

3.3.2. Porphyrins and phthalocyanines 
The addition of nitric oxide alone to Co(II)TPP in di- 

chloromethane causes a red shift in the position of the Soret 
band from 417 to 441 nm (FIB. 7(a),(b) ). The position of 
this band is 10 nm higher than that observed for 
Co( il )TPP(ira) (431 nm. with a shoulder at 421 nm; see 
Fig. 7(a)).  "[his could mean that the Co=N bond order is 
higher in the nitrosyl adduc! than in the imidazole adduct. A 
higher bond order would be expected for the nilrosyl adduct 
because oi' the ability of" the ligand orbitals to participate in 
backbonding with the d orbitals on the cobalt ion 121 I. These 
complexes were characterized by UV-Vis spectrophotome- 
try and ESR spectroscopy. 

The band positions obtained upon addition of nitric oxide 
to Co( ll)PcTs in water are shown in Table !. There is a red 
shih of both the Q, and Q~ bands in each of the solvents 
when NO is introduced. The behavior of cobaltous phthalo- 
cyanine complexes with nitric oxide is different from that 
observed for cobaltous porphyrins. The Sorer band of cob- 
altous phthalocyanine complexes appears to be more sensi- 
tive. and the Q bands less sensitive, to the nature ol'the ligand. 
The nitrosyl ligand produces a much larger shift in the posi- 
tion of the Sorer band than does the imidazole ligand. 

The ESR spectra of both the Co(II)Pc(NO) and 
Co(Ii)PcTs(NO) complexes were silent. One possible rea- 
son for this is that the normal d 7 lOW spin arrangement 
expected for a cobalt nitrosyl complex has been changed to 
low spin d ~' by electron transfer from the metal to the nitrosyl 
group. This kind of behavior has been observed previously 
in cobalt nitrosyl complexes 122 I. Such a low spin d ~' elec- 
tronic arrangement would not be ESR aclive. 
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TabI~ I 
Ele~tm.i¢ hand Ix)~ilion~ for Co( l l )  tetral~en),ll~ph)'rin,, and (:'o( I1~ 

Telr~nytl~wph~rl. 
| ih diehh~romelhafle ) 

B~lnd l ~ i l i o t l .  (nm ) 

eu~ ll)TI~(NO) 441 ~gX hA~ 
(~(TPP)(ImI(NO)" 4,11 ~t,~ ~ ~g14 (~{~(t 

I~tmlo~,trltele 

Cu( I I ) I~T~ A ~) 444 ~ 15 ~,r,4) 
eul IIIl~T~[Im): .~50 444 51~ (,~,5 
~u! II I PcT~I NOt 3~) 445 61 ? (~7(1 
Cu( II )P~T,~(Im h(NO) ~ 350 444 51~ 540 665 

The rew~tlon of nlm¢ oxide wllh Col II )TPP, Cuf I! )Ti)P( Im ).Cu( II I i%:T~ 
and Col II l l~T.~t Im)~ tt~k pl~,.'e by t~ 'd i ,~ .  ,itric oxld~ for .lit rain i , to 
~duli~ll~ ¢ol~ll iNn[ the i r n i d~ l~  ~lduct~, Wherea,~ the nilric uxide adduc! 
formed re. l i ly  in 1he ab~m.'e of tmid~,~le, l i lac was no delinile bindinp of 
NO in lhe i ~ n c e  o1' ~l I~)und imid~ole ligand, 

3.3,3. O~mplexes ¢'~meaini,g the imidazole l ig, ,d 
The imlx,'llanc¢ of the behavior of nitric oxide toward 

col~llou.~ i)oq~yrins and phthak~yanines lies in the fact that 
~uch porphyrin and/or phthak~yanine complexes can he 
alt,ched Io an in)idatole silica gel and polentiully u~d  to 
remove nitric oxide from flue gas, Examination ofthe reaction 
bctw~n NO and the Co( ll)TPP(in)) complex indicates that 
NO does not bind, No change was ob~rved in the position 
of [he usually ~nsitive ,~k)ret band (431,421 nn), shoulder) 
~hcn NO was inlroduced (.,~e Fig. 2[c)) .  Had a nitrosyl 

ligand hound the Co(il)TPP(Im) complex, a new band 
should have appeared near 441 nm. When NO binds 
Co(TPP), the Sorel clearly shifls to 441 nn) ( see Figs. 2 and 
7(b), and Table I ). 

The visible spectrunl observed fur the additiun of nitric 
oxide to Ihe cuhallous phlhak~:yaninc tetrasull'onale imid- 
a/.ole |ldduct ill w,ter dl~s ptx~,luce u small ch,11ge in tile 
,,~l~clrun) ( I~i~, .~l( c ) ). There are uo nuticeahle shifts ill the 
i~si l iuns o f  the n). jor ha.ds, su it is nol l ikely Ih. I  Ih~ NO 
n)aleculc hinds Co( II ) PeTs( Im) :, Al lhuu~h exposure of  NO 
to the Co( II ) PeTs(In) ).. complex d(x~s produce a weak band 
near 64[) nn), the ESR spectrum remained unchanged. The~ 
is no evidence to support the ct~)rdination of a NO n)oleculc 
to the Co( II )PeTs(ira), complex. It is possible that the NO 
molecule could be absorbed somehow onto the phthalo- 
cyanine moiety. 

3.3.4. Removal ¢![ NO.[rum a ga.~ stream 
Preliminary experiments were conducted at ambient tem- 

perature to determine whether Co( II )PcTs either in solution 
or adsorbed onto lmMSG was effective as an NO surhcut 
When a stream of NO (490 ppn)) was passed thmugil an 
aqueous solution of Co(il) PeTs. inidal removal of NO was 
approxinlately 27~. The reaction is completely reversible. 
This removal capacity decreased in a lirst-order manner wilh 
a T~/: of 160 rain, indicative of NO binding and progressive 
saturation of the.~ bind!"g sties, in contrast, when the same 
expedn)ent was repeated with an aqueous suspension of 
Co( Ill PeTs adsorbed o~)to IMSG, the initial removal rate of 
NO from thc gas stre~,m was approximately 12~., but this 
removal rate remained constant over a 4.5 h period. The 
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absence of any loss of NO removal capacity could indicate a 
catalytic process, possibly involving NO oxidation caused by 
trace contamination with molecular oxygen. Control experi- 
ments using IMSG at comparable levels showed 0~,~ removal 
of NO from the outlet stream. Further studies must be carried 
out to more adequately characterize the nature of this NO 
removal process, but these preliminary results clearly suggest 
the feasibility of using an immobilized Co( ll ) PeTs matrix 
for oxidation of NO from gas streams. 
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the prel iminary NO removal experiments.  J.W.O. and D.W.S. 
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to thank the Health Research Centers and the Research Cen- 
ters at Minori ty Institutions Program (NIH-RCMI. G : 2  
RRO9104-04)  at Southern University for the use of  their 
facilities. 

4. Conclusions 

The work presented here suggests that organic solutions of  
Co( I I )TPP and Co( II )Pc w i l l  bind NO molecules. Nei ther 
of  these compounds is water soluble, and both compounds 
tend to dimerize in water at high concentrations. These two 

factors limit their effectiveness as NO absorbers. The water 
soluble Co( I! )PeTs complex effectively removes NO fi'om 
a gas stream ( 27c/~ removal ) but will dimerize at high con- 

centrations. Immobilization of  the Co( l l )PcTs  complex on 
ImMSG appears to be ideal: it is water-soluble and will not 

dimerize. The imidazole ligand occupies the lifth coordina- 

tion site in the Co( l l ) P c T s ( l m M S G )  complex, leaving the 

linal coordination site available for a nitrosyl molecule. This 
report olTers evidence that the mobile Co( ll )PeTs complex 

binds two imidazole ligands at its axial positions. The second 

imidazole ligand appears to be highly cooperative. However.  

the fu l ly  coordinaled Co( l l ) P c T s ( I m ) ,  complex does no| 
birid NO in aqueous solul iotl ,  Our prel iminary data suggest  

lha[ IKII, IeOLIS solulions of  um1'iobil i ted Co( l l )Pc ' l ' s (  Inl- 
MSG ) tan elT¢¢t II sustained 12¢;~ NO r¢lm)val el ' l icjetley I'of 
lime periods gre;ller Ihiln 4,5 I1, ii Se¢lllS likely II'lal aqueous 

sohll ions o1' Ihis complex can polenlially be exploiled for N() 

renlovi l l  IYon) flue gas. 
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