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ABSTRACT

Heso—tetra(p-su]phophenyl)porphlne (TPPSQ). a synthetic water-
soluble porphyrin, has been prepared in high purtty and characterized
1n greater detail than previously reported. Severa] metal complexes of
TPPS4 have been prepared by a novel heterogeneous reaction. This simple
reaction was also used in the synthesis of coﬁplexesAof other porphyrins.

The solution behaviour of TPPS4 was investigated by spectrophoto-
metry and nuc]éar magnetic resonance methods, with a view toward ultimate

‘anajytical applications. In neutral or alké]ine ionic media, TPPS4 was

found to dimerize;,ﬁith Ky = 1.58 x ]04 M‘I. At higher concentrations,
TPPS4 wWas shown to,aggregate further to tetrameric species, with KTT x
4-15 M_I. In acidic media, the behaviour of TPPS4 was found to be com-

plex and completely different from that observed in neutral meéia. A

» model involving micellization of TPPS4 has been advancéd to acc
observations made in both the ﬁ;esent work and that of.other workergf
The kinetics of metal-ion incorporation, as exemplified by the:'
reaction of Cu(Il) with TPPS4. was studied at pH 3.55. In general, the
findings agreed with those of other workers. but an initial slow reactlon,
not previously reported, was found to occur under conditions favouring
aggregation of TPPS4.
The redctivity of TPPS, tnward; metal ions was examined in both
neutral and acidic (pH 3.55) solutions. TPPS4 showed kinetic and thermo-
d{\amxc selectivity toward a %elat1ve]y small group of metal 1ons, with
the greatest selectivity towards Cu(Il). The anionic metal complexes
wgre found to be extractable as ion-associated species (with tetraphenyl-
ﬁ:::::::‘ngSnium nitrsté, for example) into orgénig solvents such as 1-pentanol. .
é\ _ i1
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Based on these findings, an éxtraétion-spectrophotometric method was -
dé&e]oped for the deteﬁnination_ofACu(II). with a detection limit'of -
1.1 ppb; This limit compafes favourably wﬁth those of aéomic ab:;:;fign
and inductively-coupled plasma emission. With further devélobment. the
use of TPPS4 as a complexi;g and prebdncentration reagent in-trécg,metai“

analysis appears to be most promising.
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CHAPTER I
' - INTRODUCTION

~

I.1 GENERAL

Organic reagents have held a position of 1mportance in chemical
analysis for many years. Thelr use as precipitants, t1trants seques-.
tering agents, Spectfophotometric and fluorqmetric reagents and in separa-
. tions has been well established. Increased demands for greater sensitivity
in areas such as environmental and cfinical chemistry and electronics
technology have resulted; ﬁowever, in a growing emphasis on the applica-
tion of instrumental methods of analysis with a concomitant decrease in
the prominence of organic reagents. Notwithstanding the foregoing, ogganic.f.
reagents continué to be important and the need for them in separation
methods has, in fact, increased because the effects of interferring speciesi
become more significant as the detection limits of analytical techniques
are approached. With regard to sensitivity, the importance of organic
reagents has also appreciated because of their convenience in preconcentra-
tion procedures, i.e., procedures developed to augment the sensitivity
of instrumental techniques. ;

Over the years, considerable effort has been expended to determine
the factors that govern not only the sensitivity of organic reagents but
also their selectivity. Many systematic studies have been made that re-
late the solution stability of metal complexes to such factors as donor-
atom basicity, the nature of the_ﬁundr Stom and certain structural features

of the ligand such as chelate-ring size and potential steric-hindering
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substituents. Nh11e these studies have greatly 1ncreased our knowledge
of the so]utle_Shem1stry of metal complexes and have led to exhaustive
compilations of St&bl]lty constants (e.g.» 1, 2) which have proven to be’
invaluable to analyt1cal chem1sts they havennot led to the design and
synthesis of a significapt number of htgh]y se]ect1ve reagents More
recently, the deve]opme t and application of cavity-type 11gands such
‘as gyclic po]yethers and cryptates, which discriminate on the basis of
metal-ion size and charge, has renewsd Tnterest in the search for selective
organic reagents (e.g., 3, 4). .
Porphyrins and related compounds are other examplés of éawity
Iigands. Because of their biﬁ]ogical importance, ekémplified by such
compounds as the hemoproteins, the chlorophylls and vitamin 512‘ the
porphyr1ns have been extensively investigated over the years (5) These
studies, concerning both the natural compounds and synthetic analogues.
prepared as model systems, have been 1afge1y fundamental in nature. Re-
cently; however, there has been some interest in the.application of por- ;
phyrins as ahtitumqur and tumour-imaging agents (6-10), additives in
lgundry detergents to prévenE colour transfer (11), coatings in photo-
voltaic cells to increase efficiency (12,13), catalysts (14-19), shift
reagents in NMR spéctroscopy (20-22), photographic reagents (23) and as
analytical reagents (24-29). The analytical application of porphyrins
has been restricted to their obvious use as spectrophotometric reagents

3 -5 x ]05 cm"? M']) in

based on their intense absorption (¢ = 1 x 10
the 350-450 nm region. For example, trisulphonated tetraphenylporphine
has been used for the spectrophotometric determination of Cu(lIl) (25)

and Pb(II) (26) at ppm levels. Similarly, meso-tetra (3-N-methylpyridyl)- ///
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porphine has been used for the determimation of Cu(II) (27). In these :
1nstances, the investigators took advantage of the high select1v1ty of

the 11gands in acid so]utuon and of their high molar absorptivities. In

an interesting study, Corsini and Mehdi (29) used the dipiperidyl complex

of. meso-tetraphenylporph1natn 1ron(II) to determine the carbon monoxide
content of synthetic atmospheres.

1.2 AIM OF THESIS.

The aim of th1s 1nvest1gat1on is to exp]ore the analyttca] po-"
tential of porphyrins, 1n partacular, of meso-tetra(p-sulphopheny])por~
phine, TPPS4, a synthet1c water—soluble compound. The philosophy of
th1s study s that it is more fruitful to initially examine certain funda-
mental solution propert1es in detail before attempting the_d1rect develop-__ __
ment of spec1f1c analytical applications. This approach was vindicated
by subsequent findings, reported herein, which illustrate the complex
behaviour of TPPS4 in solution in both the absence and presence of metal
ions. The direct approach to the development of applications might yield
, results more rapidly but it can also lead to an erroneous or a restricted
view of the system, as demonstrated by some of the analytical applications
of porphyrins thus far developed.

The work described in this thesis is divided into four main sections:

(1) the synthesis and characterization of TPPS4 (as its ammonium

H and sodium salts) and of a few of its metal complexes;

(2) aggregation of the ligand and metal complexes in aqueous

media and in dimetuylsu]phoxide media;

(3) metal-ion incorporation into TPPS, as exemplified by the




1nsert1on of Cu(I1); and,
(4) initial 1nvest1gat10ns into possible analyt1cal applicationg
of TPPS,. | . . |
In the following sections, a brief description of the chemﬁstry

-

of porphyr1ns and metalloporphyrins is given, with emphasis on those as-
pects which are of relevancé‘ib'thxs thesis. -

7' 1.3 STRUCTURE AND STABILITY OF PORPHYRINS

Porphyrins are conjugated tetrapyrro]efﬁgérocytlic molecules and
~can be considered to be subst1tuted derivatives of porphine (Figure I).
Unfortunately, porphyrin nomenclature has a1way§ 1nvolved the use of

I

trivial rather than systematic names for the sui stituted porph1ne moiety.

The literature on porphyrins and rela compounds is voluminous and can

be found in monographs such as those by\Falk (30), Marks (31) and Smith (5).
In add1t1on, several reviews exist (e.g.,
‘The structure of porphyrins was first Lroposed by Kuster in 1912

(38), but gained acceptance only after the tofal synthesis of hemin by

_ Fischer and Zeile in 1929 (39). Po§itions 1-8.and a-5 {meso positions)
on porphine can be substituted by a variety of groups. Naturally-occurring
porphyrins have no mese-subsdituents. Substituted porphines can show
positional isomerism although with naturally-occurring porphyrins, usually
only ohe isomer is present'in a given system. il

Metal chelates, known as qgta1loporphyrins. are fﬁ%med by replace-
ment of the two central-fiydrogens of .the porphyrin by a metal ion. Mono,
di and trivalent metal ioﬁs form chelates of the type M,P, MP and MPX

(where X is an anion), respectively. Chelates have been formed with almost
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Figure I. Structure of porphine. Positions a-§ also known.as meso posjtfqhs. '
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every metallic and semi-metal]it element in the Periodic Table (40-42).

.r‘-. —y—

It has been shown by x-tay studies that the basic-porphyfin—ring
structure is essentially planar (32.43.44). with a ring diameter of about
8.5 A In meso-tetraphenylporphine (TPP) and various derivatives with
" substituents on the pheny‘t. rings, the plane of the phenyl rings is tilted
with respect to the mean plane of the porphyrin rin‘g.-. The angie between e
‘the phenyl and porphyrin planes has been‘foﬁndlto range from §0-85° in. - |

the solid state (32) and theoretical calculations %ndicate'it to be about
.45° in solution (45). A numbér of studies (e, 9., 46-48) suggest that the

degree of cop]anar1ty can be greater, thus allow1ng considerable resoﬂstce
interaction to occur between the phenyl and the porphyrin = systems. Di-
valent metal-ion complexes are also planar (32) except when the metal ion
1§-uﬁgtié t; fit into the central cavity (d1ameter about 4.2 A) Metallo-
porphyrins of trivalent metal jons are regarded as square pyramidal - be-
cause of the presence of the anion in the fifth coordinatiqn position.

In many metal1opoq?hyrins, the metal ion may'be further coordinated to

axial ligands, resulting in octahedral {often d%storted)_sttuctures. Large °
metal ions.qften form metalloporphyrins with coordjnation numbers greater
-than six (e.g., 49-51).

h No quantitative measurements of the solution thermodynamic stability.
ot“metalloporphyrins have been made, primarily for the following reasons:

(1) the high thermodynamic stdbil1ty of ﬁetg]loporphyrins results in very
low concentrations of unbound species, making measurements difficult:

(2) the relatively high activation enercy required for complex formation
often results in a very slow attainment of equilibrium; (3) difficulties

-

are often posed by limited solubility and interferring equilibria. An




. estimate of the stability of Zn(II) mesopo?phyrin IX dimethyl ;ster in
0. 25% cetyl tetramethylammonium bromide_places ,log Ks at about 29 (52).
Qualitative schemes that "order" the stability of complexes for a given
ligand and group of metal ions have been developed. These are based on
transmetallation reactions and. the severit& of. condittons-required for
demetallation For example, the fb110w1ng stability order for divalent
metal 1ons has been reported (30,33,52): Pt(lI} > Pd(II) > Ni(II) > Co(II) >
 Aghl) >‘_c_u(-;1) > Zn(11) > Mg(II) > Cd(II) > Sn{II) > Ba(lI). Buchler (53)
-has chéllengéd,this order mainly onlthe basis that the relative order of
Ni(II), Co(II), Ag(II) and Cu{II) had been taken from spectroscopic and

- kinetic rather than from thermodynamic measurements and that the §n(II)
.porphyrins investigated were later shown to be Sn(IV) porphyrins, Attempts
to correlate various spectral features such as the intensity ratio of ab- )
sorption bands with stability have been successful only within the limited
nurber of complgxes orfgina]ly considere&' The scheme that considers perhaps
the 1argest var1ety of metalloporphyrins is that developed by Buchler (54).
His stab111ty index is given by the equation

Si ='100 Z‘EN/r.i "//

where Z is the charge numSer of the ion, EN is the Pauliﬁg value for the
electronegativity of the element irrespectjve of oxidation state and r;

1s the effective ionic radius given by Sharnon and Prewitt (55). This
stability index gives a reasonable correlation with the findings of the
transmetg]lation and demeta]fation schenés. Unfortunatelf.'this stability

index is based on metal complexes of octa-alkylporphyrins which(gre not

N




water-soluble and hence is not applicable fg’TPPS4 complexes.

-

I.4 ELECTRONIC SPECTRA  - | ' .

Porphyrins show'a.diétinctive five-banded absorption spectrum in
_the near-uttraviolet to visible region (350-650 nm). The mosf'fﬁtense
band is the so-called Soret band, with its maximum usually found in the
1 =1
M.

Because of its intensity, this band is often used for the spectrophoto-

region 350-450 nm and with a molar absorptivity of about 0% e

met%ic determination of parphyrins themselves. The order of intensity

of the othef four bands depends upon the type of porphyrin. TPP and its
derivatives, including TPPS4 have'spectra of the ‘etio—type'; in which

the bands increase in intensity with energy (Figure I1). Spectra of the
other types, such as the rhodo—.and phyllo-type. in which the yand in-
tensities are not as directly ordered with enercy, may be found elsewhere
(56,57). Falk (30) and Smith (5) provide extensive tables of absorption
spectra. Protcnation or met§11ation of the porphyrin leads to changes in
nnle;ular symmetry and thus in the absorption spectrum; namely, &here is

a reduction in the number of main bands in the vis%ble region. Metallo-
porphyrins of the same metal in different éiiﬁation states have different
spectra. For example, a 'normal' spectrum with a Soret band and two bands
in the visible region is obtained when the metal is present as M(II}. Upon
oxidation to M(III), the bands are usually shifted to higher or Tower
wavelencths and one or more additional’bands';re presgnt. Thegretical
interpretations of porphyrin absorption spectra are nof within the scope

of this thesis.
I
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1.5 NUCLEAR -MAGNETIC-RESONANCE SPECTRA

In‘thg following secﬁion. only thosé aspects of NHR spectrosc&py
which‘spééificai]y feléte to porphyrins are discussed. Since‘a]moét all
published NMR work is with reference to the so]vénts CDClj and trifluoro-
acetic-acid (TFA), the'use of these solyents in the étudies discussed be- .
Tow is implied unless stéted otherwise. . :

The ‘long-range diamagnetic contribution of the_aroma;ic macro-
cyclic system to the chemical shift is the nﬁs{ imgd;tént factor that
distinguishes the NMR spectra)of porphyrips fr;;hpﬁdge of similar non- -
aromatic compounds. According to the classical ring-cufrent model, an
external magnetic field induces a Larmor precession of the entire r-cloud
of an aromatic system (58). This.induced ring current gives rise to a
secondary magnetic field which obposes the applied field. Since this
effect is noé averaged "to zero" by tumbling of the molecules within
the solution, the ring current results in anisotropic shielding of pro-
tons within its range. The shielding is positive for nuclei within cone-
shaped vé]umes of Space located above and below the plane of the aromatic
system, with the apices of the cones directed toward the center of the
aromatic system (Figure III). The shielding is negative for nuclei out- .
side these regions. Vafiéus refinements of the ring-current model have
provén useful in the interpretati®n of chemical shifts in aromatic systems
and have been widely used, although they give only qualitative a§reemenf
with experiment,

The sizeable ringjpurrent effects associated with the porphyrin
n system cause a spread in the 1Hmr spectrd of these compounds over a

range of about 15 ppm. A number of studies have been concerned with -




-
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Figure III. Aromatic shtelding regions of benzene. *
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" this effect (39-65). The spectrum of porphine providé§ a Classic example.

The protoné at the meso and g-pyrrole positions are. deshielded by the ‘
ring current and their resonances are observed at 10.58 and 9.74 ppm. - ]
respective1y Comparison of these va]ues with those for tri-alkylsubstituted _; E
ethylene (5.17 ppm) and for the 3- and 4-protons of Z.S-dimethylpytrole

(5.57 ppm) shows the effect of the rTng!Ehrrent An even larger effect

is observed on comparison of the N-H proton resonance of 2 S5-dimethyl-

pyrrole (7.1 ppm) and porphine (-3.76 ppm}. In this case, the rﬂng cur-

rent has a strong ;hielding effgct.

The effects of substitution bn the spectra of porphyrins are often T
significant. For example, the effect of mesb substitution is threefold:

(1) the ring current is reduced by about 3% if the ne1ghbour1ng g= pyrro]e

position s unsubst1tuted and to a greater extent (because of steric

hindrance) if it is substituted; (2) protons in the vicinity of the sngQ_
---__~_§§§i;uent, i.e., 8-pyrrole protons, experience additional shielding effeéﬁs

which are partly steric in origin but which can result mainly from the

magnetic anisotropies of substituents such as phgpyl or Cyano groups;

(3) the proton in the opposite unsubstituted mega position is more strongly
-shifted to higher field than ‘protons at the neighbouring meso positions,
“because of folding of the macrocycle. (This last effect is, of course.

not relevant for TPP and other tetra meso-substituted porphyr1ns 7 The

effect oﬂ‘subst1tut1on is illustrated by comparison of the spectrum of

* (Chemical shift-values given in thjs thesis are based on the § system

which assigns a value of O ppm to the tetramethylsilane {TMS) resonance.




porphine_is-pyrrole, 9.92 ﬁpmrFN-H. -4, 46 Ppm) to that of meso-tetra-
methy1ponph1ne (8-pyrrole, 9.55 ppm. N-H, -3.01 ppm) in TFA.

E The choice of solvent can have a significant effect on the spec~
trum. In TFA, the porphyrin is protonated to form the’ dication; the C-H
resohances Are shifted by 0.8-1.0 ppm to lower field and the N-H resonances
by 0.4-1.0 ppm to higher field, compared to those for the free-base por- |
phyrin (in pDC]a). Abraham (61).proposed that the increased molecular
symmetiry of the dication resulted in an enhanced ring current be;ause
of a larger resonance energy. For the N-H resonance, this effeét would

be partly compensated by deshielding from the positive charges. Expan-

‘sicn of the n system in the dication to the periphery of the macrocycle

(66) and changes in hydrogen bonding (67) have also been suggested as
contributing to the chemical shift changes. |

TPP and its derivatives show a number of interesping effects in
addition to those discussed above. The spectrum of TPP in C32 is given
1n Figure IV. Only one signal is observed for the g-pyrrole protons be-
cause tautomeric exchange of the N-R: protons among the nitrogen sites
is rapid at ambient temperatures. When this exchange is "frozen out" m‘

at lower temperatures (e.g., -80°C), a doublet is observed for the g-

pyrrole protons. This phenomenon is common among free-base porphyrins e

- (68=71). Another interesting effect is observed for metalloporphyrins

in which the metal ion is out of the plane of the central nitrogen atoms.
In the"free 1igand, the two crtho {and two meta) protons of the phenyl
substituents-are chemically equivalent because of the symmetry of the
molecule. In the above complexes, the chemical equivalence is.removed

- N

-




p-H meta- para-H TMS

ortho-H

-z

I SUAV LSNP G

L T

9.0 | 8.0 7.0 1.0 0 -1.0 -2.0

oy A
Figure 1V, “lﬂmhr: spectrum of TPP (0.012 molal) in €S, at 28°C

-3.0

14



-

because the molecule is no longer _symnetfica‘l with respect to its méan
plane and because the hindered rotation of the phenyl groups prevenﬁs
averaging of the en!j}onments of the ortho (and meta) protons. As a
result, 1nqre;sed multip]icit& of the phenyl-proton resonances is ob-
served. This effect is useful for determining the position of the metal

ion relative to the porphyrin plane (e.g., 65).

NMR spectroscopy has proven to be a valuable technique for the
study of molecular complexes formed between foreign molecules and por-
phyrins (and metalloporphyrins). Two interesting examples are the retal-
loporphyrin complexds with 1,3,5-trinitrobenzene (72,73) and with caffeine
(74). There have been several investigations of molecular complexes based
on the use of metalloporphyrins as shift reaggnts. These studies have
shown non-lanthanide metalloporphyrins to be more.stable and selective
shift reagents than the g-diketonates but, unfortunate]y. they produce

a smaller chemical shift (20,65.75). Recently, lanthanide-porphyrin com-
plexes have been prepared and evaluated relative to their g-diketonate
counterparts (21,22). | ‘

NMR spectroscopy is also an important technique for- the study of
se]f-aggfegation of porphyrins in solution. Self-aggregation of por-
phyrins and metalloporphyrins is indicated by the strong dependence of
the chemica1 shifts on concentration, solvent and temperature. This de-
pendence arises from the molecular interactions combined with the magnetic
anisotropy of porphyrins. In porphyrins, aggregatién is due to w-w inter-
actions and to 1ntermo]ecular interactions’ between substltuents Aggre-
gation of metalloporphyr1ns is caused by =-m and metal-ligand interactions. '
\

ey
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In general, the u-p_forces.are weak and produce an upfield shift. This
upfield shift depends on the positioning of protons above and below the
planelof Ehe‘macrotycie. Since the surface defining zero Shie]ding is
not perpendicular to the macrbcycle plane, an associateq molecule must
be substantiél]y larger in area than the porphyrin ring fn order to pro-
trude into the deshielding area. This situation can occur, of course,
in the aggregation of porphyrins with large substituents.

In ]Hhr aﬁd ]3Cmr studies with coproporphyrin tetramethyl eéters,
Abraham et al. (76-78) egamined the dependence of chemical shifts on con-
centration. Quantitative analysis of the conceﬁtration dependence led
these workers to draw the following conclusions: (1) the data could be
accounted for in térms of a monomer—dimer equilibrium (higher aggregates
did not need to be considered); (2) the molecules are parallel and about
S'B. apart in the d™er; and, (3) the dimer components are staggered due
to steric interaction of the substituents. Similar observations were
made with the meso-, proto- énd deuteroporphyrin IX dimethyl esters (79,80)
except that the dimer componenis of mesoporphyrin IX dimethyl ester were
found to be about 10 R apart. In meta]loporphyfins. the metal-ligand
interactions are often much strﬁhger than the n-n interactions. Abraham
et al. (81) have recently shown.a specific interaction between the central
metal ion of one metalloporphyrin molecule and the side chain of another
molecule.

Although the chemical shifts caused by aggregation are a useful
means by which to étudy molecular interactions, they present a problem

with regard to the assignment of the resonances. The most rigorous

approach involves concentration-dependence studies and extrapolation of

\/\ |

*
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_“the data to 1nf'1n1te dlﬂuti-on. "Other approaches have'involved attempts
to disrupt the aggregates Often. bases .such as tetrahydrofuran. methanol.
and pyrrohding are added in small amounts to compete for metal-coordina-
tion sites to destroy the aggregation of the metalloporphrin. A]so. solvents
such as TFA can be used since most dications are not extensively aggregated.
Furthermore, TFA will often preferentially ligate the axial coordination
sites and thus reduce aggregation. ' |
The sensitivity of the NMR spectra to so many factors requires -
that caution be exercised in thehcomparisoh of spectra and in the drawing
of conclusions. The concentration gﬁd solvent system (among other con-
ditions) at which spectra are recorded must always be noted. \ i
Sinte the advent of pulse Fourier transform NMR, an increasing .
numbay of studies have 1nv61ved the use of 30 and other nuclei. In the
]SC studies, the spectra encompass a range of 200 ppm and hence the re-
lative contribution of the ring current to the chemical shift is less,
although its magnitude is the same as in ]Hmr. At the present time,
ambiguities in the interpretation of 13C'shifts do not allow complete
separation of the ring-current contributions. The enhanced resolution
and the ability to distinguish tota11y-substituted* carbon atoms give
structurgl information not available from ]Hmr, The meso-carbon resonances

occur at 90-100 ppm relative to TMS. The spacing of these resonances is

affected by S-substitution. Alkyl substitution on the B-pyrrole carbon
e

* The terms "totally substituted" and “fully substituted” are used herein

to refer to carbonsatoms which bear no protons. The literature term

"quaternary" to indicate a fu]]y—subsfituted carbon is unfortunate.
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shifts the neighbouring meso-carbon resonance upfield by about 3.5 ppm _
| compared to that of the unsubstituted compound (82). Resonances for

fully substituted a~ and g-pyrrole carbon atoms occur in the 130-170 ppm
region, with the latter at higher field. The two sets are closely

spaced in porphyrins-in which the pyrroles are completely alky]-substituted
and more spread in less-substituted porphyrins (78,82,83). In 13Cmr. N=-H
tautomerism is readily observed as it is in 1er. For examp]e..in.an
interesting study, the resonances of the a=pyrrole carbens in copropor-
bhyrin isomers were found to be close to coaleshs:;e at ambiept tempera-
ture, indicating only moderately rapid exchange'(e }. When the N-H ex-
change is slower, as in chlorins, two distinct types of rings are observed,
pyrrole- and’pyridinefiike (84). Abraham et al. (82) studied the effect

of nitrogen protonation on the 13

C spectra. At low concentrations of TFA,

the a~carbons are shielded and the 5- and meso-carbons are deshielded.

At higher concentrations, all the resonances are shifted to lower field.
In addition to the studies discussed above, there is considerable

work in the literature which involves the use of other nuclei and para-

.magnetic complexes. As this work is not relevant to this thesis, it is

not discussed here.

1.6 AGGREGATION

With regard to porphyrin aggregation, a curious dichotomy has
arisen insofar as there have been two distinct kinds of investigations.

One kind has dealt exclusively with the reiationshib between NMR spectra
e

and aggregatidn phenomena. The spectral effects have been discussed -

above. The porphyrins considered are those soluble in organic solvents,

e.g., chloroform. The results have been interpreted in terms of a monomer-

H o L s ke et i e e oo



dimer equilibrium, with small amounts of higher aggregates postulated
at the upper concentratjoé levels. The main thrust of-these';tudies

has been to attain structural information and chemical shifts free of
aggregation effécts (e.g., 76,79,80,84b). A few dimerization constants
(KD) have been determined. For example, the KD va]ue for coproporphyrin
tetramethyl esters is 3.55 M| (76).and for nesoporphy;jn’lx dimethy?
ester, 30.9 W' (79). A value of 60.1 W' has been reportéd”(79) for -
the Ni(II) chelate of mesoporphyrin Ix_&imethyl‘ester.

The second kind of investigation has dea}t with the study of
aggregation behaviour by spectrophotometric and temperature-jump tech-
niques. The porphyrins considered are water soluble. These studies have
-been done at low concentrations (10'7 to 1074 M) whereas the NMR ‘studies
(of necessity) have been carried out at higher qoncentration§ (> 5 x 1074 M).
There is almost no overlap in the kind of porphyrins used‘between the two
groups except in one study (spectrophotqmetric) which involved deutero-,
copro-, haemato~ and protdporphyrins (all previously studied by NMR
spectroscopy). This study (85) was so qualitative that the results of

the two techniques could not be ‘compared. In other studies in aqueous

systems, NMR spectra have been reported in the course of characterization

but one or more of concentration, solvent or reference were not specified (86-88).
Some general trends have been established with regard to aggre-

gation in aqueous systems but specific values reported should be used e

with caution. Porphyrins with negatively charged peripheral substituents

such as carboxylate or sulphonate groups have been found to aggregate

while those with positively charged meso substituents such as protonated
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pyridines and N-alkylated p}riaines remain monomeric (89). Metal com-
plexes of the;se positively-charged p?rphyrins also do not aggregate (90).
The degree of aggregation of negat{vely cﬁarged metal]opofphyrins‘appeérs
to depend on the coordination number of the metal. Those in which the
metal ions are four-coordinate aggregate whereas those in which the metal
fons are five- or six-coordinate do not (91), unless the axial 1igand

is bridging or-is part of another porphyrin molecule. Temperature-jump
relaxation studies have shown that aggregation occurs at a rate approaching
diffusion and that the main difference between inqividual porphyrins ‘
arises from the rates of dissociation of the aggregates (89—92).' Dimeriza-
tion constants reported are for the most part in the range of 104'to IO?fM']
(e.g., 88-92). A number of unfortunate practices have bgen perpetrated

in these studies. One of these is the lack of estimates of precision,
making it difficult to judge the degree of-re]iabifity of the values re-
ported. Also, molar absorptivities for monomers iﬁ one medigm (no added
electrolytes, mixed solvents) have been determined and applied in calcula-
tions involving data obtained-din a different medium. In other studies,
values of aH and aS for dimerization have been obtained by determination

of KD over very limited temperature ranges, such that the values for these

thermodynamic propefties are based on as few as three data points.

The sulphonated derivatives of TPP have proven especially interesting.

The derivatives most used have either three or four of the phenyl groups
sulphonated (TPPS3 or TPPsq). Except in acetate or chloroacetate buffer
solutions {25), TPPS3 is considered to be readily aggregated. A KD
value of 4.82 x.IO4 1'~1"1 has been reported (92): Opinion is varied with

regard to TPPSQ. In three separate studies, the compound is said to be

U
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monomeric over a wide concentration range (86). readily dimerized with

KD = 9.6 x 104 (91). and in existence as a mixture of polymer and monomer
“with lttle or no evidence for dimer (93). Both TPPS; and TPPS, exhibit
complicated behaviour upon protonation. In dilute solutions (<10 -6 M), ™
where the compounds are monomeric, pmtonation to form the dication re- N
sults in a shift of the Soret band &0 longer wavelength (from 413 nm to
435 nm). At the same time, there is a reduction from four to two bands
in the remaining spectrum. At higher concentrations, these same three -
bands are present, but in addition, two new bands appear at 490 and

710 nm. Both the rate of appearance and the intensity of these new bands
are strongiy dependent on ionicjstrength and the nature of the electro-
lyte (25,86,89,90,92). The species responsible for these bands have

not been identified, although aggregates of undetermined structure and
colloidal suspensions have‘been proposed. The aggregation behaviour

of the sulphonated tetraphenylporphines continues tg present a challenge.

1.7 KINETICS AND MECHANISM OF METALLOPORPHYRIN FORMATION

The reactivity of the porphyrin molecule with protons must: be
considered in a kinetic study of metal-ion ihcorporﬁf?SE/;ince the metal
ion must compete with protons for the available binding sites. The fol-

lowing protonic equilibria pertain where PH2 represents the neutral free

base:

Ky 4 K

2, 3, _1314

PHy" === PH; &= PH, === PH

K
B ;;:L? p-2
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These equilibria* can be conveniently studied by noting changes in the
absorption spactrum as a function of pH but caution must be exercised
For example, meso-tgtra(p-pyridy])parphine. TPyP (96), and meso-tetra-"
(4-N-methy1pyrfdyijporphine.,TﬁPyP (97). apparently display single 1505~
bestic points (based on the Soret band) in acid solution, suggesting
that PH2 and Psz are the only major speciéS'present. Consideration of
the entire spectrum, however, shows that an appreciable concentration

of the monocation i{s present (98).- In this study, the values obtained
for pK4 and pK3 for TMPyP were‘0.4.and 1.5, respectively, at an ijonic
strength of 0.2 and 22°C. For some water-soluble porphyrins, the first
(Kd) and second (K3) dissociations overlap extensively and the individual
constants have not been extracted from the experimental data. Thus, for
TPPS4. TPPS3 and meso-tetra(p-carboxyphenyl)porphine (TPPC4). pK4 and
L values of about 5 have been reported (86,92.99). In a more recent

study (25}, the values pK4 = 4,86 and pK, = 4.95 were obtained for TPPSS.

3
The effect of aggregation has not been considered in most protonation
studies and when it has been, gross assumptions have been made {88).
The anions HP™ and pe are so basic that values of K, and K] cannot be
obtained in aqueous solution. An exception is TMPyP for which pK2 =
12.9 (97). For porphyrins that are not water-soluble, detergents have

been added to both increase aqueous solubility and to decrease the extent

of aggregation. However, the addition of detergents can affect the pX

* The designation of the first to last dissociations by the constants K4
to KI' respectively, is the practice (94,95) inm porphyrin chemistry. This

reversal of nomenclature from standard procedure is regrettable.
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values. A

Numerous attempts have beenm made to elucidate the mechanism by
which metal fons -are incorporated into porphyrins in solution {e.g.. 33.
35,100,101). Despite this considerable effort, the situation is still
far from clear. It is difficult to evaluate the results and to propose
a common mechanism because of the many variations in the reaction con-
ditions used. Two basic mechanisms may, however, be envisaged, namely,
the SE] (gissociative) and the SE2 (associative) mechanisms.

In the SE] mechanism, the porphyrin is considered to dissociate

to form an anion which then reacts with the metal ion:

PR#=P2 + 2H*

P2 + N2 amp
This is, in fact, the process postulgped for the reaction of many of the
more familiar ligands such as EDTA and oxine with metal ions. Unfor-
tunately. for porphyrins no‘evidence exists for such a mechanism, undoubtedly
beiguse of the very high values for pX, and"pK]. A mechanism involving

only the monoanion is possible:”
-+
PHZc——“PH + H

PH™ + Moe2mp + 1

-

2

+

This mechanism could be operative in the reaction of Zn(NHS)S with
TMPyP (102). (Zn(NH3)§+ is.apparently non-reactive.) Similarly, the

2+

reaction of Mg with déuteroporphyrin IX dimethyl ester in MeOH could

be another example (103), although alternative explanations may exist
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for the observed kinetic data (104).
In the S , mechanism, the metal ion reacts with the porphyrin
£ .

and the protons are displaced from it, 'aps through an 1ntermed1afe

“r

5

+ *?
PH, + M 2—+[MPH2 )
[MPH,Z] —» P + 2H"

Most of the proposed mechanisms for porphyrin metallation fall into this
category, with variations arising from efforts to explain the finer de-
tails of the kinetic data.

An.dutstandigg example of this mechanism and one whicﬁ.is‘in
dispute involves the "sitting-atop" (SAT).intermediate. In this species,
the two central protons are retained and the metal ion sits above the
plane of the central nitrogen atoms prior to its insertion. Fleischef
and Wang (105) reported that in non-aqueous solvents, a spectrally dis-
tinct species resembling the dication is formed which subsequently pro-
ceeds to form the regular metal]oporﬁhyrin. Similar observations have
been reported 1nraqueous solutions of TPyP (106). Additional de'tail
was provided in a study (107) in whi ch the concentration term ([Li+][Cu+2])
in the relevant kinetic expression suggests that tﬁe SAT metal ion is
not the ion inserted but serves only to distort the porphyrin to faciliv,
tate thé insertion of a second metal ion from the distal side. While

confirming these obéervations. Zuckerman and Burnnam (108) noted the poOs-

‘sibility that interaction between the solvent and metal ion could labilize

solvent protons which could then protonate the porphyrin. The SAT com-

plex hodel‘has been challenged by Longo et al. (100) who found no evidence
» $

i

o

o
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forany tyPe of reaction intermediate in an extensive Study. Hambright
(98, 102) has also criticized the SAT hode] He explained previous ob-
servations by proposing the formation of unreactive porphyrin mono- and
dfcatfons and the invo1vement of the background electrolyte. His explana-
tions, in turn, have been questioned by Rau and Longo (109).

To conclude, Some relevant observations that have been made in

“kinetic studies are noted:
. .

{1) Protonation of the porphyrin leads’to a decrease in the
rate of metalToporphyrin formation (110). (2) Correlation of incorpora-
tion rates with the lahility of water coordinated to the me;g};ion has
been noted (99,102). (3) wWhereas open-chain ligandé favou;;stepwise
solvent replacement around the metal ion, some degree of simul taneous
desolvation 1sl1ike1y to occur in the complexation of macrogyclic 1i-
gands (111, 112) (4) Deformation of the porphyrin nucleus might be
necessary for meta1 -ion incorporation. —Tthig concept is supported by -\>

the observation that N-alkyl porphyrins show faster incorporation rates

* than the corresponding non-alkylated compounds (113). (5) The rate of

metallation increases with the number of negative peripheral substituents
on the porphyrin-(be.Ill).' (6) The rate of metallation is affected'by
detergent molecules used to solubilize porphyrins, The rates are greater
in anionic than in cationic detergents (114,115).  (7) Auxilliary com-
p]éxing agents affect the rate of metal-ion incorporation., For example,
changes in rate have been noted as a function bf the cgqcentration of
carboxylate anions (116-118). Also, some chelating agénts have been

found to enhance the rate of metallation (37,115).

as -




1.8 SUMMARY . . \

As noted in Section 1.2, the aim of this thesis 1s to elucidate
some fundamenta) solution properties of TPPS4 with respect to seIf-

26

aggregation, kinetics of meta]]ation_and preparation of complexes. These

studies were held to be prerequisite prior to making knowledgeable at-
tempts to exploit TPPS4 analytically.. A further purpose of this work

s to make preliminary investigations with regard to the analytical

possiti]ities of TPPS4

The information of the preceding sections provides the background

in the context of which the work which fol]ows may be 1nterpreted

- raa
-
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I1.1 General

or by the%uthor,

11. EXPERIMENTAL SECTION

P

All chemicals were of Eeagent-grade quality and unless otherwise
specified, were used without further pu;if{éation. A]iraqueous solutions
were prepared with distilled defonized water. o .

For’ quantitative work, Class A volumetric glassware was used.

- Small volumes (0.0500 to 2, 5000 ml) of solutions were dispensed with a

Gllment m1crosyringefburette The microburette was essent{al for the

preparation of porphyrin solutions because the costly synthes{s of TPPS4

11m1ted the amount of porphyrin avai]ab]e The microburette was calibrated

©as described by Voge] (119) The correction fadtor was found ta be in-

" significant for this work as the accuracy and precision were limited by

the remaining equipmentL Details of the calibration are provided in Ap-

pendix I,

MicroanaIytica] data reported for the salts of TPPS and for cer-
tain meta]]oporphyrins were obtained by Alfred Bernhardt. A.B. Gygli

~

Alfred Bernhardt Microanalytisches Laborator1um.
5251 Elbach Uber Engelskirchen, -
-Fritz-Pregl-Strasse 14-16,

West Germany,

** A.B. Gygli Microanaiysis Laboratories Ltd.,
32% St. George Street,
Toronto, Ontario,
Canada.
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11.2 Syntheses and Characterization

9

(a) Meso-tetraphenylporphine: (TPP)

Tetraphenylporphiné was synthesized from benzaldehyde and freshly
diﬁtilled pyrrole by the method of Adler et al. (120). The yield of crude
TPP was 19%. ‘ '

The TPP was purified by chromatography on a column of Brockman
Activity I neutral alumina (Fishgr Scientific) with chloroform as the
eluant, In tge_earfy stages of this work, slurry-packing of the column
was used buf was later discontinued because a large decrease in the ef-
ficiency of the column was observed after prolonged contact between the
alumina and the chloroform. Dry-packing, advocated by Finarelli (121),
resulted in severe chanelling, which also led to decreased column effi-
cienéy.l An effective compromise was achieved by g‘modified dry-packfng
technique. The column was ft]]ed te a hgjg@f of about 10 cm with chloro-
form (freshly passed through an alumina géé'géforehand)'and dry alumina
was slowly added while the column was tapped vigorously. In this way,
the co]hmn was packed in stages to the desired height (40-50 cm). The
process required less than 5 minutes.

A concentrated solution of crude TPP in chloroform was continuously

added to the column until the coloured front had progressed to half of =

the column length. As the eluant was added, a narrow green front wa
observed to precede the main dark purple band. This green’ portion was
.discarded and the purified TPP, represented by the purple band, was col-
lected. At some distance above this band was a very slowly moving dark

brownish-green'band arising from the main impurity, tetraphenylchlorin.,

~

et A i
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Between these two was another green band which “tailed" the length of
| the column. The green substance was not identified. The recovery-of

4
purified TPP was approximately 65% based on the weight ofscrude material

taken.

(b) Meso-tetra(p-sulphophenyl)porphine (IPPsq)_

The ammo&ium and sodium salts of tetra(p-sulphophenyl)porphine,
(NH4)4TPPS4 and Na4TPP54;.were prepared from the purified TPP by modifi-
cation of the procedﬁre'désc}ibéd by Fleisché¢9gg_gl;.(86): A mixture of
2 g {0.0033 moles) of TPP and 70 ml of concentrated sulphuric acid was

Kheated on a steam bath with stirring for 18 to 24 hours. The mixture
was cbo]ed to room temperature and unreacted TPP was removed by filtra-
tion through a siﬁtered-glass‘sﬁchner funnel (porosity M). The filtrate
was transferred to‘a large beaker cooled in an icé bath. A methanolic
ammonia solution {6 volumes of'abso1ute methanol, 1 volume of cggﬁgntrated
aqueous ammonia) was added very stowly, with coni?%uous stirring, until
the mixture changed colour from gree;_to purple. The ammonium sulphate
produced was removed by fi]tratiqn and washed free of porphyrin with ab-
solute methanol. The washings were combined yith the filtrate. (An
alterrative method in which calcium oxide was used for the neutraliza-
iﬁon (87) was rejedted-sincé the calcium sulphate formed was difficult
to filter and adsorbed large quantities of porphyrin.) The volume of
the filtrate was reducedito about 100 ml by rotary evaporation (Buchi
Rotavapor R) under reduced pressure (about 20 torr) and ®levated tem-
perature (the water-bath temperature was increased to 100°C slowly to

prevent ™umping"). Then, to the filtrate was added 5- to 6-fold its



volume of absolute methanol and the resulting so}ution wa§ filtered to
remove 3 further portion of ammonium sulphate. The volume was agiin_:
reduced until a Saturated solution of porphyrin was obtained. The pro-
duct, (NH4f4TPP54. was‘preciﬁitated by the addition of two volumes of
acetone and filtered. The porphyrin was reprecipitated three times from
absolute methanol with acetone;‘ It was then disso]ve& in water and pas-
sed through a column (2.5 ch'x‘30 cm) of a strong anion—excﬁange resin
(Dowex 1, 100-200 mesh) in the hydroxide—ion-form. This procedure con-
verted residual ammonihm sulphate to aqueous ammonia which was then re-
moved by boiling. The (NH4)4TPPS4 was recovered on evaporation of the
solvent. Its yfeld was about 50% based on the amount of TPP taken. Based
on the amount of pyrrole, the yield Qas about 5%. A portion of the puri-
fied ammonium salt was converted to the sodium salt without significant
loss by passage through a column (2.5 cm x 30 cm) of a stkoné cation ex-
changer (Amberlite CG 120, 100-200 mesh) in the sodium-ion form. Both-
salts were dried at 120°C in igggg overnight (GCA/Precision Scientific
heated vacuum desiccator), to form the anhydrous salts. The ammonium
salt slowly lost ammonia on prolonged storage in vacue but the sodium
salt could be safely stored in the vacuum desiccator for extended periods
at 120°C. Acetone from the purification process was strong]y retained
by these salts. It required approximately a month at 120°C in vacup to
remove the acetone {as shown by NMR spectroséopy). For'the ammonium
salt, the use of such long drying pFrfods neces§itated replacement of
lost ammonia by récrysta]lization from aqueous (or methanolic) amnqnia

or passage through a column of a cation-exchange resin in the ammonium-

o
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ion form, The salt couldlthen be fedried at 120°C for a shorter interval
(e.g., 24 hours) to produce the anhydrous salt.

Elemental analyses for C H. N, S and Na are given in Table 1,
RESULTS AND DISCUSSION.

The hygroscopicity and thennal.stabff?i;lgﬁ the salts were exa-
mined thermogravimetrically (Stanton-Rederoft TG-750 thermobalance).
Approximately 10-mg samples were used and the rate of temperature increase
was 20°/minute.

Several NMR experiments which were qualitative in nature were

carried out as part of the characterization in order to provide the

‘necessary backgﬁbund for the quantitative studies described in part 3{b)

of this section. In these experiments, it was convenient to use molality
as a concentration measure and hence solutions were prepared by addition
of known weights of the components to the NMR sample tubes. .These experi-
ments included: (1) temperature effects over the range 0 to 100°C at
various concentrations of (NH4)4TPPS4; (2) electrolyte effects-caused

by the addition of (weighed) quantities of sédium chloride or ammonium
nitrate;‘and. (3) solvent effects as shown by repetition of several ex-
per1ments in DMSQ- d6 and by the use of D O/DMSO ds binary solvent systems

containing a fixed quantity of (NH TPPS

4’4

(c) Deuterated meso-tetra(p-sulphophenyl)porphine

Toluene was deuterated by the high-temperature, high-pressure,
acid-catalyzed process of Werstiuk and Kadai (122). Deuterium oxide

(100 ml), toluene (20 ml) and deuterium chloride (2 ml) were sealed in a
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Pyrex glass tube (4 cm x 30 cm, 2 mm thick)'after degassing the mixture
upder vacuum. The tube was next placed into a bomb (21 Parr Pressure
Apparatus, Model 49Y4N\containing 100 mi of a water-toluene mixture in
the same ratio as the reaction mixture and heated at 200°C for 48 hours.
The toluene was then decanted ;nd distilled and 1Hmr spectroscopy showed
it to be partially deuterated at the ortho and para-positions. It was
converted to benzyl chloride b&-ch1or1nation with 5% sodium hypochlorite
solution (commercial bleach) and sulphuric acid (123), and was then oxi-
dized to benzaldehyde by refluxing with an aqueous sg]ution of cupric
nitrate (124). The benzaldehyde was extracted into ether, distilled and
used in the synthesis of TPPS4 as described above. 1Hmr spectroscoby
showed that about 60% of the phenyl protﬁns ortho to the porphyrin ring

were replaced by deuterium.

(d) Metalloporphyrins

Several metal complexes were synthesized, all by heterogeneous
reaction. The desired quantity of Na,TPPS, was weighed and dissolved
in water. A greater than 50-fold molar excess of the metallic element
or the oxide was added and the heterogeneous mixture refluxed. The metal -
oxides were usually in the form of finely divided powders; the free metals
were in the form of powders, lumps, turnings or pellets. In general,
since the metals were not as finely divided as th oxides, larger quan-
tities of the former were used. Before the metals were used, their
surfaces were ctched with dilute hydrochloric acid to dissolve an& oxide
layer and then washed thoroughly with watgr: Meta]s'which form insoluble

chlorides (elg., silver) or which form oxides resistant to‘hydroch1oric




acid were etched with dilute nitric acid. ,
| The refluxing mixture was kept well stfrred for up to 3 days,
during which time ‘small afiquots were withdrawn to monitor the progress
of the reaction spectrophotometrica]f&. Most reactions.'howéver. were
complete within one hour as judgeﬁ by thé change from the four-band
spectrum of the porphyrin in the visible region to a two-band spéctrun
of the metalloporphyrin, and also by the. non-appearance of the intense
{bsorption peak at 434 nm correspoﬁding to the porphyrin diacid when
. the reaction‘mixture was acidified. The latter test was not applicable
to the less stable calcium and mhgnesium complexes. The slowest of the
successful metallation reactions was with Sn0 and took about 48 hours
to complete. After refluxing, the residual metal or oxide was collected
on a Millipore filter (0.22 u) and the filtrate evaporated to dryness.
The meta}'oporphyrin obtained was dried at 120°C in vacuo. In the pre—

paration of the AgTPPS comp]ex. the mixture of Agzo and TPPS in water

was simply stirred for 2 hours at room temperature since refluxing caused

the oxide to peptize, thus rendeting it difficult to filter.

The heterogeneous preparativé technique was tested with other
porphyrins, including Hématoporphyrin (HP), protoporphyrin IX dgnethyl
ester (PPDME), octaethylporphine (OEP) and mesoigetraphenylporhﬁfne.
For HP, suitable solvents for the metallation réaction were methanol,
DMF or an aqueous alkaline solution, although the reaction in methano)
. took somewhat longer (e.g., one day for Cul) to reach completion, pre-
sumably because of the lower reflux temperature,. DMF was d;éd as a

solvent for the PPDME reactions and mixtures of DMF and chloroform con-
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.taining 50-75% v/v DMF were found to be suitable for TPP and OEP.

Elemental analyses for C, H, N and $ for a number of metallo-
porphyfins are given in Table 5, RESULTS AND DISCUSSION. The metal
contents were determined only for the Cu(IIf‘and Zn(II)TPPs4 ;omp]exes.
The procedure was as follows. Approximately 10 mg of the complex was
weighed (to *+ 0.03 mg) on the thermobalance at about 250°C. The weighing
at high temperature was ngcessitated by the extreme hygroscopicity of the
complexes. The complex was then transferred to a 100-ml beaker and wet-
ashed by slowly heating.after the addition of 2 ml of a mixture of sul=-
phuri¢, nitric and perchloric acids (3:1:1 by volume) until a clear,
colourless solution which barely fumed was obtained. The solution was
<Tooled, dfluted to approximately 30 ml and neutralized by the dropwise
addition of sodium- hydroxide solutfons (10 M and 1 M). The Zn(II) and
Cu(Il) were determined by EDTA titration (125.126).'us1ng‘the Gi lmont
microburctte. Since the end points were difficult to detect, the deterf .
minations were also done using the method of standard additions.

The hygroscopicity and themmal stability of several metalldpor=-
phyrins were examined thermogravimetrically. Approximately 10 mg 0l

each complex was used and the rate of temperature increase was ZO“C/minute.

. . J
11.3 Studies on Aggregation .

(a) Spectrophotometry -

-

Spectra in the uv-visible region were recorded on f;Cary 14 double-
beam recording instrument (Applied Physics Corporation). A Bausch and

Lomb Spectronic 600 Uouble-beam instrument with a Sargent SRL recorder

e — e == .
e



was used for qualitative work. Absorbance measurements at a fixed wave-
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length were made on a single-beam Hitachi Perkin-Elmer 139 spectrophoto- |

meter with the cell compartment thermostatted at 25.0 + 0.5°C. Quartz
cells (Hellma Cells, Inc.)‘and Spectrosil cells (Canadian Laboratory
Supplies} with path lengths ranging from 100 mm to 0.10 mm were used.
The cells were cleaned after each experiment by soaking in a 25% (v/v)
aqueous solution of Décqg/?s detergent (British Drug Houses). This pro-
cedure was found to be effective in femoving trace amounts of porphyrin
from the cell walls.
| The degree of agnggation of porphyrin was determined from the
extent of deviation from the Beer-Lambert Law. The deviations were
measured as a function of both pH and the nature of the electrolyte.
A1l salts used as electrolytes were first recrystallized from water and
dried. App;opriate amounts were then weighed to make final solutions
with {onic strengths of 0.100. The following aqueous electrolyte solu-
tions were prepared:
(1) formate buffer (9.92 x 10'3 M total formate) containing
9.50 x 10'2 M potassium nitrate; pH adjusted to 3.55 with nitric acid
and potassium hydroxide;
~ (2} phosphate buffer containing 0.0170 M potassium dihydrogen
phosphate, 0.0110 M disodium hydrogen phosphate and 5.00 x 10'2 M
potassium nitrate, pH adjpstcd to 7.00;
(3) 0.100 M potassium nitrate; and,
(4) 0.100 M sodium acetate. <.
Stock solutions of Na,TPPS, (10'3 M) were prepared in the ap-

propriate electrolyte solution as solvent. The stock solutions were

N
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~stored {n the dark and found to be stable for several weeks. (A 12%
‘decrease in absorbance at 412 nm was noted after 8 months for a 6 x 10'5 M

porphyrin solution in the -phosphate buffer.)

Test solutions were prepared by dispensing appropriate volumes
of the stock solutions into 10-ml and 50-ml volumetric flasks with a
microburette, followed by dilution with the appropriate electrolyte solu-

. tion., About 10 test solutions were prepared within each decade of con-

7

M to 10'4 M Na4TPPS4. These solutions were

stored in the dark and were used within 2 to 24 hours after -preparation,

centration, ranging from 10

The absorbance at 412 nm was measured as a function of the concentratioﬁ
of Na4TPPS4 In each electrolyte medium. Two to five runs were made for
each medium, fresh stock solutions being prebared for each run.
Absorbance measurements of the Zn(I1) and CJ(II) complexcs<g}
TPPS4 were also made as a function of concentration in pﬁosphate and/or

formate buffers. For the Zn{ll) complex, measurements were made at 422,

556 and 596 nm and for the Cu(ll) complex, at 412 nm. The metalloporphyrin

solutions apﬁeqred to be more photosensitive than solutions of the free
porphyrin; consequently, stock solutions were wrapped in aluminum foil
and stored in the dark. The barrel of the microburette was also wrapped
in foil.

The aggregation behaviour of Tf’PS4 was further examined in acidic
media.  Each medium consisted of an aqueous solution of a given acid
and its sodium or potassium salt. Thp pH of each solutionwas adjusted
to 3.46 + 0.02 with the acid under study and sodium or potassium'hydroxide.

The fonic strength was adjustedjpo 0.100 M. The variation in absorbance

d
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with. concentration was determinéd at 435 and 491 nm Similar studies
were made on solutions at pH 3.55 (fprmate buffer). This medium was

used in studies relating to the kinetics of Cu(IfT'idcorporation into

" TPPS,.

4

(b) Nuclear Magnetic Resonance Spectroscopy

The formation of a gates was also examined by !

Hmr. Spectra
were recorded on a Varian HA-10070F a Bruker WH-90 Fourier Transform
spect q&ter. Thin-waIied (5 mm o.d., 4 mm 1 d.) NMR tubes were used.
Paramagnetic impurities were removed by scaking the tubes in an alka]ine
EDTA solution followed by washing in d1$t111ed and deionized water.

The ]Hmr aggregation studies as a function of porphyrin concen-
tration paralleled those by spectrophotometry, Potassium nitrate and
sodium acetate solutions in 020 were prepared as before. Pagsphate buf-,
fer solutions were prepired by adjusting the pD of a 0.0295 M trisodium
TPPS, were 0.1 M,

4 4
Less concentrated stock solutions were prepared by dilution. Individual

phosphate solution with DC1. Stock solutions of Na

-5 -
test solutions (5 x 1077 =5 x 10 2 M) were made by addition of stock
and electFo]yte solutions to the NMR tubes with a microburette. The
additivity of solution volumes was found to be a suitable approximation,

The extent of aggregation was indicated by the difference in the chemi-
9

cal shifts of the phenyl protons ortho and meta to the porphyrin ring,

L2
“

11.4 Kinetigs of Metallation
The rate of Cu(ll} incorporation into TPPS4 was studied spectro-
.‘
photometrically. The reaction was followed at 434 or 491 nm on a Hitachi

Perkin-Elmer 139 uv-visible spectrophotometer. The thermostatted cell
f
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compartment, capaBIeiof'holding four cells, was maintained at 25.0 + 0.2°C.

_ The pH qf the test soluéioh was measured with an Accumet Model 520
Digital pH/lon meter (Fisher Scientific Co.). The solution was placed
into a jacketed 250-m1 Pyrex beaker fitted with a Lucite cover with
holes for electrodes and a‘burefte. The temperature was maintained at
25.0 + 0.2°C and the solution was stirred méénetica11y whi]e'the pH was
adJustedrto'the desired value.  The glass electrode Qas calibrated da11y
- With standard buffer solutions.

" Stock solutions of cupric nitrate (0.5 and 0.1 M) were standar-
dized by EDTA titration (126). Stock solutions of TPPS, (107> and 10 n)
were prepared 1in distilied and deionized water and stored in fhe dark.
Formate buf}er (pH 3.5, 1M total formate) was prepared from standard
formic acid solution, '

Test solutions were prepared by the addition of the appropriate
volumes of‘cupric nitrate, formate buffer and potassium nitrate solutions
to a 50-m1 volumetric flask to'y1eld the desired concentrations and ionic
strength. The concentrat}on of Cu(Il) was always at least 20-fold greater
than that of TPPS4. The solution was then transferred to the jacketed
beaker and the pH was adjusted to 3.550 + 0.005 with potassiuh hydroxide
(1M and 0.1 M) and-nitric acid (1 Mand 0.1 M). In no case did these
final pH adjustments alter the total volume by more than 0.3 ml. The
pH of the test solutions was carefully controlléd in order to ensure a
uniform degree of protonation of TPPS4 since -protonation of the porphyrin
leads to a decrecase in the-rate of metalloporphyrin formation (110).

Reaction was initiated by the addition of the porphyrin. An a1iquot of
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theﬂsoldtion was‘ﬁransferreq to. a spectroﬁhotometric cell and the ab- -
~ sorbance of thg solution waslmeasured at time intervals (determined by
-yhe<§§té of ihsd?baﬁce change). The sample cell was moved out df the
Iight path between measurements to minimize photochem1ca1 reaction.
' Heasurements were recorded for a minimum of three half-lives and a final
reading (corresponding to. t = w) was taken after a minimum of ten half-
ves. - |

The kinetic studies were divided into two parts. In the first
| .;art. the porphyrin concentration was maintained below.the critical -
micelle concentration (Sbout 3 x 10'6 M; see Section III.2(a), RESULTS
AND DISCUSSION}. The rate of Cu(ll) incorporation was obtained as a
function of TPPS4. Cu(Il), and total formate concentratian and of fonic

strength. In the second part, the porphyrin concentration was greater

than 3 x 107°

I1.5 Applications

(a) Reactivity towards Metal Ions

The general reactivity of TPPS4 towards metal ions was tested
in neutral or slightly alkaline aqueous solution. Evidence for reaction
was obtained spectrophotomet?ica]]y. Because there are only small dif-
fe(ences betw}en the spectra of a number of metalloporphyrins and that
of non-protonated TPPS4 in the Soret region, the less intense absorp-
- tion bands above 500 nm were used. This necessitated the use of-rela-
tively concentrated solutions. Test go]utions containing'TPPS4‘(5 X
10'5 M) and metal ion (5 x_]p'3) were prepared in distilled, deionized

water. The pH was adjustéd to about 7 with NaOH (0.1 or 0.0 M) whenever




hydrolysis of the metal ion resulted 1n'u aécrease in pH Tow enough’ to
‘cause formation of the gréen protonated TPPS4. If hydrolysis resulted
in extensive precipitation, the test was rebeated;with lower concentra-
tions-of the metal fon (5 x 10'4'or 5 x 10'5 M). The solution was al-
lowed to stand at room temperature ;of four hours and the spectrum of

an aliquot was then examined for any change. If no evidence of rgact1on
was observed. the so]ut1on was heated on a steam bath for ‘up to 16 hours,
with aliquots taken at 1nterva1s for spectral examination.

Similar tests were done in a formate buffer solution (pH 3;55)
using only those metal ions which had been shown to react under neutral
cond{tions. A much lower concentration of TPPS (1 x 6 M} was used
because not only is the so1ub111ty of TPPS4 considerably feduced in
acidic solution but also aggregation {s severe, Fortunately, the Soret
" band of protonated TPPS4 (435 nm} is usugﬁly well separated from those of
the various metalloporphyrins (at least 15 nm lower), so that the reac-

tions could be readily followed at this low conceﬁtration.

>

(b) Extraction:bf:?PPS4'and Metalloporphyrins

- Tetraphenylarsonium chloride (Ph4AsC1) was chosen as a reagent
for the extraction of TPPS4 because of {ts ability to form extract&ble
ion pairs with a number of anions. dua]itative tests were done to esta-
blish suitabie conditions for extraction of TPPS4 and CuTPPS4 (botﬁ
1 x 10'5 MQ. Consideration of the literature led to the testing of
chloroform and 1-pentanol as’brganic phases. The effect of HC1, ﬂN03.
HC104 (a]T 0. 01AM)-*KN0 and NaC]O4 (both’2.5 M, added incrementally)

was noted on the extraction. The pH dependence of extraction from
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formate buffer was examined spactrophotometrica]Iy (418 nm. TPPS4.
415.5 nm, CuTPPS4. both in 1-pentancl) at two concentrations of Ph,AsCl
{n the aqueous phase (2 x10™% and 1 x 1072 M). To eliminate the ef-
fects of aggregation, the concentration of porphyrin in the formate

aqueous phase was 1.8 x 1078 u, .

(c) Extrac;1on48pectrqphotometric Determination of Cu(II) at Trace Levels

Studies were carried 6ut ‘on samples of distilIed de1onized |
water spiked with Cu(II) (final concentration, 2 to 15 ppb). Refine-
ments of the extraction procedure were required to adapt it to quantita-
tive analytical use. A ten-fold concentration factor was adopted for
convenience in these studies (1.e., 100 m) of aqueous sample, 10 m1 of -
1-pentanol). Because of difficulties with quantitative phase separation,
the 1-pentano] was added to the aqueous phase in three port+ons. each
portion be1ng removed separately The separatory funnel was dra1ned
after the third extraction and 1ts walls were rinsed with a fourth por-

tion of 1- pentano] The portions were combined 1n a 10-m vo]umetric

flask and- the solution was made up to the mark, The absorbagcc of an
aliquot was measured at 415,5 nm. |

Initia) determinations showed the presence of significant memory
effects of the é]asswaré and new cleaning procedures, as follow, were
required. The glassware was soakgd tn-a 1% (v/v)} solution of.laboratory
dﬁtergent (Decon 75) overnight, then washed with distilled water and
with a hot (100°C) alkai}ne solution of EDTA (0.1 M 1n EﬁTA and NaOH).
Finally, tﬁe glassware was rinsed ten time;‘w1th distilled. defonized

water,




In foreign-ion 1nterference studies. the Ph4AsC1 was converted

-t the nitrate to avoid precipitat1on of ions such as Ag(l) and Pb(II)

An aqueous phase (200 ml) containing 0.05. M Ph Asc1 and 0.2 M KNO3 was
shaken wfth 200 ml of 1-pentanol to extract Ph4AsN0 The_organic phase -
was eack-washed twice with an equal volume of aqueous KNO3 (0.2 M) and
“then was reduced in volume on a hot plate until crystallization began,
_’The mixture was cooled to rﬂJm temperature and five volumes of diethyl
ether were added, The precipitate was removed by filtration and further
pdrified by two precipitations with diethyl ‘ether from a saturated ab-
sélute ethanol solution. A 0f04'M aqueoug.gejution of the:final product’
gave no precipitate on qddition to an.equal volume of O.E_M AgNOs. Y
The reaction af TPPS, with Cu(II) is very slow at the low levels
of Cu(Il) used; therefore, the aqueous formate solution containing the
Ce?II) was heatgd to 100°C.£ The TPPS, was added to ’the agueous phase”
- after the solution had been heatee. Reacti?n timgs tried (after addi-
tion of the TP 4) were 2, 5, 10 and 20 minutes for e solution of 2 ppb
Cu(Il). The solution was then cooled in an ice b%th. the ﬁH was lowered
to 1.5 by the addttiqn of 1 M HNO3 and KNO3 was added, Extraction with
1-pentano! followed, Little difference was noted among solutions with
. reaction times a 5 minutes but a safe lower time limit of 10 minutes was
se1ectedqfor later experimente. . | _ f/:
ﬁfter coeling and acidification of the test solutions, the ad-
dition of KNO3 increased the rate of phése separation with no noticeable
contamination of the test solutions. Since no improvements in separa-
. tlon were noted above a concentration of 0.1 M KNO (final concentration
. '
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in aqueous phase) th1s concentration was used in subsequent work.
The stabi]ity of the complex. formed touards acid was tested’ by
addition of HND3 while the. reaction mixture was Stil hot The extrac-
tion was then proceeded with 1mmed1ete1y or after a 5-minute delay.
/i;ecomposition occurred in both cases but was especially severe after
5 minutes. No adverse effect was observed 1f the solution was first
cooled and then acid added, up to 0.1 M, unless the so]ut1on was left
overnight s
The final _procedure adopted {n 1ight of the ebove experiments

was as fo]Iows A measured vo]ume of the test solution (in genera1
100 m1) was placed in a 150-m1 beaker. To this. 5.00 m} of formate buf-
fer (0.386 M formic acid; sodium formate approximately 0.195 M, added
until pH 3.3) was added by‘pipette, ‘The.SOIutiop (covered) was heated
to boiling-and 1:00 ml of 4 x 10™° M.TPPS, added with the microburette.
For samples containing more than 30 pob Lu(II). the volume of TPPS4 was
scaled up proportionately, Heating was continued for 10 minutas. The
beaker was then cooled in-an ice bath for 30 minutes, following which

" 0. 00 ml of 1 M HNO3 was added. The solution was transferred to a se-
paretory funnel (250 m1), the beaker was rinsed twice with distilled,
deionizee water (about 15 ml total; rinsﬁngs added to the test solution)
and then5.00 ml of Ph AsNO (0.04 M) and 5.00 m) of KNO (2.5 M) were -
added, The so]ution was extracted with about 12 ml of l-pentanol added
In 3 portigns. The first extraction was carried out with about 6 ml
since the so1ub111§y qf'17pentano1 In water is approximately 3 m1/100 ml

HZO‘ The separatory funnel was drained and the walls rinsed wi;h a small

4.
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vglume of.l-pentapOI im ] 51) whjch was then combined witﬁ the other
Qortions in a 10-m1 volumetric flask. The absorbance of an aliquot wﬁs
measured at 4f5.5 m. . ‘ g - b |
- _ This procedure was used in the preparation of a calibration curve,

the ‘tést solutions for which contained known amounts of Cu(II) (up to .

‘15 ppb) added to distilled, deionized water. -

Potential interference from other ions was tesfed by the addition

_ of known amounts of selected metal ions (Co(Il), Ni(II). Zn(II), Ag(l),.

Cd(Il)) to solutions containing 2 ppb Cu(II). A metal fon was considered
to interfere if the absorbance of the extract differed-from that obtained
with Cu(II) alone by more than two standard deviations.

An estimate was obtained for the distribution ratio (D) urder

the experimenta] cond1t1ons above using radicactive copper. A standard

‘ solution of Cu(II) (0.15 m}; 1.574 x 10 -3 M) was evaporated to dryness

‘in a quartz vial then {rradiated in the McMaster University nuclear reactor

at a flux of 1 x 1013 neutrons <:m_'2 for 12 hohrs and cooled for 2 hours.
The **cu produced was dissolved 1n 100 ml of 0.01 M HNO;. A 10-ml‘ali-
quot of this solution was then treated in the sams,manner.as the standard
Cu(1l) solutions. Equal volumes of the-aqueous and organic phases were
counted using a Nal well-detector (511 keV gamma ray associated with the

annihilation of positrons).

. i . - s ——
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IIT. RESULTS AND DISCUSSION

II1I.1 _Syntheses and Characterization

(a) -Meso-tetraghenxlEorghfne _
The synthesis of‘porphyrins by .the reaction of pﬁfGBIe with

aldehydes was establishe&'by Rothemund (127.128). This method is.also
useful for the synthesis of porphyrins with identical subs tituents at
the 3- and 4-positions of thelpyrro1é rings and has been widely used

in the synthesis of varipus’heso—substituted porphyrins. The optimum..
conditions for the synthesis of TPP by this method were determined by
Adler et al. (120). It has long been recognized (129) that the main
1mpuf1ty in TPP -thus produced is the 7.8-dihydro-derivative, tetraphenyl-
chlorin (TPC). The most frequently used methods of purification are:
(1) chromatography of the free base‘(120.130); (11) chromatography of
the zinc complex followed by demetallation with acid (121,131); and
(i11) oxidation of the chlorin with quinones followed by chromatography
(e.g., 132, 133). In the present‘work, cﬁromatography of the free base
was choscn.fof the purification of TPP because this method involved the
least number of stepﬁ\;;afavoided introduction of possible new sources -
of impurities.'é.g.. Zn(1I) or quinones. The chromatographic conditions
.were optimized as described in the EXPERIMENTAL SECTION. A single pas-
sage through the alumina column gave a 659 yield based on the wéight of

crude TPP taken. The criterion of Rousseau and Dolphin (134) was used

to monitor the purity of TPP, i.e., the ratio of the absorbance at 645 nm
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to that at 590 nm s 0.75 for pure TPP (1n methylene chloride) and 1s
greater {n the presence of TPC .

The widespread use of TPP 1n porphyrin studies has resulted 1n
{ts thorough characterization The spectral charecterist1cs of TPP 1n'
this work were in good agreement with uv-visible (e.g., 135). 1nfraredi
(e.g.., 136) and ]Hmr (70,135) spectral ceeracteristics reported in the

Titerature,

(b) Meso-tetra({p-sulphophenyl)porphine

* The baﬁic procedure for the sulphonation of TPP was established‘
by Menotti (137) and further deve1oped by NinkeIman (138, 139) and
Fleischer (86). Whereas Winkelman carried out the su]phonat1on at room
temperature for 36 hours, to obtain primarily the trisulphonate, Fleischer
allowed the reaction to proceed at 100°C for 4 hours and then 48 hours .
at room temperature, to produce the tetrasulphonate, Since TPP {s re-
latively stable, more severe conditions (18-24 hours at 100°C) were used
in the present werk to promote complete sulphonation. However, the use
of higher temperatures (v 110°C) resulted in some decomposition. In the
prev1eus methods, the sulphonated product was prec%pitated (as the hydro-
Jgen sulphate salt of the diacid) by the addition of {ce or water to the.
sulphuric acid mixture and the semi-colloidal precipitate separated by
centrifugation (e.g., 4000 g's, 2 hours (138.139)5. Since centrifuga-
tton was considered to be too,iengthy and tedious, the procedure dés-
“cribed in the EXPERIMENTAL SECTION was adoptEQ.

'Because the water content (determined by ler) of the ammontum

and sodium salts of TPPS4 was found to be variable, characterization of

e
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-the porphyrin was accomplished through the anhydrous salts, prepared
. as-described in the EXPERIMENTAL SECTION. Elemental analyses for these
‘compounds are presented in Table 1. - ‘ . i

TABLE 1
- Elemental Analysis for Salts of TPP§4 | P
l . .

%C H N S Na
Calculated for (NH4)4TPP84 .
[044ﬂ42N354012]: 52.68 4.23 .17 12.78
Found:  Batch 1 67 433 e 12,73

Batch 2 52.32 5.09 10.94 12.48 |

Cg]cuiated for N§4TPPSI~M.¢7 .
[C44H26N4S4012Na4] 51.66 2.56 5.48 12.54 B.99
Found: ' 51.61 2.54 5.51 12.37 8.83

The results of this work represent the first char&cterization of
the anhydrous salts. Characterization of the hydratés is not reliable
because of the variable water content. The results of Fleischer et al.
(86) for the hydrate arc not usaSle bézause the percentages calculated
are incorrect (curiously, however, the experimental values are 1in agreeQ
ment with these). Thus, 1t 15 essential that the anhydrous sa1fs be used
for quantitative work despite the tedfous and difficult preparation of.

these compounds in pure form. Further studies designed to find a more

[
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efficient purification scheme are highly desirable.

The anhydrous salts are strongly hygroscopic and-care must be
taken in weighing samples. Thermal ana]ysis. combined with 1Hmr spactro-
scopy. of the ammonium salt showed that there was a-slow loss of both
water and ammonia gas pe1ow 320?C. Above this temparature. rapid de-
_composition occurred. For the sodium salt, there was a gradual loss of
water up to 200°C. Between 200°C and 400°C. a very slow weight loss was
observed.. Above 400°C, rapid decomposition to Na,S0, occufred.

The infrared spectrum of’.TPPS4 (KBr pellet) showed the main fea-
- tures expected. Strong bands at 1225, 1195, 1130, 1043 and 635 cm'1 are
characteristic of aromatic sulqhonate salts (140)}. Bands of medium in-
tensity at 1110 cm -1 (shoulder on the 1130 cm - band) and 800 cm -1 are
“indicative of para-substituted benzene. The strongly hygroscopic nature
of this compound Fesu1tcd in an intensc broad absorption band due to H20
. which obscured the C-H and N-H bands. _

The uv-visible absorption spectra of the protonated and unpro-
tonated porphyrin are shown in Figure V. The positions of the absorp-
tion maxima agree with those given by Fleischer (86), although the ob-
served apparent molar absorptivities (Absorbance/[C analytical x path
length]) are, in general, greater than reported. These differences are
the result of the‘purcr compounds used in the pfesent work, i

The ]Hmr spectrum of TPPS, 1n 0,0 1s shown in Figure VI. Direct
“comparisons with the spectra of TPP are difficult to make because of the
different solvent used and because thc e compounds aggregate to different

extents in solution. The ]Hmr spectrum of TPPS4 in 020 is cxtrcmc]y de-

&
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Figure VI, ]Hmr spectra of {NH4)4TPPS4 (0.0776 molal; bottom) and of
1ts partially deuterated analogue (0.0750 molal; top) in 020 at 35°C.

Amplification for top flgure was twice that for the bottom 6ﬁe.



pendent on experimental cond{tions. such as concentretion. temperature
and electrolyte concentration. An AA'BB* to AA'XX' spectrum is expected
“for the para-substituted pheny] group but the coupling constants other
than Jag (8 Hz) are small, giving rise to an AB to AX spectrum (depen-
ding on experimental conditions)}. Compehﬁson of these spectra with those
of TPPS4 which had been partially deuterated 1n the pheny! position ortho
to the porphyrin ring allowed unambiguous assignment of the pheny? sig-
nals. o .

The concentration dependence of the ]Hmr spectra of TEPS4 in 020_
- is {llustrated in Figure VII. Al signals were shifted upfield with in- |
creasing concentration; but to different extents, resulting in 1ncrea51ng
segaration between the H{ortho) and H(meta) doublets, This observation
can be satisfactoyi]y accounted for by borphyr1n aggregation in solution,
in which the molecu]es are stacked vertically with their planes approxi- -
mately parallel (76,79,80).  In this orientation, 1nte}nnlccu1ar inter-
actions due to the ring current (sece INTRODUCTION) result in-a greater -
upfield shift for br&*ons H{ortho). than for H(meta). QudntitatiVe studies
of this phenomenon are discussed in Section I11,2(b). ’

The effect of the addition of inert electrolytes such as NaCl or
NH4N03 could also be explained by aggregation of thc TPPS At constant
concentration of TPPS4. Increasing amounts of these and other salts caused -
upfield shifts in the same manner as 1ncreasing concentrations cf the

porphyrin 1tself (Figure VIII). These electrolytes promote aggregation
by the salt{ng-out effect.
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0.0345 molal

0.0515 molal

-0.1024 molql

i T T T J
8.5 8,0 7.5 ° 7.0 b.5
Chemical shift (ppm from D$S)

Figure VII. THor spectra of (NHy)TPPS, 1n D,0 at 35°C &t differcnt
concentrations. See Figure VI for éssignments. The amplification for

each spectrum was adjusted to compensate for the difference in concentration

between samples.
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- 9,0 8.5 8.0 7.5 7.0° 6.
Chemical shift (ppm from external.DSS)

Figure VIII, The effect of added salt (NH,NO.) on the ]Hmr-&pcctrum of

473
(NH4)4TPPS4 (0.0345 molal) in D,0 at 33°C. See Figure VI for assignments.
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‘At a fixed concentration of TPPS4. shifts to lower field occurfed”

with tncreasing temperature, resulting in decraasing saparation of the
H(ortho) and H(meta) doublets (Figure IX). This observation could be

| eprained by the fact that at the higher temperatures, a reduction 1n ag-
gregation would be expected In fact, d11ute solutions of TPPS4 at ele-
vated temperatures (e.g., 100°C) showed coalescence of the H(brtho) and
H(meta) signals and even crossover of the signals (Figure X).

Figure IX also demonstrates the effect on the ]

Hmr spectrum of_
tautomeric -exchange of the centrai_profons betwgfn the p}fro]e n1trogeﬁs.
It 1s now generally accepted that such an exéhange occurs with a simuf-_
tancous rearrangement of the dé]oca]izat1bn pathway in the porphyrin = ]

\\\isystem (82). At low temperatures (<80°C to +20°C depend1n§ on the iden-
titieg of the porphyrin.and the solvent}, this tautomeric exchdnge can be
fro’en out and two signals are obscrvcd for the g-pyrrole protonq (69-71,82).
In D20 solutions, the central protons are replaced by deuterium, thereby
decreasing the rate of tautomerism so that freezing out occurs at rela-
tively high temperatures (< 20°C), as observed in the present work. The
downfield siynal was tentatively assigned io'thc f=pyrrole protons of
the protonated pyrrole rings since the delocalization pathway 15 thought
to include thgse pyrrole rings (leading to a deshiclding of the s-pyrrole’
protons) and to exclude the périphcry of the non-protonated pyrroles.
Definite assignment of these signals is difficult because of the simul-
taneous effect of aggregation on the chemical shifts, As the temperature
15 increased, thereby increasing the rate of tautomerism, the two f=-pyr-

role-proton £1gna1s approach cach other and finally coalesce to form a

single broad signal which then sharpens with further temperature increases.
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: o™
Chemical shift (ppm from DSS)
Figure IX, The effect of temperature on the ]Hmr spectrdm of (NH4)4TEPS4

« (0.0140 molal) in D,0. Assigmments are shown 1n<5iiuré VI,
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_Flgure X, ‘The effect of increased temperature (100°C) on the ]Hmr
spectrum of (NH4)4TPPS4 at various concentrations in 020. Assignments

are shown in Figure VI,
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The broed signe1 9enere11y observed for moderately concentrated TPPS4
solutions at embient temperetures (the signel 1s too broad to observe
' et low concentrations) 1nd1cetes moderately slow teutomerism.
| The spectrum of the ammonium salt of TPPS4 in DMSO- d s _shown |
Tn Flgure XI. Use of the pert1a11y deuterated TPPS, derivetive defini-
-_t1Ve1y showed thet the pos1tions of the H(ortho) and H(meta) signeIs
are reversed re]etive to those in 020 at ambient temperatures. Such a _
'crossover was also observed for dilute solutions (<107 3 M) in D o0 at
elevated temperetures (~ 100°C) where the extent of eggregation 1s rela-
tively sme]l Thus 1t {s concluded that the extent of eggregation in _
DMSO-—d6 must be minimal. Figure XII shows the effect ofﬁyerying solvent
composition while the porphyrin concentration and temperature remain con-
' stant. Increasing the proport1on‘of DMSO-d6 in 0,0 resu]ts.in-e down-
field shift of all signals. (especially H(ortho) and H{g-pyrrole))}, as
expected for decreasing aggregation. ] |

An 1nteresting feature of DMSO- d solutions of the ammonium sa]t
is the shorp triplet (Figure XI) for the ammonium protons (JNH = 5] Hz.
as expected for the N nucleus), Solutions of other amonium salts such
as ammonium nitrate or ammonium p- to1uenesu]phonate exhibited only q'b_ .
broad sing]et indicating the occurrence of proton exchange. The unusually
slow exchange for (NH4)4TPPS4 could be explained on the basis that traces

of acidic Tmpurities are removed by Interaction with the porphyrin centre.

The triplet is .observed only if the solutions are prepared carefully,
€.9.., N0 paramagnetic {mpur1t1es or significant levels of acid or

. base are present.
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Figure XI. ]Hmr spectra of (NH4)4TPPS4 (0,0439 molal; bottom) and of

its partially deuterated analogue (0.0413 molal; top) in DMSO-d6

at 35°C.
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Figure XII. The effect of solvent composition on the ]Hmr spectrum of

»(NHQ)QTPPs4 (0.0346 + 0,0004 M) at 35°C. The perecentage {v/v) of'Dzo

was varied in a mixture of 020 and DMSO-dG. Assignments are shown in
Figure XI,
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Hhen ammonium salts (e.g.. ammonium nitrate) are added to OMSO-d6 $0lu«

tions of (NH4)4TPPS4._an enhancement in the intensity of the triplet

“signa) was observed (Figure XIII). The triplet signnlidbuld’be made

to disappear by the addition of D,0. _ |
The g=pyrrole-proton signal is sharp for all the OMSO-dg solu-

. N .
tions of TPPS4. showing that the tautomerism {8 considerably more rapid
in DMSO-d6 than 1in DZO at the same temperature. The djfforanéa {n rates
Is primarily an {sotope effect.

130nr spoctro#copy was used to further characﬁarizo TPPS4 and a
spectrum (020 solution) 1s shown 1n Figuré XIV. The assignment of all

1Hmr' spectrum allowed the use of selective decoupling

the signals in the
for the unambiguous assignment of the proton-bearing carﬁbns. Thus, the
signals at 136.8 and 125.6 ppm were assigned to the phenyl carbons

ortho (Cz) and meta (Ca) to the porphyrin ring, respecttvely.. The assign=-
ment of the ortho-carbon resonance to lower field than the meta=carbon.
signal is consistent with that of Abraham et glk'(fdl) for TPP, although
1n contrast to that found for a number of substituted benzencs (Table 2).
The broad resonance at 131.3 ppm was assigned to the fi=pyrrolc carbon,
Abraham et al. (71) havgkhhown that replacement of the tnner protons of
the p&rphyrin by deuterium results in broadening of the s=-pyrrole-carbon
signal because of slower tautomerism, Because the s=pyrrole carbon sig=
nal is broadencd by cven rapid tautomerism, it is not surprising that no
signal arising from tho a=pyrrolc carbons was observed in 020 at ambient

tomperature. ¢

-The signals at 143.8 and 144.0 ppm were assigned to Cq (para to
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Figure XIV. 'Jcmr spectrum of Na, TPPS, (0.0850 M) 1n D,0 at 20°C, See

‘Table 2 for asstgnments,.
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 TABLE 2

.1_3c Chemical Shifts of Some Substituted Benzenes ' /

2

2 3
_ , Chemical Shift (fpm)
COMOUID gy Ry © G G G Ref.
toluene CHy A 138 128.3 1285 125.6° (142)

bipheny) <C::>,_ -H 141.7 1276 129.2  127.7 (143!

styreny - CH,~CH- -It 1382 126.7 1269 128.2  (144)
-.: \ ’
J=phenylpyrrole Pi"2<:::r— -H- 1356.5 124,99  128,4  124.5% (145)
— -
sodium benzene sulphonate H= . -303Nd 133,00 126.7 130.4 143.7 "
14
sodium toluene sulphonate CHG' -503Na 140.9  126.7 130.8 143.7 L.

Determined 1n thic work,
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the poﬁphyc!n ring).ind-tl. respect{ve1y. by compdr1soﬁ with the valu;s
of substituted benzenes shown fn-Table 2. By comparison with the, lues'i
found for other tetraarylporphines (141) and by the process of e!iminu-
tion, the meso-carbon resonance was consid.red to correspond to the sig-
nal at 119,2 ppn o
In conclusion, the NMR behaviour of TPPS4 is very interesting.

It 1s also extremely 1nformuttye. especially with regard to the aggrega-
tive properties of TPPS, in solution, as seen.ab ve_and further demon--

strated in Section [11.2(b).

-

(c) Metalloporphyrins . -

The biological “fmportance and {ntoresting chemical properties
of metal1oporphyr1ns has led to the synthesis of a wide range of metal
complexes (40-42). No swing neral method exiats for the preparation
of.metalloporphy;]ns because of the wide varicty of properties of the
porphyrin 1{gands and of the metallic walts and complexes used {n syn-
thesin, A recent review by nuchlér i]ﬂﬁ) provides a convenient summary
of the main nynthnt1c mnthodu. A factor common to-all of thews methods
15 the use of a solvent in which the porphyrin, metal <alt (or complex)
and metalloporphyrin are soluble,  Atter the reaction, the exXeess metal
calt must be separated from the metalloperphyrin,  The heterogencous
metal {nsertion ranctlén described 1n this work has the 'hﬁund1ntc ad-
vantage over the more conventiona) methods in that the excess mntal
reactant o ‘bgnrntvd from the product by «<tnple fliltration of the ex-
cons nolid phnnn\(\Fher than by the tedlous methods (often in combina-
tion) of precipitation, extraction, dialys1s and chromatoqraphy.
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Fifty metala or metal oxides were tested for reactivity with

_TPPS4. The results ure summarized in Tables 3 and 4

As Table 3 indicates, only divalent matal oxides and Ag(I) oxide
react with TPPS,. None of trivalent, tetravalent or. mixed M(11)-M{I1I11)
oxides (e.g., F°3°4' N1 ) were reactive. Although 1n solution. certa1n
M(III) species are known to react with porphyrins (37), thesa reactions

are extremely s1ow because of the high activat1on energies required to

 desolvate the metal fon. In the heterogeneous reaction, the high lat=

tice energies of the Mkll!).and higher oxides (8000-17000 kd/mole compared
to about 4000 kd/mole- for M(II) oxides (1475) 1s the 11kely reason for
their lack of reactivity with TPPS It appears, however, that such a
thermodynam1c criterfon as the lattice energy of the metal ox1de veraus
the stability of the metalloporphyrin 15 not the only tactor thnt governs
the reactivity of the metal ox{de with the porphyrin., For example, ncithc
Pd0 (which- ha"n structure similar to that of Cud (]48)) nor PdS reactoed
even though PdTPPS4 1% known to be among the most stable of the metallo-
porpﬁyr1n5 and 15 read{ly formaed from Pdﬁrz. It appears that kfnatic_con-
siderations, governed by the surface properties of the no]id. may also

be 1nvolved. -

With Mg0, Ca0, Hg0 and especially Pbo, adsorption of the porphyrin
on the surface of-tho metal oxide was found to be a serfous problem and
substantial amounts of porphyrin were lost. With other metal oxides,
adsorption was less nevere,

The reactivities of the metallic elements (Table 4) are even more

capricious and do not correlate with standard reduction potentials,. for
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TABLE 3 |
Reactivity of Metal Oxides with TPPS, . . >
Metalloporphyrin formed - No observed reaction%
Mg0 _ Zn0 . " Be0 | Crzp3 : ’ ZrO2
(€0 cdd | Ba0 M0, RUO .
MO, sno0 - Ti0 Mn0, | In203‘
Co0 HgO - PdQ +Fey0q - La,0,
N{O PO se,0, Fe0y B0,
CuQ | Agzo V203 N1304
For 72 Hbyrq at 100°C. .
TADLE 4
Reactivity of Metals with TPPS,
Metalloporphyrin formed - No_obssrved peaction®
Mn ‘ Zn T As Sn¥w B9
" fe " Cd , v Nb Sh
lCo . Hy Cr Ru W
Cu Pb - N Ag AU

For 72 hours at 100“C

Unstable <pecies formud_on reaction -
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example, N1 and Ag did not react (their ox1desﬂ§1d) but severa] elements
whose standard electrode potentials are between those of Ni and Ag did
reect._ Ni and Ag were non-reect1ve even when present tn large quentities
as a fine powder (1, e.. a large exposed surface area). A

In spite of pr1or etch1ng of the metal surface to remove any oxlide
leyer. it 1s possible, for at least some of the metals tested, that the
'_ reactive species is not the free metel but some other species, such as’a
- hydrous oxide, formed on the metal surface. This {s certatinly tEue for
the reactions of Mn, Fe and Pb 1n wh1ch a coating was {mmediately formed
"on the metal urface upon the addition of water. With Mn, the foemat1on
of the reactive green oxide was readily observed and reaction with the
porphyrin followe d. .In the case of Fe, the reactive Jpecies 14 prebab]y
the transitory hydrated ferreUs oxide (the higher oxides were found to be -
unreactive with the porphyrin (Tnb]e'J)). Thus, the only way to prepare.
the 1roh porphyrin heterogencously 1. through reactien-with the metal,
With Pb, the formation of an oxide coatinq'ph;uenﬁa a problem due te'nx;
tensive ndaorption of porphyrin as discussed above,

Atonoted in Table 4, Sn ometa) reacted Lo form an un« table product,
Atttr the unreacted Snowas ranoved, the wolution rnpidly changed colpur
0N expoture to alr, forming a new product whosue spectrum corresponded to
nel ther that uflthu free porphyrin nor of the norma) Sn{IV) metallopor-
phyrin (wh{ch can be obtained by reaction witg 5n0).  The Intftial and
uk1d1:ea ﬁpecica were not characterized further,

The «tofchfometry of the heterogencous oxdde reaction fa:

M{I1)0(<) + H?TPPﬂd(aq) B M(II)TPPSd(dq) + H20 ]
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where the hydrogeniﬂ1n the porphyrin centre dre designated by the formula-
.tion HZTPPS4 For ‘the zero-valent meta1s. two possible reactions exist.
One possib111ty {s that. as in the case of Mn and Fe. surface oxidation

by dissolved oxygan in the solvent occurs; the meta] insertion would then

occur as by reaction [1]. The second possibility is:

0
M(;) + H TPPS 4(aq) = M(I1)TPPS, (aq) + H, (2]

Becauée low concentration® of the porphyrin were used, very small amounts

of hydroéén 945 would have ba n evo]ved and thus would have been extreme]§
difficult to detect, Tsutsu1 et al. (36) have represented the reaction
of soluble zero-va]cnt metal complexes w1tH porphyrins by a similar equa-
tien. In the present studi. a brief attempt was made to distinguish be- -
tween the two roactions,  The formation of CuTPPS4 from Cu metal was car-
rivd out’dn two utoppvrod Cuvettes at room temperdture. Oxygcn a4t wds
bubbled through one and N2 through the other before the reaction was ini-
tlated,  Any reaction which eccurred wat followed by noting the increase .
of mu£a110porphyr1n abLorbance at hdovnm. It wat observed that reactlon
occurrad tn both cagﬁu but was faster In the presence of "excene, 02. This
obuervation suggests that the oxlde mechantan [1] 1 Vikely “1gnificant
[n the: reaction of metals with TPPSd but that reaction [27 cannot be ruled
cut. A thorough investigation would be of contiderable intoreat,

The most useful atpect of the Huterognnuoua metallation of por-
ﬁhyq]nﬁ Hes in the simplicity of}thh preparation of metalloporphyrineg,
particularly thoue of water-coluble porphyrins, An ctated carlier, (n

- the conventional proc(durt' with TPPg 54 and other water-woluble porphyring,
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the :eparat1on of excess mata1 salt from the product 1s cumberaome. usually
"' by repeated precipitation from aqueous methano? (86) or by dialysis (149),

'H1gh purity of the metallopqrphyr1n 1s difficult to ach1eve. In
'the-hateroganéous reactions, the product is ﬁot cnniﬁminated by counter~ ‘
fong,- excass metal or acid, providad that the gol1d phase 1s fnsoluble.
Where the matal oxide {s slightly 501uble (Mgo, Cao. Zn0, A920 -PbQ and
. Hg0), contam1nat1on can be minimizedgby simple reduction of the volume
of - the filtrate and refiltrat1on through the 0,22 n Millipore filter,

The. solubilities of Ca0 and PbO are lower at increased temperatures and
: henca. solutions containing these oxides may be filtered advantageously
wh1la hot,”

eterogenenus metallat1ons can be accomplished with a Qariety of
fnsquble compounds. For examp]a. metallation was found to occur fn reac-
Lions wfth CuZClZGJtug and PdBr The byproducts. HCI, 24 and HBr, res«
pectively, are not as readily removed, Facile ranova; of the hyproducts
s a prime requisite of the heterogeneous reaction otherwise 1ts @anntage
s last, In this annection. it would be worthwhile to extend the scope
.of the heteragenéﬁus reaction by the use of metal carbonates,

“The genera) aﬁplicabiliny af.the heterogeneous reactfon was de-
ﬁon%tratad with the watef-insolublc parphyrins hematoporphgrin {HP, also
soluble 1n strongFy acidic or.basic aqueous media), protoparphyrin IX df-
“methyl ester. (PPOME), octaefﬁylporph1ne (OEP) and mpso-tetraphen}lporv
phine (TPp)2 The*é?ructures of these compounds gre shown in Figure Xv.
Representative react10n5 with Cu, Cuo and N10 only were carried out, The
reuct1ons in non-aqueous solvents were slower, Ni0, for example, which

reacted with TPP’4 in less than twd- hours, took twa days to completely
3 ) ' b :

!



Figﬁre XV,

Structures of porphyrins tested for heterogeneous reaction

(a) Hematoporphyrin (HP): ¥

R2 = R4 = 'CHOHCHS' Rﬁ = R 'Cn CH COOH R

- -

(h) Protoporphyrin IX dimethyl esfer (PPDME) ;

R] = R

Rr: -

(c) Octaethylporphine (bEP):
7 R] B = 'CH2CH3§ R 6 =':H

3

= «H

= R 2

(d) 'Meso—tetraphenylporphine (TPP):

Ryg = Wi Ry = ~Cghe

(e) ‘Meso- ~tetrasodium tetra(p-sulphophenyT)porphine (Na TRPS )

Ry.g = -Hi R

e 'c6H4S° Na

70

5 = Rg = ;CH3;‘P - R4 s -CH=CH2i R6-= RZ -CH CHZCOOCHS;
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react with OEP 1n DMF/chloroform, The choice of ﬁon;aqdeous solvent s
important, especially for OEP and TPP. Thus, in both chloroform and OMF,
PP fatled to react with CuO. However, 1n 50-75% v/v OMF. 4n chloroform,
reaction readily occurred. These solvent pixtures provided both a,sﬁ1t-
ab]y' high refluxing temperature and suff1c1ent'solub111£y of the pGr-
phyrins and metalloporph&r1ns. Also, these mixtures appeared to oﬁt1m1:e
the surface adsorption)desqrption_effecté of the porphyrins. Such factors
explain ﬁhy some solvents a?e more suitable than others in the ﬁetero-
- geneous reaction, o , _
’The-rasults of eleménta] ;;;]}ies on selected metal complexes of
TPPS4 synthes1zed heterogeneously are shown 1n Table 5. Analysas for
C., H. N and S. were done_before tée extreme hygroscopicity of tha metal
complexes was fully appreciated, Conventiona) handling of these compounds
resu]ted_in the absorption of'var1ah1e:quant1ties of‘moisture. which ac-
coﬁnts at least in part for the low values for C. N and S and the high
- values for H, Calculations based on the values for C and H indicate that
no more than 5% of other impurities were present,
Thermogravimetric analysis disclosed the hygroscopicity of the
TPPS, complexes as well as their thermal stability, The water content
of the comp]gxes was foupd to vary with ambient conditions, For example,
the ZnTPPS4 cpmplex was found'to contain as much as 27.5% H20. corﬁes-
pending to 16,6 moles of water per mélﬁ of complex, Similarly, the
CuTPPéh complex contained up to 18.5% H20 (11.2 moles H20 per mole of
comp]ex). ‘This motstdre was strongly retained, The ZnTPPS4 and CuTPPS

4
complexes, for examﬁle. retained 2.8-3.3%'H20. corresponding to 1,7+2,0
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moles of water per mole of complex at 90°C. Dried iamplei regainad mofsture
very rapidly, {ndicating that sigﬁ1f1cant‘uptakt of watar would occur oven
during the time required to transfer a samp1c from a desiccator to a balanco
pan. The metal complexes were more hygroscop1c than the free 11gand.
Representative thermograms are shown in Figures XVI and XVII.
Those show that gradual weight loss, corrosponding to loss of Hzo oC~
curred up to about 200°C. Between 200-400°C, an almost constant weight
region was observed. Above about 400°C, rapid docompos1tion.occurrod.
For the CoTPPS4. N'ITPPS4 an& CdTPPS4 complexes, additional regions of
stabiTity at higher temperatures wore observed. With the excopt1on of
- CuTPPsq. the comploxes were more stable than the free 119and
For each complox, when the tumperaturo reached 875-500°C, 1t was
maintained 1n. that range until 1{ttle change in woight occurred with time,
The. tota1 woight loss, in genoral, was found to be consistent with the
formation of two molos of Na2s04 (the complexes wero prepared as tho sodium

salts) and one mole of motal oxide {Table 6);

TABLE 6
Compaf1fon of calculated woight loss. (based on formation of two moles of

Na2504 and onc mole of M{I1)0) and oxporimontal rosults.

COMPOUND .  CALCULATED LOSS (%) OBSERVCD LOSS (%)

Na, TPPS, 72.2 72.2

CuTPPS, 6.5 64.5

nTPPS, 66.4 | 66.5, ;
CoTPPS, . 66.7 ‘ 61.7 \\%
MTPPS, 66,8 65.3

CdTPPS, 63.6 . 63.7

Two moles of Nazso4 wouId be formed rather than four moles because of the

1imiting amount of sodium. The other two ,quhona€% groups would (presumably)
decompose to 502

P, -.A...._)
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' The electronic absorption spectra of some metalloporphyring formed
by heterogeneous reaction are shown in Figures XVIII to XXV, These spectra
~ indicate that the oxidation state of the metal {n the complex {s that wiich
fs usually Qtabi!ized by the porphyrin (35);'.Thus. Ag(1l), Fe(Ill) and
Mn(t!!)éare all cases whore the higher oxidation state 1s‘stab11{zed. For
SnTPP§4. the stabjl1ty of the compIBx_to IM hydrochloric actd suggests that
~ the Sn(l1v) state-1s stabil{zed (35)} The presence of Sq(}v) was confirmed
by the Mgssbnuar spectrum (150) ({somer shift 0.1? *+ 0.05 mm/sec at 80°
versus cﬁIcium stannate at room iémbérnturo; 1ine width 0.99 + 6,05 mm/sec;
o quadrupole §p11tt1nu detoctad), In the rematning complexes, 1ncluding
that of Co, the metal was 1n the d1§ﬁ1ont state. There it some suggestion
fr&h the cfactron1c spectra that different complexies result when TPI'S4 jé
reacted with metallic Hg and HgO. Further study 15 merfted.
| The -Mg(IL), Ca{ll), Cd(11), Hg(lf) (prepared from-Hgo) and Ib(tl)
complexes were 1solated bf_cuncnntrntton of the soluttons, Only the Hg(11)
complax has bean praviouaIy.rnportnd (151). The complexes dissociate axe~
" tensively 1n §ofutlan and hence the spectra shown are combinations of the
) porphyrin and mntn110pnrphyr1h‘ﬁpuctrn.
| The povel méthud of heterpgeneous reaction has been. shown to b a
convenlent way to prepare a number Uf metalloporphyring, Qﬁpqc1nlly'th05u

of TPFG,s and should facilitate studies by other workers,

1112 _Studins_on Aggregation .
{a) Spectrophntomatey
-As discussed fn the INTRODUCTION, previous studies on the aggres

gation of,TFPS4 tn solutfon fatled to reach unfform conclusions. In three
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separate studies; the compound or its copper complex (whose behaviour is
expected to be qualitative]y similar) was said to Be (i) monomeric over a
wide concentrat1on range (86}; (i1) read11y d1mer1zed w1th KD § 6 x
—’T”/ 7104 (91), and, (111) a mixture of the monomer and a polymer with little
| or no evidence for-a dimer (93). Thusaeit was necessary to reexamine the
behaviour of the 1igand in_solution before proceeding with further studies.
Quélitafive examination bf the electronic absorptioh épectra‘of
TPPS4 solutions showed that in non-acidic media, the Soret band decreased
in inteﬁsity* and broadened as .the concentration of TPPS4 wWas increased.
A concurrent small hypsochromic shift {about 1 nm) on passing - from 1.? X
AIO'G to 1.8 x 1074 M (Oqa M ionic strength) was also observed. In contrast,
g\;ﬁﬂfxpe bands in the visible reg%on_were shifted bathochromically. %he shift
w;?. ost noticeable for the band at 635 hm, for which overlap with other
bands was smallest. The magnitude of the shift was 14 nm fo; d concentra-

-5 -4

tion change from 1.8 x 107" to 1.8 x 10" M. These observations suggest

behaViqur such as aggregation and are in agreement with recent findings
on the spectral charatteristics of some cofacial porphyrins (152). .These
are porphyrin dimers held in rigid configuration by bridging alky? chains:
Quéntitative data on-aggregation were obtained from the deviations
from Beer—L;mbert‘1aw. In these studies it was assumed ;hat qnly the
monomer and dimer existed in significant quantities under the conditions

-

employed. A non-linear least-squares curve-fitting program (NLWOOD, supplied

Here, intensity is defIned as the apparent molar absorpt1v1ty, which

*

2

is A(measured)/C(anaIyt1cal) path length.
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by the McMaster University Data Process1ng and Computing Centre) was used

to fit the data to.the following equation: *
A =__(e2cT/2) + (2, - ez_)(ﬁ +BRGT - 1)/8Ky o (3]
where A = absorbance '
CT = analytical concentration of porphyrin
) gy = holar‘absbrptiwity of the monomer

€y =_molar absorptivity of the dimer

SD d1mer1zat1on constant _
‘Th?; equation is derived in Appendix II{a). A description of this program
may be found in the monograph by Daniel and Wood (153). .Absorbance énd

,Jconceﬁtrafion data were fitted to the above equation and estimates of €y

€5 and KD'wer? obtained. Alternativelyl_gi was determined sepgrateTy by
Tinear least-squaré; analysis of 10w-concen$rationhdaté (3_2 X 10'6 M)} and
- this value was substituted directly into the above equation. This latter
technique y1elded an improved value of € and better precision for the .
va1ues.oiwq?¢and KD The improved prec1s1onacou1d be explained 1arge1y
by the fatt that the. data was fitted to fewer parameters and to a lesser
“extent by the fact that the vhrTance of €) -Was not 1ncorporated into equa-
tion [3].

In the fo]lowipg description, the above methods of data anlysis
are referred to as "direct" hethodsl By splitting therdata into two por-
tions, as above, Snd determining £ using one portion, another-technique,

known as the "ratio" method, could also be used. In this techn1que, the

| ratlo of the calculated absorbance (assuming only the monomer to be present)



to the observed ‘absorbance was analyzed as a function of the analytical

concentration. The data waé fitted to the equation:

;U.
1]

A(CALC. ) /A(0BS. )
; =.e]CT/A(OBST) '
= 8eqCokp/L{8Kpe,Cr) + (26 - &) (TF BRTy - 1] (4]

‘where—tf:'éz, C; and KD are defined as for‘équation [3] for the dirébt
methods. - : -

Data points which showed significaht diécrépancy froh'the general
trend ("outliers™) were much more obvious in the ratio‘method.. This tech-
nique was useful when the dafg showéd 2 moderate degree of scatter. In
such cases, the ratio method gave improved precision for KD values although
the precision for €, Was sometimeé decreased. However;'iﬁ Eﬁf;gnalysis of
data with little scatter, the ratio method showed no advantage over the
direct method. |

Figure XXVI illustrates typical data as analyzed by the direct
and ratic methods. Table 7 gives a summar} of the results obtained for
unprotonated TPPS4 in three media (0.100 M jonic strength).

Examinatioh of the data showed that a major contributi?;kto the
variance in €y was due to the variable amount of adsorSed moisture on the
TPPS4. Although the level of precision was adequate for this work, bet-
ter precision could be obtained by weighing all samples on a’ thermobalance
or in a dry-box. For further studies, such weighing techniques are recom-

mended, especially for metalloporphyrins because they are considerably more
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hygroscopic thaﬁ the free ligand. Variable quantities of moisture not

only 1ncrease the variance of the data but give low values for €1s &
and Ky. To test the magnxtude of the effect of moisture on the var1oes ’
parameters, one of the data sets was altered by assuming the presence

-of 10 moisture and the values of the parameters were then recalculated
The resu]ts are shown in Tab]e 8 together with the original data obtained

.

on the assumption of no mo:sture.

-  TABLE 8
Effect of Moisture (Phosphate-Buffer Medium)*. .
) , 'lggx_ . 10% M01sture
e (W) (517 + 17) x 105 - (471 £15) x 1063
-1 | ,; 3 3
e, (em ) (397.9 + 8.9 x 10 (361.4 + 8.5) x 10
Ky (W) (17.3 + 3. 5} x 103 (15.8 + 3.3) x 10°

ﬂ =-1b3, direct method \ .
As the moisture content is increased, there isa corresponding decrease K\\\
in the valpes of the parametefs which are all affected to approximately
the same extent oe a percent basis. .
Table 7 shows that the value of €y in different media varies widely.
This fact invalidates the practice (e.g., 90, 92, 149) of determiningﬂe]
under non-aggregative conditions (e.g., no e]ectrolyte presed{, increased

using this value in calculations involving data ob-

'temperature)\apd

-

L]

N
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tained for coneifions under which aggregation becomes eignificent.-lThe
&y va1ue'and cbnsequeﬁtly tﬁe value of Kﬁ are dependent on medium effects

: The more prec1se values of KD yielded by the two- parameter direct
- method and the ratio method are considered to be the more acceptable ones.
Agreement between the two methods is good within each e]ectro]yte solution.

Comparison among electrolytes shows that the value of KD is the same in

phosphate as in acetate media (within experimental error)‘pux the va]ue in
-potassium nitrate so]ution_is substantially greater. However, since the
pH of the potassium nitrate solutions varied between 5.4 and 6.4, there

"is some doubt thatwthe value of KD in solutions of this electrolyte is

.~ indeed sign{ficantiy different from the K. values in the other solutions.

D
The lower end of this pHiaéfge is close to the reported values of pK and

pK of TPPS4 s0 that sighificant quant1t1es of porphyrin wou1d have been

. prgtonated. Because_the protonation of TPPS4 results in a spectrei shift

of “the ' Soret band from 413 nm to 434 mm, any protonation of TPPS4 would
cause a decrease in the absorbance at 4]3 mm.” Since aggregation also re-
sults in decreased absorbance, a reduction ;n thelabsorbance at 413 m dde
to'prctonationkwould be interpreted as increaseq aggregation, thus yielding

- spuriously high values for KD' Since the value of KD in potassium nitrate

SR PRI R R

media is, indeed, higher than in the other meﬁia, it is reasonable to assume

gregation of unprotonated‘TPPS4 1s probably dependent only on the ionic

-

pK, and pK, are essentially indistinguishable and have been reporte&
4 PR3 )

as 4.8 (86) and 4.55 {93).
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Etrength and not on specific—ion effects 1in simple ionfc media.

:No explanation can be advanced to account foc»th failure of
Fleischer et -al. (86) to observe any aggregation with TPPS4. In contrast,
Hambright'gg_gl: (91)'found TPPS4 to aégregate readily and determined the

value of K, to be about 9.6 x 104 M'l. This. value is considerably greater

‘than that found in the present study (1.51 x 104 M'I, average of results

in phosphate and acetate media). The larger KD value may be the result of .
their use of’H%EFé;hmffér (4~(2-hydro;¥ethyl)41-pfperazineethanesu]phonic
acid). It has been shown in NMR studies that specific{interactions can

occur between TPPS4'and organic compouhds, especially large molecules such

e

©as DSS'(sodiym 2.2-dimethy1-Zisilapentane-s-sulphonate). Thus . interaction

e

with Hepes buffer is a distinct possibility and Ebgic similar to t@at ex-
plaining the effect of protonaffon leads to the copc}usion“that high values
of Ky would result. ' o - .

"The aggregdtfqn of the Cu(Il) and‘Zﬁgﬂl) comp]e;’% of TéPSE’ﬁés

also examined. Because of metallation, aggregatibn of the metalloporphyrins

is pH-insensitive over a wider range of acidity. Studies were carried out

F

onty at pH 7 and the results are summarized in Table 9. Although the Cu(ll)

compliex aggrégates moresreadily than the free ligand, no evidence-was found
to support the claim (93) that t;; predominant species wé?e monoﬁerié and
polymeric, with very Iit;lefdimer formation. In the present study, a mono-
mer-dimer model allows the best fit of- the data.

In other studies {e.g., 90, 91}, no.evidence was found for dimeri-
zation of the Zn{II) complexes of TPPS4'(and of meso—tetra(ﬁfcarboxyphenyl)-

porphine}. 1# was concluded that the Zn(II) complexe§ were either monomeric
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_ Qg\tuat KD was. ]ess than 100 M (the assumptions used to obtain this
value were not'stated (90)). In the present study, the ZnTPPS was in-
deed found not to aggregate up to a concentration of about 2 x 10
(the limit for use of the Soret band) howevers at concentrations above
about 3 x 1074 M (concentrations- which necessitate the use of the 1ess
intense bands at 556 and 596 nm), dimerization was evident. The use of
t@gse lower intensity bands resulted in a decrease 1n precision due to the
..small d1fference between & and €- Tn fact, th]s difference was too small
in the case of the 506 -nm band to yield a reliable value for 56 ) %
| The behaviour of protonated TPPS (see INTRODUCTION) s quite dif-«
ferent from that of the non-protonated free J1g@nd or"of the getal complexes.
The follow{ng.portion of this work deSCETbes the experimental %indings_and
proposes _a modeﬁ(which Ts consistent with both these results and those of

other workers. ’

-9

_ ‘Spectra of protonated TP§S4 in 1ts monomeric and aggregated forms
are shown in Figure XXVII. Figure XXVIII shows the change in absorbance
at 435 and 49*~mm as a function of the analytical concentration of TPPS4
(in formate buffer). Similar results were obtained in other media. The
sudden change in absorbance which occurs over a narrow concentration range

-

in the region of 3 x 10'6 M cannot be reconciled with a simple model of

N _ . . . .- %
aggregation. Such a change is, however, characteristic of micellization.

Molecules which possess both a hydrophilic and a hydrophobic portion
can form organized aggregates (i.e., the molecules in the aggregate are
aligned so that their hydrophobic portions are adjacent, as are their
hydrophilic portions). Such aggregates, usually consisting of 10-100
monomer units, are known as micelles. The sizes of the aggregates in a
system fall within a narrow range fogae fixed set of conditions.

i
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This can be seen by fhe abplication of the }aw.of mass action to the equi-

1ibrium between monomers and aggregates (155) .

W T (P)n o S |
. - - 5 (5]
C{1-x) < Cx/n
where P represents a porphyrin molecule .-
n = number of monomer unit;xpa(\gggregate -
C = analytical concentration of'borphyrin
x = fraction of monomer units aggregated
Therefore, the equilibrium constant will be given by
K- (Cx/n)/Le(1-x)1" l61

For smalI values of n, x will change gradually as a_functlon of C even
whenlﬁhe value of K 15 large. Any physical property which is related to
the c&ﬁEEﬁtration of either monomer or aggregate will also deviate from
the expected response (based on the presence of monomer oniy). Thus, the
gradual deviation_of the absorbance from the Beer-Lambert law as a func-
tion 6f the analytical concentration, as observed for the non-brotonated .
frée—%#gand for example, is characteristic of the formation of small ag-

. gregates. At larger values of n, x will remain small up to a certain
value of C and will then increase rapidly. The sharpness of the chanée

N

increases as n increases (Figure XXIX).
The appearance of”two new 1ntense bands at 491 nm and 708 mm also
indicated that the spec1es*formed are not simple dimers or tetramers since

similar bands were not evident for any concentration of the unprotonated
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f]igdho‘where‘aggreoétioh is known to_occur. |
| 'it:is_interesting to hotejihit thegbehaviourrdescrihed above has

not been observed with other water;501ob1e'porphyrins (such as the well-

Studied‘meso?fetra (4-N-methy1oyrfdyl)porphine) This fact suggests”that

- the development of opposite charges within, the monomer is necessary for

the format1on of  this type of micellar species. The m1ce11es formed with

TPPS are unusual in_being so highly charged and in having a relatively
small hydrocarbon port1on The sharpness and int nsity of the 49 -nm band
1nd1cate an 1nteract1on 1nvo1v1ng the 1;}gg_gpomzzzc system of the mole- o
cuIe. Further informat1on could be obtaxned by examlnlng the var1at1on in
the cr1t1ca1 micelle concentration (CMC) in different ionic media. The

CMC is the concentration region where the abrupt change in a physical prog-
perty accurs which is associated with the formation of micellec (156). The
-CMC is expressed as a single concentration as though che chahge in‘the
physical property being measureo\were perfectly sharp. This value is ob-
tained by extrapolatian of the straight-line portions of the graph as shown
in Figure XXX. In the present case, the CMC may be determined from the

absorbance/concentration data for either'the 435- or 491-mm band. The CMC

!

* -Among the‘most familiar micellar systems are those formed by ionic ;
detergents such as the hexadecyltrimethylammonium (cationic detergent)
and dodecyl sulphate {anionic detergent) salts. In these systems, the
monomeric molecule has a hydrophilic portion containing only a single

charged group and a fairly large hydrophobic portion.




L.

Physical property

Concent®ation

Figure XXX. Determination of the critical micelle concentration (CMC)
from the change in a physical property as a function of the concentra-
tion of the micelle-forming species.
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:for TPPS4 was determined in vgriou§ media.(O.l_M ionic-strength) and the
‘T}ésults are shown in Table 10. A range of‘concentration§ (~ 10%) is

TABLE 10

e

Critical Micelle honcentration of P%otonated TPPS4 in Various Media

PH = 3.46 + 0.02  *

I

'0.700 M

T = 25.0% : A = 435 and 491 mm
ANION PRESENT oe (M x 10%)
Chloride . . r2.8-29
Nitrate | _ _.:' 4.4 246 ]
Formate ' 4.1 -4.5
© Acetate o 148 -15.2
Trichloroacetate 6.7 - 7.1
Laury] sulphate - 7.2 -17.8
- " p-Toluene suiphonate 9.0 - 9.8 .°
- 64.0

2-Naphthalene sulphonate 58.5

given for the CMC in each medium to reflect the fact that the 435- and
‘491¥nm bands yielded different values. This range can be made narrower

bx the use of more extensive data, but the values obtained were con-
sidered sufficiently precise to note any trends. It was found that, in
general, the CMC increased with the bulkiness of the aﬁion. In 6onju;E=\\
tion with the strong interaction of the aromatic ==-systems, as indi-

cated by .the intense 491-nm band, these findings suggest that a possible
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structure for the m1ce11ar spec1es would involve- -stacking of the popphyr1ns

para11e1 to each other with anions trapped between porphyr1n molecules

perhaps gven serv1ng as br1dgxng spec1e£ Qua11tat1ve1y, this "stacki
model resembles that genera]]y accepted for the noneprotonated species. . K ‘
The strong interections with the anions would allow close approach

adjaceént molecules by reducing the repuision between the protonated
centres.* Andtﬁer.pqssible-structure is tha; the'porphypip-molecules are e Tu
etacked with their planes parellel. as above, but with adjacent molecules‘
displaced horizonta]]y.re]ative to each other so that the sulphoha;e group
of- one porphyrin molecule interacts with the protonated centre of the next.
In this model, other aniops present in the mediuﬁ would ¢ omgete with the
sulphonate groups for interaction with the pos1t1ve1y charged porphyr1n
centre. The binding power of acetate {greater bas1c1ty).and the high value
of the CMC in this medium are consistent with this model. Such a model
would also explain the apparenﬁ(;ied for oppositely chargee groups at the

periphery and centre in order to observe micellization.

In the present work, it was found that increasing the ionic strength

or the concentration of porphyrin resulted in increased qégpegatio

*

concommittant increase in the intensity of the 491- and ?os-nm bands. At
intefmediate levels of ionic §trength.or concentration, Tynaa11 phenomena
became apparent. At still higher levels, a visible precipitate gradually

formed with a simultaneous decrease in and eventual disappearance of the&*

: 7 — /_‘-\ .
The high CMC value for acetate,/whwchrlndtca;es weaker mmcellar inter-

'-..__/'

action, is d1..1cu1t to rationalize on the basis of this simple model.
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' 4§1- and'708—nn bands. Theerte of micellization was found to vary hitﬁr- ’

the-identity of tﬁé’anion but. thTS'was not investigetea in detail. In

general, the above observat1ons are in agreement with those reported by “.

other uorkers (25, 86,89 92) fbr sulphonated TPP der1vat1ves in acidic

-~

media. o E _ | | -

" Because of the 1nten51ty of the Soret barnds and the 11m1t to*wh1ch -

-

the cell pathlength can be reduced (0 1 mm)'and still be known w1th rea-

"sonable accuracy, the upper concéﬁiggtg;:/:inge for the study of aggrega-
tion by spectrophotometric means is ab 5 X ’lO-4 M. Measurement of less

intense bands allows the use of higher concentrations but the difference

.in the molar absorptivities of the monomer and aggregate is frequently much

smaller, thereby decreaSing the precision of measurements. Since at higher
concentrations (in neutral solutions), the possibility of species larger

r : . .
than dimers exists, other experimental methods were sought. IHmr spectro-

scopy proved to be most appropriate for studies at the.higher concentra-

tiohs. as described -in the following section.

(b) Nuclear Magnetic Resonance

‘The qualitative changes which occur in the 1Hmr spectrum of TPPS4

upon aggregation were discussed i;\segtigg_bII.l(b) as part of the charac-
terization of the compound. The present section des\ribes thé/;eantjta-
tive aspects of these changes. The study was undertaRes Lg‘learn more
about the changes which occur in solution at concentrations greater.than

those accessible by spectrophotometry.

-

e e i — e
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Quantitative 1Hmr studies of porphyrio;Eggregatton are rendered . ' ;; '
more dlff}cult by the need to d1st1nguish those speetral changes which .

" occur as a result of aggregation from those duef to 1nteract1ons between -

. s

the porphyrIn ‘and- the solvent andior the 1nterna1 reference compound (76 79).
The study by Hand and Cohen (157) 111ustrates the 1mportance of inter-
actioos in aqueous so1ut1ons This study showed that coaggregation be-
" tween aromatic compounds and other organic species may occur, result1ng

in concentrat1on-dependent upfield sh1fts of the ]Hmr signals. This ef-

fect is especially significant SS (so Hm 2 2—d1methy1-2$§11apentane—

‘R:sulphonate). af quently u ed. nternal reference in aqueous %o_u:lon
In the present wor »- the chemical shifts (relative to DSS as an externa;\ 7
I : 55

erence) of met nol, acetone, tetramethylammonium:chloride and Dsgﬁéere

- ) - = -1 !
measuregxig\a fynction of;z§PS4 concentration {6 x 1073 to 1 x 107 M).

Bulk diamagnetic\changes

sulting from the addition of each compound to
020 would cause ay equal changé?in the chemical shifts of all Ehe signals
tive to an external reference. As the HOD peak did not shift within
experts error, tue contribution to the chemical_shift changes of the
other signals due to diamagnetic susceptibility changes were probably not
large. Another contribution to chemical shift changes which must be con- .
sfﬁexed is that due to the diamagnetic anisotropy of the aromatj porphyrin
ring system. If no specific interactions occurred between the ‘porphyrin’
and any other molecules present, this diamagnetic anisotropy wou]d cause

a general upfield shift of all the signals due to'random averaging of the

porphyrin ring-current over the sample volume. Abraham et al. (76) showed

that when the effects of bulk diamagnetic susceptibility changes were small,



,the“cnange in cnemibej_shift oflthe;solyent:signal uith.serphyrtn'concenF-
: tragion couid be used to estimate the_effect'ofrrendem everegingspf the
porphyrin ring-cUrrent;'_Thus, any change in the‘cnemical snifts'dfﬁthe
porpnirin signals in excess of these two effects Ttulk dianagnetic"sus-
ceptibility changes and random everaging'of the rinﬁ current) could be . ‘
:. atributed to aggregation of the porphyr1n molecules (prov1ded that the
14&erna] reference showed no specific interactions with the other sample

.component;). Good agreement was found between the upfield shift of the

solvent peak (CHC13) and the value calculated (0.14 ppm for 0.12 M solu-

t1bns of cogroporphyrxn tetramethy1 ester) for random averag1ng of the
porphyrtn r1ng current over the sample volume. _TPPS4 wou]d-be expected :
to produce somewhat greater shifts for corresponding concentrations be-
cause of the presence of the-phenyl groubé. In aqueous sclution; however,
this effect would be more than offset by the fact that the mole fraction

of porphyrin is much 1ess (by a factor of 4.43) than in ch1oroform so]u-

tions {the magn1tu- Y

o the sh1fts vary with the mole fraction of porphyrin

‘present). Indeed, present work, the change in-chenica1 shift of
the solvent (HOD)‘§igna1 did not.appear to exceeq the experimental error.
This errzor was large {~ 0.02 ppm) because o-f the sensitivity of the signal
to cnanges in hydrogen bonding.which oécur as ekre§u1t of small tempera-

~ ture fluctuations and the addition of any solutes. The signals of all
compounds tested as internal reférences exhibited upfield shifts with in-

creasing porphyrin concentration in excess of any shift of the HOD signal, .

This suggests that specific interactions occur between these compounds




g

rand TPPS4 These shifts were especially ]arge foe DSS (0.5 ppm-in the |

presence of 0 1 M TPPS4). a frequently used 1nterna1 reference. fbr aqueous

o solut1ons. : _ .

Because of the above prob]ems. the absolute shifts. of the phenyl

'ring-protons could not be used to monitor aggregation. Rather, the dif- _*

ference in chemical.shift between the phenyl protons ortho and meta to the
porphyrzn-r1ng was used. This procedure effectively eliminated the above

effects and provided a direct measure of the extent of aggregation. The

data was fitted to the equation:

A8gs (AGM [MONOMER] + ZAGD [DIMER] + 456{T [TETRAMER])/CO L?]

where.asoss = gbserved difference in qhemica] shifts? (GH(meta)-E sH{ortho) }
ady = (sH(meta) - sH(ortho)) for the monpmer‘
a8y = (sH(meta) - sH(ortho)) for the dimer
A8yp = (8H(meta). - &H(ortho)) for the tetramer

C. = analytical concentration of TPPS4 in moles/litre

This equation and its variations are derived in Appendix II(b). The equa-

tion was varied by the deletion or addition of terms dependiﬁ% on whether

- the monomer and dimer only or the trimer and tetramer as well were being

censidered. The equation resembles those generally used in aggregation
studies (e.g., 76) except that the -chemical shift of a given proton has
been replaced by the difference in chemical shifts (sH(meta) -VSH(ertho)).
The concentrations of the various species were obtained by solution of the-

appropriate equilibrium and mass balanceiequations. The Newton-Raphsoh

" method {e.g.. 158) was used to solve higher-order equations. An example

|

r; -
I .
&)

———

.



of the calculations 1nvolved is given 1n Appendix 1I{c). -The value of KD

(phosphate buffer) obtained from the spectrophotumetr1c stud1es was used

in these calculations, --together with the non-linear least-squares computer

program, NLWOOD. _

- The }Hmr data for potass1um n1trate. phosphate and sod1um acetate
medla were fitted to equat1ons similar to equat1on [7] Three models.
were con51dereq based on the assumptions that the main species in solu-
-tion-are (i) monomers and dimers; (ii) monomers, dimers and ;fimers; and,

(i1i) monomers, dimers and tetramers. A1though a mathemapica11y-good
| fit does not necessarily reflect physical reality, data-fftting can in-
d1ca§e which model among several will correspond most closely to exper1-
mental observations to provide a reasonab?e explanation of the data. .

In the simplest model, it is assumed that only the monomeric and'
dimeric species are present in significant amouhts and tiat the same
equilibrium prevails as observed in the low-concentration spectrophoto-
metric studies. This model was applied both with KD fixed (value from
. spectrophotometry) and with it es a variable. In each situation, a very
poor fit of the data resulted.

The models involving higher aggregates were tested similarly.

Thé use of a trimer as a major species at higher concentrations provided
an improved fit but was found unsuitable.for o reasons. —Eirst, the
values of the various parameters had a very poor precigjon (i.e., the
95% confidence limits were frequently several times larger than the value
itself). Second, the presence of a tr%mer‘as a, major species required

that Adrn be > 10 ppm. " Not only is this value intrinsically too large,

T S S 106 .
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tained ‘si usly.

but it is reasonable in comparison w1th the a8 vaiue of 0 6 ppm ob-
The model invo]viﬁg §imu1tanepus equilibria between the monoﬁer.
dimer and tetramer yfé]deq“the best fit of the data (Figure XXXI). "Also, J
: values of the various hara@etgrﬁ were physically reasonable. A more com-
plex model involving all species including the frimer_cddfd not be ade-
quately testéd because of the limited number of data points. Thg much'

larger numher of data points needed for such a complex mode1 was cons¥-

- -~

dered to require a proh1b1t1vé quantlt\j of the porphynn A'lso,- because)
of the large value of K (15,800 N™1), the equilibrium concentration of
monomer would be relatively small. Consequently, the concentration of
trimer would be even smaller and would resuylt in only a minor contribution
in data fitting.
Thus, the most reasonable model to account for the experimen%&ik
data involves two main equilibria:

K

D
2 MONOMER ~——= DIMER

o

2 DIMER r__‘-_'—‘ TETRAMER

The results obtained using this model are shown in Table 11. Kpr is not
2 true equilibrium constant because the ionic strength could not be main-
tained constant at the high concentration levels of TPPS4. The variation

in ionic strength arises from the contribution of TPPS, itself. The use

4
N
of a background electrolyte to minimize this variation was not effective

because the solqpility of TPFf‘_S4 was greatly reduced. Thus, KTT must be
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“regarded as a useful empirical parameter valid on1} for the conditions
defined and having only qyal1tat1ve significance.

Table 11 and Figure XXXI indicate that definite medium effects
are detectable via ]Hmr Because of the 1nstab1h1ty of the higher aggre-
gates, it is.not surp;ising that changes in the supporting medium can
have significant effects., This observati9n shows that extreme care must
be exercised in the interpretation of any ]Hmr studips invoiving TPPS4.

- !

- For accurate interpretation of porphyrin complexation chemistry_

and _knowledgeable application to ana]yfical ciemistry. an understanding

of the aggiegative behaviour of the free ligand and of its complexes

is 1mper$tfve. For E%ample._aggregation of the free ligand affects its.

concéhtratibn in solution and, depending on the relative value of KD and

the metal-complex stability constants, quantitative complexation hayigr

may not be achieved. Similarly, aggregation.of the metalloporphyrins

would cause deviation from the Beer-Lambert law in spectrophotometric de- -
- terminations agd could affect values of distribution ratios in separa-

tion processes. . Thus, knowledge of the extent of aggregation and of values
" such as KD are crqual and accounts for the emphasis placed on such studies

in this thesis. The spectrdphotometric studies'haye provided values of

KD'for TPPS4 and two metal complexes. These studies have also shown that

at low congentrations.below about 3 x 10'6 M, the ligand exists essentially

as the free monomer (in non-acidic ;o1utions); above this concentration

level, dimerization occurs and its péssib]e significance must be assessed

fpr a givéﬁ r@action, Similarly, for solutions of CuTPPS4 and ZnTPPS4.
aggregation of the complexes cannot be ignored above concentrations of



b

Y M

)

- about 5 x 10~ and 2 x 10'4 M; respectively, The 'Hmr_work extended the -

to 0.1 M) and revealed that

studies to more concentrated so]utfon-(e.g.
'aggregatibn was severe in 020 solutions at jthese high concentrations.l In
the non-aqueous solvent, DMSO-ds. aggregatjon was considerably less pro-
nounced even at the higher concentratidns.
The spectrophotbmetric'studjes also showed that aggfegation of
protonated TPPS4 is considerably more complex than that of the non-pro-
tonated ligand or the metal complexes since the process of aggregation is
highly medium-dependent. This behaviour was considered especiglly in-
teresting‘because of 1its poﬁsib]e'influence on the kinetics of metallation
of TPPS, in acidic medium, The results of studies in this area are dis-

cussed in the following section.

III.3 Kinetics of Metallation

The Kinetics of metal];]idn of TPPS4 in neutral solution H& '
previously studied (99,102,159). In the present work, metallation in
acidic medium (as exemp]ifigd by Cu(II) incorporation) was investigated.
It has been shown that aggregates of non-protonated water-soluble porphyrins
- {including TPPS3) dissociate rapidly (91,92.!60). Therefore, these aggre-
gétes.shou1d not play a major role in the mechanism of metallation, apart
from dissociating to provide more free monomer for méta]iation. Indeed,
a study by Das (161) showed that dimerization of a water-sollble porphyrin
has no effect on the rate of Cu(ll) or Zn(Ii) incorporation. In acidic

medium, aggregation is more extep;ivé'and its effects on the kinetics of

-

metallation have not been prevfoﬁsl& examined. With TPPS4. the kinetics

of metal-ion incorporation in acidic medium is of specfg} significance




_ because the se]ectivit& of TPPS4 as an aha]ytica].reagent'is greatest-at
lower pH values. In thi§ study, the reaction r&tes in acidic medium were
found;to be-convéniént}y slower than in neutral medium and could be mea-
sured by routine spectrophotometric means.

The kinetics of meta11ation4here étud;ed initially in therabsence

6 u.

‘of aggregation by maintaining the porphyrin concentration below 3 x 10
Figure XXVIII shows thé variation in absorbance at 435- and 4§1-nm with
_the andlytical concentration of TPPS4 and suggests that aggrégation becomes
significant above 3 x 107° M. -

Derivations of the equations used in these studies may be found
in standard textbooks (e.g:, 162,163).' For a reaction between two sub-
stances, X and B, which is first-order with respect tb one of the éomponents.
(X), (i.e., rate = k[X][B]™), it is readily shown that under pseudo~-first-
order conditions (i.e., [B1/[X] > 20):

-d[X1/dt = k'[X]  where k' = K[B]" [s]
Integration yields:
log {X] = -k"1/2.303 + log [x]o (9]

If the reaction is followed spectrophotometrically by measuring the absor-
bance of a species which follows the Beer-Lambert law, an alternate ex-

pression can be derived:

log (A, = A,) = -k't/2.303 + log (A_ - Aj) [10]

¢)

. - . <
A plot of Tog {A_ - At) versus time will yield a straight line with slope




~k'/2.303 and intercept log [A_ - A]. If the reaction is first-order in

X, variatioy of the inftial'conceﬁtration of X will give a series'of
-paraIIel Tipes. In the react1on between Cu(II) and TfPS4. the initial”
tion of Cu(II) was a1ways at least twenty tikes that of TPPS,.
Also, the absorbance of TPPS, at.435-nm obeys the Beep-Lambert law at

-6

ééncentrations below 3 x 10 © M. Thus, Figure XXXII indicates that the

reaction is first-order with respect to TPPS,. |

A series of values for k' may be obtained by variation of the con-
centration of B (Cu(Il)), still under pseudo-first-order conditions. From
(3, | d

log k' = log k + n log [B] ) | RRR

and a plot of log k' versus log [B] will give a.straight line whose slope,

n, will be equal to the order of the reaction with respect to B. NFigure

XXXIIT (n = 1.00 + 0.04) shows that the reaction between Cu{lIl) and TPPS4

is first-order with respect to Cu(II). The finding that the reaction in

acid solution at low concentrations of TPPS4 is first-order with respect

to both Cu{Il) and TPPS4 1s in keeping with results obtained at a hiéher

pH and concehtration‘(QS) and with studies on Zn(I{) incorporation (102N59).
An attempt was made to determine whether CU(H20)§+ or Cu(HEO)SHCG N

was the reactive species. These species (henceforth referred to simply

as Cu(In) and.CuHC00+) are the main ones present under_the experimental

conditions. The concentraticns of TPPS, and total Cu(ll) (Cu(IL)f) were

hefd cé¥stant while the total formate concentration was varied. In general,

the rate of reacticn increased only modestly (about a 50% increase in k')
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from zero to 0. 20 M total formate (Figure xxxxV). which suggests that both

species are 1mportant in the metallation of TPPS4 This.result is con-'

sistent with previous studies showing that some carboxylic acids accelerate .

porphyrin metallation (116-118,164). Hambright et al. (99) found that the
- rate of Cu(II)T incorporation into TPPS4 in atetate buffer was dependent

upon the acetate concentration at low pH (where a s1gnif1cant portion of

the porphyrin 1s protonated) At higher pH (where the major porphyrin 1.5: '

species is HZTPPS4 }» no acetate dependence was observed, indicating that
Cu(Il) and CuCH3C00+ reacted with HZTPPS4 at the same rate. They suggested
that the acetate dependence at lower PH was due to a direct. reaction with

H TPPS2 (porphyrin dications are usually considered "to be unreactive).

In the present study, the work of Hambright et al. was extended by investi-
gating the formate dependence in detail at a fixed pH (3.55). Lower con-

" centrations of TPPS4 weré used to eliminate the effects of aggregation.

| At low TPPS4 concentrations, the following reactions can be pro-

posed consistent with the results of the present study and that o#$ Hambfight

et al.:
ok o
HCOOM —== HC00 + H [12]
K
Cu(11) + HCoo™ === cuxcao* - [13]
KK 7 -
4+ 34, +
HyTPPS, " = H,TPPS, + 24 | [14]

-

) o
HZTPPS4 and H4TPPSE+ are used here to distinguish between the non-

protonated porphyrin and the porphyrin dication, respectively. The charges

associated with the sulphonate groups at the periphery of the molecule have

een ignored.

L
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‘.Cu(II) + hZTP954 ;:21:& CuTpPs, + 2H" ' _ - o ns)
curcoo® + H,TPPS, -\_—g_.—\ CuTPPs, + 24" + Heoo™ 6]
;u(i:) + HCOO™ + H4TPPs4;:§§:EcLTPPs4 + & + HCOO™ 0.
cukcoo® + H4TPPS§+=k"-;_—" CuTPP54 + et + HeoO™ ' [18]

Reactions [12] - [14] come to equilibrium much faster than reactions
[15] - [18]. The reverse reactions for {15] - 18] are sd much slower
than the forward reactions that they can be considered essentially ir-
reversible. Therefore: ‘

= ) ‘ + 2+
(d[CuTPPS4]/dt K [Cu(II)][HzTPPS4] + k,[CuRCOO J[H,TPPS, T + ky[Cu(11) 10, TPPS, ]

’ - + 2+ .

[RCOO™] + k4[CuHCOO ][H4TPPS4 ] ' {197
From the rapid prior equilibria, [lé} - [14], the following relationships
may be obtained:

[H,TPPS,] = K3K4[H4TPPS§+]/[H+]2 | [20]
(Cu(1)] = [Cu(1D){1/(1 + j}IHCOO']) . [21]
CuH000"] = Ke[Cu(11)JEAC00™1/ (1 + K, [Hoo0™]) . [22]

Substitution of these terms into equation [19] yields the equivalent expression:
2+ : . 2+ . - P
d[CuTPPS4]/dt = -d[HdTPPS4 1/dt = \[H‘,’TPPS4 /(1 + kf[HCOO Nk k3k4[CU(II)T]/
* A » - ! + 2 - =
K2 + koKakeKelCu(T1)1I[HCO0TJAH 1™ + K, [Cu(11), 1[HE00 ™)

+ kK [Cu(11) ] [HC00 ™) | 23]



- e

rEquafion [23] is consistent with the observa;ion that the feactioh is
first-order with respéct to botﬁ [H TPP52+] and [Cu(II)T]

| Equat1on(t23] also shows that k' (kobserved) should vary non-11near1y
as a function of [HCOO ], but that k'(1 + hf[HCOO 1) versus [HCO0™] should
be linear. The results obtained, ba;ed on Ko = 100 (1.2),‘are shown 1in
Figure XXXV. The slope is equal to (k2K3K4_Kf[Cu(iI)T]/[H+]2 + k3[Cu(II)T] +
k4Kf[Cu(II)T]). and the intercept corresponds to k]K3§4[Cu(II)T]/[H+]2.
Substitution of values for the various parameters allows an estimation

of the rate constants. Thus, for'KSK4 = 10'9‘]0

(99), [Cu(II)T] = 1.118 x .
107 M and [H7] = 2.82 x 107 M, k; was found to be 83 + 12 M) sec™ (from
the intercept). In acetate buffer (99), the value of k1 was comparable
(161.1 * 2.9 M sec']). Since [17] and [18] are nét distinguishable ex-
perimentally, ks[Cu(II ]+ L [Cu(II) ] may be combined to form k [Cu(II) ]
" Assuming that kl = k2. as was found in acetate buffer (99}, ks can be ob-
tained from the slope and was found to be 74 + 1 M7 sec'T (the main error
arises from k]). A much larger vaiue (]885\1 10 H'2 sec'l) was found in
acetate buffer. The large difference is difficult to explain and cannot
be accounted for on the basis that the assﬁﬁption (i.e., Ky = kz) is in-
correct,

With regard to ionic strength (u), the rate of Cu{Il) incorpora-
tion was found to decrease by a factor of approximately two when . was
varied from 0.02 to 0.42 M. The precision of the results was tﬁo poar,
however, %o define an exact relationship.

At porphyrin concentrations greater than about 3 x 10> M (the

CMC), very different resylts were obtained., Figure XXXVI shows results

[RPOPI |

[ TP
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K'+(1 + K [HC00]) x 10°
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[HCOO™Y x 102

Figure XXXV. Variation of k'(1 + Kc[HC00™]) as a function of [HCOO].

[Cu(I)p] = 1318 x 1073 M; [TPPS,] = 2.00 £ 1078 M; pH = 3.55. Cal-
culations based on data shown in Figure XXXIV with K¢ = 100 and K, =
2.288 x 1070,
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~ ‘for concenfrations above and below the CMC {all other conde;;;;f;;e the
same}. At pdrphyrin concentrations greater than the CMC, the reaction

is distinctly stwer initially. The data éorresponded to no simple order }
for the reaction over its entirelduration.‘-Thus, the‘p;esencé‘z?“uarTEEEff
-~ one othér process in addition to the metaljation reaction was indicated.

_ Because the only change in conditions was the incre§sed concentration of
TPPS4, the additional process was considered to be assocﬁated_with micel-

.

1ization.
2+ - 2+ ’ V .~
{HyTPPS;™) | ¥ nH,TPPS, , /[2@55

: o
This additional process would significantly affect the reaction rate until

sufficient porphyrin reacted to reduce the analytical concentration below
the CMC. Conditions favouring an increase in mice]]ization‘such as greater
analytical concentration of porphyrin or increase& ionic strength resulted
in an expected prolongation of the initial slow portion of the reaction.

In addition, other reactions Quch as the direct metallation of micelles .

([25]) and the formation of micellar complex {{26]) could occur.

.é+

. + o+ -
(HyTPPSE™)  + Cu(1D) + ;uTPPS4 *oH o+ (HTPPS, ) (25]
24+ - 2+
(aCu(ID) - (H TPPS,™) ) 2 aCu(ID)y + (H,TPPSF™) [26]

Considerable work would be réquired'to elucidate the mechanism under con-
ditions of significant micellization.
In summary, at concentrations of TPPS, greater than the CMC,sthe |
™ ' -

presence of micellar species results in a significant decrease in the rate

K



-

of metalloporphyrin ormation. As the PS4 concentration decreases be-

Tow the CMC dur?h “the reaction, {} réte increases, eventually reachmng

~a value obta1ned under monomeric conditions. Thus, in any analyt1ca1

app11cat1ons. lt is des1rab1e to maintain the concentrat1on of TPPS4

below the CMC in order to ohta1n a simpler and faster metal]at1on reaction,

‘III.4 Applications

(a) Reactivity towards metal ions

One of the factors governing the choice of analytical applications
of TPPS4 is its selectivity toward metal ions. The tests in neutral solu-

tion indicate the general selectivity of TPPS4 (Table 12). Among the ions

TABLE 12

Reactivity of TPPS_4 with Metal lons in Neutral Solution

Metalloporphyrin.£qrmed No observed reaction
w2t et Mt ot et
re? gt a2t 3 o3
c?t e Y R LA
NiZT pg®t TSN G LS S C
. T s>t one®t o wodt
et et t w?t St At

- Pb(II) was indefi

Reaction indefinite.

tested only ten d;Izlent metal jons and Ag(I) reacted. The reaction with"

te. These ions can be separated from other divalent
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Iohs.(e g s alkaliﬁe'earfhé)‘and al ;3 and +4 ifons. As noted in. Section
III 1(c), however, the complexes of TPPS, with Cd(I1), Hg(II) and Pb(II)
-are unstable and hence their quantitative isolat1on may prove difficuIt
In acid solution, CdTPPs4. HgTPPS and PbTPPS are dissociated,
thereby increasing the selectivity of TPPS4 I'n addition to thenmodynamic
(solution stability) factors, the difference in the rates of reaction of,
TPPS4 with varIous metal'iﬁqgfis sIgﬁificant 1n acid solution, thus pro-
"viding a degree of kinetic ;electjvity.*' Cu(I1), Zn(1l) and Ag(I) were
found to react considerably faster thin all dther Ions tested,  Their re-
lative rates were found to be Cu(lI) (1 .00), Zn(II) {0.013)-and Ag (0. 0083)
The combination of thennodynam1c and kinetic factors 1mpart a high degrée:
of selectivity to TPPsq. making it potentially .a very valuab]e analytical
reagent, particu]ar]y with regard to the separatfon and prEConcentratlon
. of metal fons frequently 1mp11cated in environmental marine and physio-

1091ca] studies (e.g., 165- ]68) | Thus. a means of extracting TPPS4 and

-
.

its comp]exes was 1nvestigated. i b
- . .

n

(b} Extraction of TPP$4 and 1ts complexes

Tetrapheny]arsonium ch]oride (Ph AsCl) has been used in humerous
studies (e.g., 169) for the ion- pa1r extraction ofEniomc species. Be-
cause TPPS4 has foyr peripheral squhon@;e groups, 1ts extraction with

Ph AsCl seemed promising. Chlorpﬁbrm has been extensively ‘used as a sol-

<

The se]éctIvity displayed ﬂy TPPS4 in neutral sqution is at least partly
kinetically controlled. For cxample, Fe{lll)-reacts extremely slowly 1in
neutral solution (37)." Once formed, the Fe(ITI) complex.is very stable. One

(::j\factor contributing to the slow reactioh 1s hydrolysis of Fe(llI),

-



vent for inorganic extractions (169); also, ion-pairs Are knoﬁn to be
stabil{zed by alcohols (169) Thérefore. chloroform and'l—pentanol wefe‘-
chosen for 4nitial testing as organ1c phases. Both TPPS4 and CuTPPS4 ’ ;
{1 x 107 M) were found to be readily extracted inte chloroform and 1- (//¢--f’“§\\.
pentanol at high concentrations (5 x 1072 M) of PhQAsCI. Qualitatively, |
they were more-soluble in 1-pentanol.” Upon addition of HC1 or HC10, to
the aqueous phase, phase separation was much slower and incomplete. A
white precipitate, espec1a11y voluminous with HCIOQ.(possibly Ph4AsC10 )y
was formed and concentrated ma1n1y at the interface of the two phases. No
precipitate was observeﬁﬁyjth HN03. In acid solution, the TPPS4 was pro-
tonated (indicated by é'co1pur change from reddish-purple to green) and
' was concentrated in the éqyeouq phase.

The very presence of TPPS4 ii5e1f was found to adversely affect
the phase separation. ngever. the addition of KNOé ihcreased the ra;;
of phase separation except at high concentrations f> 1 M), Qﬁfre poor\
separatian again occurred. (KNO3 improved phase separation more than
an eguivalent amount of HNO3 ) Inall tests, much poorer phase separation
’ occurred w1;h _chleroform and its use was therefore terminated.

In 1-pentanal, no signifjcant extraction of porphyrin (1.8 x 10'6 M)
;was found 1in the pH range 1.5 to 7.0 using 2 x 1074 M PhoAsCl. At 1 x 107 ¢
Ph4AsC1. extraction of TPPS4 occurred and the results are shown in Figur? _
~ XXXVIL. In 1M HNO 5, the extraction behaviour was phquame as at pH 1.5.
- The extraction of CuTPPS4 was found to be independent of pH from

>

0 to7 at 1l x 10-2 M Ph AsCl /As with TPPS4. no significant extraction

of CuTPPS4 was found using 2 x 10 M Rh4AsC1.



126
. 2
1.0 X X 2 % X
v ‘X . _!_ il
0.8--"""‘71/
o 0.6 ~
e
L]
-2 . X ,CuTPPs4-
8 ,( . .
2 0.4 |\
* TPPS,
0.2 —
. E
0.0 I ] | I | T ]
1 2 3 4 5 6 7

pH of aqueous phase

Figure XXXVII. pH-Dependence of the extraction of TPPS4 and CuTPPS4 from

aqueous solution into an equal volume of l-pentanol. Absorbance of 1-

pentanol phase measured at 418.5 nm (TPPS4) and 415.5 nm (CuTPPS
centration of both species 1.8 x 10'6 M in aqueous phase.
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(c) Extraction-spectrqghotometfic determination of Cu(Il) at trace levels

| The intense absorptfdn exhibitéa by porphyrins and meta]iopofbhyrins
in the Soret region makes their use as spectrophotometric reagents in trace
metal analysis an attractive alternative to the exper1menta11y more d1f-
ficult techni&ues of atomic absorption and emission. The analytical sen-
sitivity of porph&;ins has, indeed, been exploited recently b} a number of
workers (e.g., 25-27, 29, see INTRObUCTION). A major problem in the spectro-
thtometric determination of metal ions is the severe overlap of the Soret
bands of the metalloporphyrin and the excess free porphyrin, This problem
can be largely a]]eviated-in.the case of b;;EE}?ins containing aromatic
meso substituents (e.g., TPPSB, TPPS4, THPyP) by protonation of the ekcess
porphyrin after metallation, Protopation causes a substantial shift in
the Soret absorption (see Figures V, XVIi-XXV for spectra of TPPS4 and
various metalloporphyrins). ‘

In the present study, proténation of excess TPPS4 after reaction
with Cu{II} was used as a means of separating the reagent from the compiex.
Ngé only does this procedure circumvent the spectral interference problem
‘ié&t it improves the detection limits for Cu(il) by virtue of preconcentra-
tion. The following work describes the application of this technique to
the determination of Cu(II} at the ppb level, a thousand-fold improvement
in detection over previous work (25,27).

The proceduré: as it was developed and used in the determinaticn,
was described previously in the EXPERIMENTAL SECTION, but the main fea-
tures are summarized below. The long reaction times which occur at very

low concentrations of Cu(II) necessitated heating the solution. The
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complex thus formed could be separated from the excess porphyr1n by ex-
*_traction at any pH below 1.5, but its lability in hot acidic solution
e

made it necessary to cool the reactjon solution prfbr to acidification

and extraction. At room temperatu

. CuTPPS, was fourd to be stable to
1M HN03 for several hours, 1tion of KNO3 {after acidification)} im-
proved phase separation in é éxtraction without contaminating the solu-
tibn: The probiem of contamindtion is-a serious one at low concentrations

as recognized by others (e.q., 170). However, in the present study, it

was less critical after the solution was “cooled and acidified because the .

reaction of TPPS4 with (contaminating) metal ions is very slow under these
conditions. -

| A calibration cunve for copper is shown in Figure XXXVIII. The
high blank value is due to contamination from the reagents. The major
portion of the blank was found to ar%se from Cu(II) in the formate buffer.
The detection limit for Cu(II), defined as three standard deviations above
the backgfound (1 $.0. = 0.026; n = 12), is 1.1 ppb. This limit compares
favour;bly with flame atomic absorption (4 ppb (171)) and inductively-
- ;coup1ed plasma atomic emission (1 ppd (172)). '

Interferences may be classified into three groups: (i) substances
which compete with TPPS4 and its complexes for available extractant
(Ph4AsN03)‘(the most serious interferences will be ]arge,‘sing1y~chaé§ed
anions such as Eén;hennate or percﬁlorate (169)); (i1) complexing agents
which compete with TPPS4 for Cu(II); and, (i1i} other metal ions which
can react with TPPS4. The presence of interferences of types (i) and

(ii) must be chsidered and their effect evaluated for a given individual

Te

Cad
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Absorbance

0.0 T 1 I T

2 4 6 8 10

Concentration of Cu{ll) in aqueous phase ({‘ppb)

Figure XXXVIII, Ca]ibration_curve for the extraction-spectrophotometric
determination of Cu(II). Concentration factor 10: 1 cm cells; absorbance
of 1-pentanol phase at 415.5 nm. ‘
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matrix (e.9., biological fluids). Such interferences are less iiké1y'to _
occur in natural water samples for which the present technique seems to ‘
be best suited. The effect of selected metal ions on the determination
of Cu(Il) is examined below.

The choice of meta] jons tested as interferences was based on the -
results of tests of TPPS, reactivity and provided a crdss-se;tion of rates
of reaction and stability of products:. 2Zn(Il)} and Ag(I) react most
rapidly following Cu(II), Co(Il) reacts at a moderate rate, while Ni(II)
and Cd(II)zEeact relatively slowly, with CH(II) fofminé an unstable com-
plex. An ion was considered to interfere if the absorbance of the extract
- differed from that obtained with Cu(Ii) alone by more than two standard
. deviations. The results of these tests are summarized in,Table 13,

L ]
v

. TABLE 13
. . ) Lm' . % )
Metal-ion interfarences in the determination of Culll)
o _ .

Metal ion No Interference - Interference

Zn(11) 3.1 x 10 1.2 x 10° ’
ag() ™™ 3.0 x 102 1.2 x 10°

Co(11) 3.2 % 1.6 x 10°

Ni(Il) 1.6 x 10 4.8 x 10°

Cdf11) 1.7 x 10 i

Cu{II) present at 2 ppb concentration. Va]ues given represent the
mole ratio of metal ion being tested to Cu(Il).

The behaviour of Ag(I) is complex. Sce discussion below.
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The extent of the ihterférence'is determined by the reiative
reaction rates and stabilities of Cu(Il) and the competing metal ion
with TPPS4. and by the spéctra] overlap of the me}a11oporphyr1n formed.

_ Various combinations of these factors can result in both positive and
negativeiinterferences. In the case of Ag{I), additional complications
arise due to the formation of a precfpitate from the reaction of Ag(I)
with the formate buffer. At low concentrations of Ag(l). coprecipita-
tion of Cu(Il) results in_a decrease in absorbance with increasing con-
centrations of Ag(l). This countérba]anées the increase in absorbance
expected from spectral overlap with the Ag(I) complex. Thus, although
Ag(1) does not interfere at concentrations 320 times that of Cu(Il) ac-
‘Zording to the definition given above, this is the result of a cancel-
lation of effects.

| Defin%te trends. in absorbance were noted as a function of Ag(l)
concentration. At higﬁer concentrations, sufficient AgTPPS4 was formed
so'that the absorbance increased with Ag(l) concentration despite pre-
cipitate formation. Therefore, the absorbance readings again fell within
the two standard-deviation limit of no interference {e.g., at 9.5 x 103-3
fold moIar:eicess of Ag(I)). At a 6.4 x 104-f01d melar excess, a positive
deviation was obtained. THZ effect of Ag(l) as an 1nterference is complex.
0n the whﬂe the above method shows good selectivity towards
Cu(ll), with Zn(1I) ang Ag(1) as the major interfering metal ions. .
The efficiency of the extraction process was examined with the
(64

aid of radioactive copper Cu). Only an-estimate of the distribution

ratio (D) could be obtained because the solubility of 1-penta;o1 in water
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precluded the use of exact vojumes of organic solvent (%e: EXPERIMENTAL
SECTION)." D was found to bé about 60, resulting in 51.5% extraction 6f
copper. Therefore, a three-fold extractio th the same total volume
of 1-pentanol, as described in the EXF&R\{E::?L SECTION, should yield
93% extraction. -Expérimenta11y. 86% of the copper was found to be ex-
tracted. The slight improvement over a sing]e-stage extraction does

not warrant the additional work required for a three-stage extraction.
Although the ext;action is not quantitative, this is not a problem with
a comparative method such as spectrophotometry as long as identical pro-
cedures are used for the preparation of the calibration curve and the
analysis. A large value for D is desirable, however, since it.wou]d_provide
higher preconcentration values and allow the use of different precon-
centration values for the preparation of the calibration curve and for
the analysis. Thus, an important extension of this work would be the
optimization of the extraction conditions. Higher concentrations of
Ph4AsNO3 wdu]d likely improve the extraction {(note that no iﬁifificant
extraction occurred at a concentration of 2 x 10-4 M) but the cost would
.be prohibitive. Also, the solubility of 1-pentancl in water and the re-
latively slow phase separation are unfavourable Eparacteristics which
make it desirable to find another organic solvent.

Preliminary experiments indicated that commercial trialkylamines
and tetraa1ky1anmmnjum salts {e.g., Alamine 336 and Aliquat 336, General
lMi]Ts) mighﬁjprove to be satisfactory reagents for extraction of TPPS4
complexes. These ccmpounds can be readily used in cbnjunction with more

suitable organic solvents (e.g.l non-water-soluble) such as methyl isobutyl

>
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ketone (MIBK) (the TPPS4 ion pairs formed with PhJ«s+ failed tp ext;att
into MIBK). In an experiment with trilaurylamine, 91% of the S%Cu(II)
was extracted into MIBK‘in 2 singlé step (10 ml of MIBK containing 4 g
of the amine; aqueous phase 0.6 M in HNO3).‘ The'greéter quantities of
amine which were required (50-fold greater than the-quantity of Pha§§N03
for equivalent extraction) are not costly as the amine and related com-

pounds are very inexpensive. The optim{zation of the extraction would

[Epp——"

great]y-extepd the utility of this method.

The high sensitivity of TPPS4-and its metal complexes towards
spectrophotometric measurement permits determination of Cu(Il) in acid
solution at trace levels. With a combination of separation methods such
as ion-exchange chromatography, the TPPS4 ektraction—spectrophotometric
method can readily be extended to other jons; its inherent simplfcity
would be advantageous. An interesting alternative to preliminary se-
paration of metal ions would be the alteration of the selectivity by
changing the relative rate of reggtion of TPPS4 with various metal ions
with the aid of auxilliary complexing agents (e.q., é?, 115-118).

As noted in Table 12, TPPS4 is selective towards a small number
of metal ions, many of which are of contemporary importance. Thus, the
ultimate applicatien of TPPS4 éo important analytical problems should
be feasible. Consider the following two examples. (a) The detection
Timits of today's sophisticated analytical instruments are constantly
being chal]enge&din environmental and material-purity problems. The

extractability of TPPS4 complexes would enhance the present-day detec-

tien limits in a2 preconcentraticn step. For example, the atomic absorp-

133 -
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tion and 'lnductively-coupled plasma emission spectmsconetection

11mits for Cu(II) (4 and 1 ppb, respectively) could be improved readily

by a factor of 10. With further development, perhaps a factor of 25-40

could be achieved. Similar procedures for the limited number of metal

~ions that react with TPPS4 could also be developed. (b) Natural samples

such as encountered in marine and physiological environments oftéﬂipre-
sent severe matrix. probIems (e.g., 165,167) in the trace determination
of -various metal ions. The development of extraction procedures thﬂi

| cleanly separate a group of metal ions from the matrix and serve as a

means of preconcentration is of great current interest (e.g9., 173 and

references therein), The inherent selectivity of the instruments (e.g.,

atomic absorption énd ICP- emission spectrometers) would then distinguish

among the individual ions of the group and the quantitative estimation

made without matrix effects. Such an extraction procedure seems to be
o

well suited to TPPS,. Reaq%ion with a group of metal ions rather than

134

. N . . .
a single ion can be readily achieved by the use of less selective reaction

conditions such as higher pH and longer heating times. In addition to

eliminating matrix effects, the use of TPPS, could also eliminate the

. ” -
spectral interference encountered in atomic emission spectroscopy due

, to the ubiquitous preifnce of iron. Since the reaction of TPPS4 with
"Fe(IIl) is extremely slow (e:g.. 37) prior oxidation of the iron would
effectivgly eliminate interference from this source.
Clearly, the development of app1ica£¥ons of TPFIS4 to such prob-
lems would have been within the scope of this tﬁgfis but limitations of

time prevented exploration beyond the application to Cu(Il). There is

no question, however, that the fundamental. woFE—FEpé}ted in this thesis

N X
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Iays open the applicat of TPPS4 to very 1nteresting ana]ytical prob]ems
e

aﬁ/."'

-x. — - te—

IV. Suggestions for Further Work S > 4

1. 'Although the‘synthesis of TPPS4 is extreme]y sfmp]e ﬁf};;;_;///_\\\

purification is tedious and leads to extensive ‘1oss of porphyrin. A

simpler and morg-econom1ca1 purification scheme woqld be extremely aa-
vantageous in studies with this ;ompound and, if the method-wefe génera1,
" with porphyrins as a whole. - )

2. The elucidation of the mechanism of the _heterogeneous Teact1on
of TPPS4 w1th meta]s and 1nsoTub1e metal compounds would be 1nterest1ng
and could lead to more genera] app11cab111ty of the redction. For example,
whether the reaction with metals is direct or tHrough oxide formation
should be investigated. Study of tﬁe factors (e.g),/the nature of the
solvent) affecting the adsorption and desorption of TPPS4 and‘fts mc¥e
Eomp]exes would be relevant[.esvgzga11y in the case of water-insoluble

|
porphyrins.

. 3. Absorption spectra indicate that tﬁe complexes formed by the
reaction of TPPS4 with Hg and Hg0 are not the same.. Further study is re-
qu{red to show how these complexes differ or whether one of them is a
complex of a trace impurity.

4. Thg_format1on of TPPS micelles in acidic solution is in-
triguing. Additional information on the structure, stability and rates
of formation and dissociation of these micelles in different media would
be of interest (e.g., the relation between the CMC and the structure and

pKa of a wider range of ionic media). Such information would not only

enhance our fundamental kncwledge but could well be of practical signifi-

«



e

cance._ In the present work it was shown that the presence of mice11es- .

significantly a1ters the rate of CuCII) 1ncorporat1on into TPPS The

g~

. effect on the rates of incorporation of. other meta1 jons. should be in-

vestigated It has a]so been shown that m1ceﬁdes can serve as cata]ysts
for a number of reactions (156). The micelles formed by TPPS4 might
. have unusual propert1es 1n this reSpect particularly in view of the -
fact that their very formation was unexpected .

5. Potent1a1 apptications of TPPS4 to s1gn1f1cant analytical
prob]ems as noted in RESULTS AND DISCUSSION should Qf exp1ored )

- ——



CHAPTER V.

~

L

Q.] APPENDIX I - CALfBRATION OF THE MICROBURETTE . -~

The essential role of the Gilmont microburette.in this work makes
it necessary to indicate details of its calibration. 'The micrgburette -

‘was calibrated as described by Vogel (119). -
b ) .

.Nominal Volume " VYolume De]ivered

0.0250 . -  0.024958 c
0.0500 © - 0.050063 .~
0.0500 ' . 0.049936 : .
0.1000° 0.099865
0.1000 0.099705 - y
0.2000 0.199760
0.3000 . 0.299435 )
0.4000 0.399248

' 0.4000 0.399600
0.5000 . 0.499045

P

0.6000 0.598933 .
0.6000 0.598592
0.7000 0.699166
0.7000 0.704033 -
0.8000 9 0.793700 - N
0.9000 _ 0.898134
1.0000 ©0.998051 .
1.1000 ° 1.09767

C1.2000 o A 19817
1

.3000 . 1.29779
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1.4000

1.5000,

"+ 11,6000

. 1.7000

. T 1.8000
1.5000

2.0000

2,1000

2.2000 -

2.3000

2.4000
2,5200
2.5000

1.39798
1.49695
1.59786
1.69785
1.78779

1.89770
1.99695

2,09750 .

2.19800
2.29735

2.39797

. 2.51705

2.49697

A graph of volume delivered versus ﬁominal volume gave a line of slope

0.99870 + 0.00034 (95% confidence limits).

No systematic error as-q function of vo]ume deIivered was found,

-as ascertained by a graph-of the correction factor (C. F. = voluge delivered/

nominal volume) versus nominal Gdlume

1674

and an intercept of 0,9982 * 0. 0013 was obtained

A lire with a slope of (2 7 +8.9) %

The corrcction factor was found to be 1nf1gn1f1cant for this work

as the accuracy and precision were )imited by the remaining equipment.
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V.2 APPENDIX II

(a) Derivation of Equafion'Ueed in Spectrophotometric Studies

An equation which predicts the absorbahée;of a solution of TPPS4

as a function of the analytical cohcentration is derived below. This

- equation i{s applicable when the major species present .are the wonome{J

“and dimer but may be readily extended to include higher aggregates.

K
0
2 MONOMER == DIMER

< nm ‘ ‘ .
oot L |

where KD = dimerization constant

D = concentration of dimer <
. M = concentration of monomer : - z
If the ana]ytfca] concentration 1shCT. then
. v
= .._0 ’ . '
MG - - (
- _ 2
Ky = D/(CT 2D) :
(C - ZD =0
K c2 4K C.D +4K D% - D = 0 - .
Ve

07 D ) . %

Solution of the above quadratic cquation yields

«

] 7 57,
= (4KyCy + 1 +-Jish0c +BKCr + 1 - 16KECE) /8K,

Since D cannot be negative nor greater than c

Tl

'
e sty 3 Bt e
I

e



’\ . - M_ ?.Cf - 20 : . . .
N (8KyCp = 8KiCy = 2 + 2/BR T, ¥ T)/8Ky

M= (-2 + 2/BRET ¥ T)/8K,

Assuming. that absorbances .are additive,

'

]M + ezD, o

A= ¢
where A = absorbance
ey. = molar absorptivity of the monomer
€y . molar absorptivity of the dimer

M,D as defined above.

i
)
1

= E]M+ CZD

1]

( 2[:] + 2C]V8K C + + 4KDCTL2 + C2 -Ezvstnjtﬂ-"' l)/BKD

(4KD T 2/8KD) + {(c2 ~\2:1) + (2c]'- cz)JBKDCT + i)}/BKD

A = (cch/z)'+ (2c) = e (VBRHC, +7T - 1)/8K)

This final equat1on corresponds to equation’ 3 shown in the RESULTS AND
DISCUSSION

(b) Derivation of Equations Used in NMR Studies

 The simplest aggregation model involves an equilibrium between
monomer and dimer species. If the exchange of molecules is at 1east
moderately rap1G\ then a s1ngle s1gna1 will be cbserved for 2 g1ven proton,

~. The observed'chem1ca1 sh1ft Sops® w111 be the weighted mean of the monomer,



e S 4

sy» and dimer, &, chemical shifts: . ) .
. - — L4 .
Sops = (8y[MONOMER] +-gsD;DIMER])(c0" S o (75)

-

“where Cy-is the analytical concgﬁifat{on"d?‘porphyrini' Therefore:

Sgps = (Sy[MONDMER] + 26,[DIMER])/C,

R [

(SQ[HONOHER] + 265[0135R])/§0

‘II
SoBs
whére the éuperscripts" and " 1}dicate signals arising -from two different s

~protons. Thus, the observed differerce between the two signals will be

- given by:
48085 ~ Sops ~ SoBs
= {(aﬁ - GQ)EMONOMER] + 2&&6 - sB)[DIMERJ}/Cé
A8

ogs > {AéM[MQNOMER] + ?AGD[DIMER]}/CO

Thus, the use of chemical shift differences is seen to yield an equivalent

expression to that using the chemical shifts alone. This expression is
readily extended to account for higher aggregates. The following eipres«

sions were used for models invoTving the species given:
(a) monomer, dimer and trimer
883pg © {AGM[MONQﬂER] + 2A6D[DIMFR] + SAGTR[TRIMER]}/CO

(b} monomer, dimer and tetramer

880gs =J{A§M[MONOMER] + ZASD[DIMER] + 4&6TT[TETRAMER]}/CO

PRI
H

Y I PR S
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(c)  menomer, dimer, trimer and tetramer-

8gpe = {AGM[MONOMER] + ZASD[DIMER] + 3A6TR[TRIMER] + 4A6TT[TETRAMER]}/C

The concentration of the various species were obtained by solution of the

appropriate equi?ébr1um and mass ba]ance equations. Thus, for the model
>

1nvo1v1ng monomer and dimer only, the concentration of these species may

be ca]cu]ated as in APPENDIX II{a). Using the same symbols. one obtains:

v

~ %%08s

']

{QGM(-2'+_2/8KDCO + 1) + 2A60(4KDC0 +1 - VBKDCO + 1)}/8KDC0

asp + {2(asy, - AGD)(/§KDCO + 1 —_1)}/8KDCO

This equation is equivalent to that used by Abraham et al. (76} with chemi-
cal shifts instead of chemical shift differences.
" Higher order equations are obtained for the more .complex models

involving trimers and/or tetramers. Their development is illustrated in

APPENDIX II(c)..

(c) Solution of Higher-Order Equations

The model involving the species monomer, dimer and tetramer is
used here to illustrate the calculations invplved in testing the various

models. -

2 MONOMER 2 DIMER
- 2 )
Ky = D/M
"2 DIMER 3 TETRAMER -
- 2
KTT = TT/D

TT/(KDM2)2
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where KTT = constant for tetramer farmation ) - | :L‘ :
TT = tetramer concentration )

The remaining symbols are the same as those used 1n APPENDICES II(a) and II(b) S
The mass balance equation for TPPS, for this model is: '

C0 = 47T + ZD'+‘M
. = 4Ky kS 2k M + M
A numerical solution of the above equation may be found for a given CO .

if KTT and KD are known using the Newton-Raphson {terative method. For a

function F(x)}, successive iterations are obtained using the formula
a - ]
a1 = Xq o Flx )R (x) . (158)

where F'(x) is the derivative of the function F(x) and X, is the nth

approximation of the root. For the model above,

F(x) = F(¥)

- 2,4
. QQT%M +2KM +M-C

\\} F'(x)

O An initial approximation, MO' was obtained by assuming the prescnce

0

F(M)

T 23
]6KTTKDM + 4KDM + 1

of only moncmer and dimer species and solving the resulting quadratic equa-
tion with Ky = 15800 M) as in APPENDIX I1(a). The value of M, obtaincd in
this man;er proved to. be a reascnable approximation since the monomer and
dimer were major species over the concentration range examinca. Using an

estimate for KTT' values for M, D and TT were readily cbtained,



€.9. .- L : - ' ’ ‘ N
fp = lsee - :
. K.n.-'lo ,__-
| « 102
. § =10

| Moi-'(-z +‘éV§g5Ea’¢TT)/aKD

5.4694363 x 10°4 *

L =
u

= My ™ F)/E ()

5.2571900 x 1072

=
u

p % My - F(M)/F (M)

(5.2571900 - 0.0055214) x 10~

u

5.2516686 x 10™°

M3 = My - F(M,)/F' (M)

(5.2516686 - 0.0000041) x 10°%

5,2516645 x 10"

THe 1terations were continued uAti] the change in successive approxima-

5

tions was less than 10- of the value (i.e., F(Mn)/F‘(Mﬁ) <'Mn-10'5).

Values were not rounded off.to the appropriate nﬁmbeﬁ ofiéignificant

figures until all calculations were completed.

-4 ' .
5.4694363 - 0.2122463 0 :
(5.48 2122063) x 1 | .



“This value of M was then used to calculate D and TT (4.35763680 x 10™° a

1.8988998 x 10-9, respectively, in the example above) and the values

substituted into the equation dé;;Ioped in APPENDIX II(b) .

145

nd'

The final values for 88y A8ps L and KTT were cbtained by non-linear .

_ VjAleast-sqﬁéres-fitting of the equation above to ‘the observed 1Hmr data,

Similar procedures were used for the other models.



9'
10.
11,

12,

13,

14,

15,

- 146

~  REFERENCES _ ‘
L.G. S{112n and A.E. Martell, eds., "Stabildty Constaﬁts‘of Metal-Ion
Comp]exes"r-?ﬁ;,Ehemical Society, London, Special Pub]icatioﬁnho. 17,
1964. ‘ ' |
idem, "Stabi]{ty Constants of Metal-Ion Cémplexes. Supplement No. 1",
The Chemica! Society, London, “Special Publication No. 25, 1971,
J.D. Dunitz, ed., “Structure and Bonding", Vol, 16, Springer-Verlag
Inc., New York, 1973. .

G.W: Gokel and H.D. Durst, Aldrichimica Acta, 9, 3 (1976).

K.M. Smith, ed., "Porphyrins and Metalloporphyrins", Elsevier Scientific

Publishing Co., Amsterdam, 1975, _
J. Winkelman, G. Slater and J. Grossman, Cancer-Research. 27, 2060 (]9§?).
P. Hambright, R. Fawwaz, P. Valk, J. McRae and A;J. Bearden, Bioinorg. ]
Chem. 5, 87 (1975). |

M. Tsutsui, C. Carrano and E.A. Tsutsui, Ann. N.¥NAcad. Sci. 244,

674 (1975). .

C.J. Carrano, Diss, Abstr. Int. B, 37, 3923 (1977},

K. Tsukamoto, Japanese patent 45.652 (1976} Chem, Abstr, 86, 195213 (1977).

J.P. Johnston and J.R. Tate, German Offen, patent 2,627,449 (1977);'

Chem. Abstr., 86, 92266 (1977). , !
A.D, Adler, V. Varadi and N. Wilson, Ann..N-Y. Acad. Sci:, 244, 685 (1975),
A.D. Adler, U.S. patent 3,935,031 (1876); Chem, Abstr, 85, 65638 (1976).

D.R. Paulson, R. Ullman, R.B. Stoane and G.L. Closs, J. Chem. Soc.,

" Chem. Commun,, 186 (1974).
¥

s :
A. Bar-Ilan and J, Manassen, J. Catalysis, 33, 68 (1974).



147

16, 0. Manassen, J. Catalysis; 33, 133 (1974).°

I o
T
'

17, idem, Catalysis Reviews, 9, 223 (1974). -

18. R.J. Brodd, V.Z. Leger, R.F. Scarr and A. Kozawa, Natl. Bur. Stand.
(U.S.). Spec. Publ. 455,253-8 (1976). L

19. Y. Harel and J. Manassen, J. Amer. Chem. Soc., 99, 5817 (1977).

0. J.E. Maskasky and M.E. Kenney, ibid., 95, 1443 (1973).

21, C.-P. Wong, R.F, Venteicher $nd W. DeW. Horrocks Jr., ibid., 96,
7149 (1974). |

22. W. DeW. Horrocks Jr. and C.-P. Wong, ibid., 98, 7157 (1976).

23. F.B. Erickson, U.S. patent 3,897,255 (1975); Chem. Abstr. §§,
155799 (1975). '

24. R.E. Bisque and C.V. Banks, Anal. Chem., 29, 522 {1957).

25. J.-1. Itoh, T. Yotsuyanagi and K. AOmura. Anal. Chim. Acta, 74, .
53 (1975). | |

26. J.-I. Itoh, M. Yamahira and T. Yotsuyanagi, Chem. Abstr. 86, 182450 (1977).

27. H. Ishii and H. Koh, Talanta, 24, 417 (1977). '

28. E.A, Bozhevol'nov, E.A. Solov'ev, G.P. Tikhonov, S.L. Khacheryan and

~<o.
N.A. Lebedeva, Chem. Abstr., 86, 149954 (1977):

29. S.H. Mehdi and 7f'c°rsin1. Iplanta, 24, 291 (1977),
30, J.E. Falk, "Porphyrins and Meta1Toporbﬁ}rins“. Elsevier Publishing

Co., Amsterdam, 1964.

31. G.S. Marks, "Heme and Chlorophyl1*, D. Van Nostrand, London, 1969,

32, quiazleischbr. Accts. Chem. Res., 3, 105 (1970). | s
33. P. Fambright, Coord. Chem. Rev., 6, 247 (1971).
. /—\
N



L ' - - . ' : 148

. J.H Fuhrhop, Angew. Chem., 13, 321" (197@1_
'35._“1dem. Struct. Bonding 18, 1 (1974).
36. D. 6stfe1d and M. Tsutsui, Accts. Chem. 'Res v 1, 52 (1974), -
37. W. Schneider, Struct. Bonding 23, 123 (1975). h
38. N Kister," Z. Physio] Chem., 82, 463 (1912).
39. H. Fischer and K. Zeile, Ann. Chem., 468, 98 (1929).
2. Ref. s, p. 172,
41. C.-P. Wong, Diss Abstr. Int. B, 36, 3368 (1976)
42. P. Sayer, M. Gouter'man and C. ? Connell, J. Amer. Chem. Soc., 99,
1082 (1977).
43. M.B. Crute, Acta Crystallogr., 12, 24 (1959).
44. E.B. Fleischerr J. Amer. Chem. Soc., 85, 146 (1963).
45, A. Ho1berg. J. Mo] Struct ,» 21, 61 (1974). . -—,
46. R, Mendelsohn, S. Sunder and H.J. Bernstein, J. Rgmsﬁ Spec., 3,
303 (1975). | |
47. M. Meot-Ner and A, D. Adler, J. Amer. Chem. Soc., 97, 5107 (1975),
48. W.H. Fuchsman QIR Smith and M.M. Stein, ibid., 99, 4190 (1977).
49. M. Tsutsui and G.A. Taylor in Ref. 5, Chapter 7. .
50. C: Lecom@e.'d. Protas, R. Guilard, B. Fliniaux and P. Fournari,
J. Chem. Soc., Chem. Commun., 434 (1976). ‘
5]'. J.F. Johnson and H.R, Sche1dt J. Amer. Chem. Soc » 99, .294 (1977)
'Sé. J.N. Phillips; Rev. Pure Appl. Chem., 10, 3§’L1253)
53. J.W. Buchler in Ref. 5, p. 200. £

54. J.W. Buchler. L Puppe, K. Rohbock and H.H. ?chneehage. Ann N.Y..

Acad. Sci., 206, 116 (1973). - ’,_,,»f’ - t '



r

55,
56.

57.
58.-
59,

60.

61.
62.

63.

64.

65.
66.

u 149 h

| . . - e i

R.D. Shannon and~C.T. Prewitt, Acta Crystallogr., B25, 925 (1969). |

Ref. 30, p. 59. R S !
_Ref."s, p. 21, . S I -éf'

L. Pauling, J. Chem Phys., 4, 673 (1936). o . _ o
E.D. Becker.and R.B. Bradley, ibid., 31; 1413 (1959). ‘

J E]Iis. A.H. Jackson. G.W. Kenner and J. Lee, Tetrahedron Lett.,

23 (1960). _

R.J. Abraham, Mol. Phys., 4, 145 (1961):

C.B. Storm and A.H. Corwin, J. Org. Chem.,-29, 3700 (1964).

J.9. Katz, H.H. Strain,D.L. Leussing and R.C. Dougherty, J. Amer.

Chem. Soc., 90, 784 (1968). 2

T.R. Janson, A.R. Kane, J.F. Sullivan, K. Knox and M.E.. Kenney,

ibid., 91, 5210 (1969). | | |

-C.B. Storm, ibid., 92, 1423 (1970).

H. Ogoshi, E. Watanabe and Z. Yoshida, Tetfahedron.’gg, 3241 (1973).

67.‘-§.C..Haddon.-V.R. Haddon and L.M. Jackman, Fortschr. Chem. Forsch.,

68,

. 69.
70,

71.
72.

16, 103 (1971). | ]
R.J. Abraham, G.E. Hawkes and K.M. Smith, Tetrahedron Lett., 71 (r974). "’*xx“\k\\
C.8B. Storm and Y. Teklu, J. Amer. Chem. Soc., 94, 1745 (1972).

C.B. Storm, ¥, Teklu and E.A. Sokolski, Ann. N.Y. Acad. Sci., 206,

631 (1973). |

R.J. Abraham, GiE. Héwkeg and K.M. Smith, Tetrahedron Lett., 1483 (1974).

H.0.A. Hill, P.J. Sadlgr and R.J.P. Williams, J. Chem. Soc.. Dalton
Trans., 1663 (197

T



73.

A

7.

75,
- 76.

77.
78.

79.
80.

- 81,

"

84,

- 85,
86.

Soc. London A 334 493 (1973)

- . . ’ . . 'S

G. N LaMar. J D. .SatterTee and R V Snyder. J. Amer' Chem. Soc..,ﬁ_‘

9, N7 (1974) - R

C.D. Barny. H A 0 H111 P. J Sadler and R.J.P. williams. Proc. R..

1dem. Ann.. N. Y. Acad. Sci., 205 247 (1973). - -

‘R.dJ. Abraham, P.A, Burb1dge. A H. Jackson and D, B Macdonald

J. Chem. Soc. (B), 620 (1966). I o -

'R.J. “Abraham, P.A. Burbidge, A.H. Jackson and G. H Kenner. Proc.

Chem. Soc. London, 134 (1963).

401 (1973). |
D.A. Doughty and C.W. Dwiggins' Jr., J. Phys. Chem., 73, 423 (1969).

T.R. Janson and J.J. Katz, J. Magn. Reson., 6§, 209 (1972).

R.J. Abraham, F. Eivazi, H. Pearson and K.M. Smith, J. Chem. Scc.,
Chem Commun., 699 (]976)

. R.J. Abraham, G.E. Kawkes and. K M. Smith, J. Chem. Soc , Perkin - °
| Trans. I1, 627 (1974).

R.J. Abraham, G.E. Hawkes and K.M. Smith, J. Chem.,Soc;.-Chem. Commun., .

A.R. Battersby, G.L. Hodgson.\ﬁi Ihara, E. McDonald and J. Saunders, '

J. Chem. Soc., Perkin Trans. I, 2923 (1973),. . , -

(a) S.G. Bozar. G.L. Closs and J.J. Katz, J. Amer. Chem. Soc., 96,
7058 (1974)..

(b) R.J. Abraham, F. Eivazi, H. Pearson and K.M. Smith, Tetrahedron,
33,)22717 (1977).

.5.8. Brown, M. Shillcock and P; denes, Biochem. J., 153, 279 (1976).

ElB. Fleischer, J.M. Paﬁmerﬁ T.S. Srivastaya and A._Chatterjee. J.
Amer. Chem. Soc., 93, 3162 (1971).



88, W.I. Hhite and R, A, PIane. B1oinorg Chem., 4, 21 (1974).

[
13
[
. th . :
—-—
’
o e

w.Ts &anmaMM Euwhd Wgcmm.m mm(wn)

89. R,F. Pasternack, Amn. N.Y. Acad: sci., 206, 614 as13)., - RS

., , _
BT TP L PRIV

- 90. -R F. Rasternack L. Francesconi D Raff and E Spiro. Inorg. Chem »
12,.2606 (1973). T '
91. M. Kr1shnamurthy, J R. Sutter and P Hambr1ght, J. Chem Soc.. Chem
’ Commun.. 13 1975) . .
‘;éé.‘ R. F Pasternack, P.R. Huber, P, Boyd G. Engasser. L Francesconi,
. E. G1bbs, P. Fase]]a G.C. Venturo and L. de C, H1nds, J. Amer. Chem,
" Soc.,94, 4511 (1972). - -
93. J.A. DeSolfo, T.T7 Smith, 0. F. Boas and J.R. Pilbrow, J. Chem. Soc.,” . °
Dalton Trans., 1523 (1975). |
'94. Reh. 5, p. 235.
95.° Ref. 30, p. 26.
9. E.B. Fleischer and L. Webb, J. Phys. Chem., 67, 1131 (1963).

87.

TJ

Hambrightland £.8. Fleischer, Inorg. Chen., 9, 1757 (1970).
98. H. Baker, P, Hambr1ght and L. Wagner, J. Amer. Chem. Soc., 95 5942 (1973).
99. N. Johnson, R. Khosropour and P, Hambr1ght. Inorg. Nucl, Chem. Lett.,
8, 1063 (1972). ' |
100. F.R. Longo, E.Malsrown;'D.J; Quimby, A.D. Adler ang.M. Meot-Ner, .
Ann. N.Y. Acad. Sci., 206, 420 (1973).
101. P. Hambright, in Ref. 5, pp. 247-253.
102, P. Hambright and P.B. Chock, J. Amer. Chem. Soc., 95, 3123 (1974).
103. IcSchiller, K. Bernauer and S. Fallab, Experientia, 17, 540 (1961).

104, s.J. Baum and R.A.. Plane, J. Amer. Chem. Soc., 88, 910 (1966):



" 105, T
106,

3, 1284 (1954)

107,
- 108:
109,

1o,
. -R.J, Kaszner and J.H. Vang, 4. Amer. Chiem. Soc.. 88/ 5170 (1966).
. - D.K, Cabfness and D.W. Margerum. ibid., 92, 215) (1970},

121,

172,
237,

124,

d D, r1nar|111. A phys ical Study of Several Jynthntic Pofphyrins

V. Migrdichian, "Orqanic Gynthesic®, Vol,

“Corporation, New York, 1957,

E.B. F1e1scher and J.H, Hang, 1b1d ibid., §%1*3498 (1960) .
E.B, F]eischar. E. I.. Choi P. Hambr1ght.and A, Stone, Inotg. Chem, ,

- o ’ . ‘ ..

P, -Hambr1ght. . Inorg. Nuel, Chem v 32,2449 (1970).

B.F. Burnham and J.J. Zuckerman. J Amer Chem, Soc,, 92, 1547 (1970) -
W.G. Rau and F.R. Longo, Inorg. Chem.. 16, 1372 (1977). o

J. Weaver and P, Hambright, ibid..’ 8; 167 (1969). I >

8. Shah, B. Shears and P. Hambright, Inorg. Chem., T0, 1818 (1971),
M.B. Lowe and J.N.-Phi111ps, Nature, 190, 262 (1961).

fdem, ibid.,"194, 1058 (1962), . | .
E.I. Chol and E.0. Flefscher, Inorg, Chem,, 2. 94 (1963),

. 0, Berezin and L.V, Klopova, Rusu, J. Pliys, Cheq.. 15, 1242 (1971),

. Sugata and Y. Matwushima, J. Inorg, Nucl, Chem., 39, 729 (1977),
AL, Vogel, "A Texthook of Quantifat1ve'1norgan1ﬁ Anatysis<", p. 196,
204, Longmans Canada Ltd., Toronto, 3rd d,, 1961,

A.D. Adler, F.R. Longo, J, D .Finnrt11i J, Goldnmchtr. J. Assour and _
L. Korsakaff. u, Orq, Chem.s 32, 476 (1907). '

p. 31-36, Ph.D, Thes s, Drexel Inctitute of Techulogy., hiladelphia, jg?u,‘ (,ﬁ
51071485 (1973), ' 5

27 p. 1537, Reinhold Publishing :

e

N.H. Wer<tiuk and T, Kadad, Can, J, Chem.,

idem, 1b1d . p.o 1328, .

(Rt



125,

2.

127.

128,

129,

153

Reference 119. P. 433 i o oot - - i

p. 241, D. Van Nostrand Co. - Inc.. Princeton. New Jersey. 1958

P. Rothemund, J. Amer. Chem. Soc.. 57, 2010 (1935). b ' \\\gtd/ :

P.. Rothemund and A,R. Menotti. ibid., 63, 267 (1941)
R.H, Ball, G.D. Dorough and M. Calydn. ibid., 68, 2278 (1946),

130., UK. Priesthoff.and C.V. Banks, 1b1d,. 76, 937 (1954). S

13,
132,

133,

134.
135,

- 136.

“137.

138,
139,
140,

141,

142,
143,

. G B/borough and F.M, Huennekens. ibid., 74, 3974 (1952). . 4 |
R.M. Huennekens and M. Calvin, 1b1d 4024-¢f§49) . o o -‘j* =

G.H. Barnett, M.F, Hudson and K M. Smith, Tetrahedron Lett., 2887 (1973)
K Rousseau and D, Do]ph1n. ibid., 4251 (1974)
G.M, Badger. R/A, doné% and R.L, Laalett Austra]ian J. Chem,, 17
1028 (1964). . . & '
D.W. Thomas and A.E. Martell, J. Amer,. Chem.ASOC.m 78, 1338 (1956).
-{A R. Menott1' "The Synthesis of a,l,y,é~Tetraphenylporphine énd some
of {ts Derlvativeq“; Ph.D. Thes1f. Ohio State University, Columbus,
Ohio 1941, - !
dJ, N1nchmah. Cancer Rewearch, 22, 589 (1962), .
‘J Winkelman, G, Stater dﬁd d, GrO%shan. ibid., 27, 2060 (1967) - "
N.B. Co]thup. lL.H. Daly and S.L. Wiberley, "“Introduction to Infrared
and Raman Spectro<copy”, p.'JSS. 2nd ed,, Academic Press, New York, 1975,
A.J. Abraham, G.E. Hawkes, M.F. Hudson and K.M, Smith, J. Chem. Soc.,
 Perkin Trans, 11, 204 (1975). : ) -
H;R. Woolfenden and D.M, Grant, J. Amer. Chem; Soc., gg,'1496 (1966).
T.0. Alger, D.ﬁ. Grant and L.G. Paul, 1919;} 88, 5397 (1966).

F.J. Néﬁcher. "The Ana]yticaI Uses of Ethylenediaminetetraacet1c Acid", k',“imi



144,

145.

- 4.
.,147,

148.

149.-
150,

151, -

152,

153.
154.
155,
156,

157.
158,

159,

J B. Stothers. "Carbon-13 NMR Spectroscopy". p 197 Academic Press. Ve

New York,. 1972

L.L, Murtfn. -J Chang. H.G. Floss. J. A Mabe. E.N. Hagaman and
E. Wenkert, J. Amer. Chem. Sac., 94, 8942 (1972).

J. W Buchler in Reference 5, pp. 177-187.

M. F C. Ladd and W.H, Lee. Progress in Solid State Chemistry, 1,

4 (1964). - B |
A.F. Wells, "Structural Inorganic‘Chemistry“; 2nd ed., p. 362, Dxf;rd ﬁ
University Press, London. 1950, ‘

C.A, Busby. R K. DiNe11o and D, Do1ph1n. Can, J. Chem., 53, 1554 (1975).
N, W.G, Debye and A.D. Adler, Inorg, Chem., 13, 3037 -(1974).

A, Adeyemo and M..Krishnamurphy. Inorg. Chem,, 16, 3355 (1977).

C.K. Chang, J. Heterocyclic Chem., lg.'lzas'(1977).

C. Dah1e1 and-?.sz wood. "Fitting Equations to Pata®, Wiley-Inter-

science, New York, 1971,

- Z.A. Schelly, R.D, Farina and E.M, Eyring, J. Phys. Chem., 74,

617 (1970).
D.J. Shaw, ”Introduction to Colioid and Surface Chemistry®, p. 69,
Butterworth and Co. Ltd,, London, 1966.

A.H, Fendler and E.J, Fendler, “Catalysic in Micellar and Macromole-

cular Systems", pp, 22, 33, Academic Press, New York, 1975,

£.5. Hand and T. Cohen, J. Amer. Chem. Soc., 87, 133 (1965).

W.E, Grove, "Brief Numerical Methods", p. 9, brenttce-Ha]].'Inc..
Engelwood Cliffs, Néw Jersey, 1966.

S.K. Cheung, F.L. Dixon, E.B. Fleischer, D.Y. Jeter and M. Krishnamurthy,

“ Bioinorg. Chem., 2, 281 (1973),




" 160.

6.

162.

163.

164.
165.
166.
167.
168.

«

170.

171,
172.
173.

155

R.R. Das. R. F Pasternack and R:A. P]ane J.. Amer. Chem. Soc.. 92,

| 3312 (1970). . e
“R.R. Das, J. Inorg. Nucl. Chem., 34, 1263 (1969). . . -

R.G. Wilkins, "The Study of Kinetics and Mechanism of Reactions of
Trans{tion Metal Complexesh; pp. 3-60, Allyn and Bgcon; Inc., Boston, 1974.
E. S' Lewis, ed., "Investigafions of Rates and-Mechﬁnisms of Reactions,

Part I", Techniques of Chemistry. Volume VI, pp 131-155, John Wiley

and Sons, Inc., New York, 1974. ] )

S. Sugata and Y. Matsushima, Chem. Pharm. Bull., 26, 1071 (1979)'

S. Ahuja. E.M. Cohen, T.J. Kneip, JiL. Lambert and G. Zweig. eds.,
“Chemicai Ana]ysis of the Environment and Other Modern Techniques”,

Progress in Analytical Chemistry, Vo]ume 5, Plenum¥ress, New York, 1973,

D.F. Martin, "Marine Chemistry", Volume 1, 2nd ed., Marcel Dekker,

Inc., New York, 1972. ' ‘ ) v

T.R.P. Gibb, Jr., ed., "Analytical Methods in Oceanography", Advances

in Chemistry -Series 147, American Chemical Society, washihgton. D.C., 1975.
E.J. Underwood, "Trace Elements in Human and Anié;T Nutritium®, 3rd ed.,
Academic Press, New York, 1971,

Y. Mqrcus aqﬁ A.S. kertes. "lon Exchange and Solvent Extraction of Metal
Complexes", John Wiley and Sons Ltd., New York, 1969,

M. Zief and J.W, Mitcheli. "Contamination Control in Trpce £lement
Analysis", John Wiley and Sons, Inc., New York, 1976. -
G.D. Christian and ?.J.‘Fé1dman. Appl. Spectrosc., 25, 660 (1971).
V.A. Fassel and R.N, Kniseley, Anal. Chem., 46, 1110A (1974).

T.K. Jan and D.R. Young, Anal, Chem., 50, 1250 (1978).





