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Abstract

This paper reviews the spectra of and proposés'ncw
assignments'for the electronic absorption spectra of
protochlorophyll, chlorophyll a, bacteriochloropﬁYll a and their
respe;tive-pheophytins.' The assignments are‘baséd on a detailed
comparison of absorption, fluorescence polarization, circular
dichroism (CD), and magnetic circular dichroism (MCD) spectra
in the visille and ultra-violet with the well understood spectra
of the unsubstituted parent rings. Pariser-Parr self-consisten£
moiecular orbital calculations are used for guidance.
Chlorophylls b and d are briefly considered.

Our assignments aqgree ﬁith earlier work on the Qx andg_y
transitions in the visible region. Extensive conficuration
interaction calculations confirm that these can be treated
within the limited CI framework of the Gouterman four-orbital
model, much as in porphyrins. The Soret_band of chlorin and
ADJ-tetrahydroporphin, but not that of OPP- tetrahydroporph:n,
can also be represented by the four-orbltal model,

In the ult:av1olet beyond the Soret region, we hav§
identified in protochlorophyll an eta band analogous}to those
previously found in metal Z;Q-diacetyi deuteroporphyvrins., Tihis
band is idéntified with the thodretically’predicted.(1a1u2b1g)

and (3a2u2b1u) transitions. The Soret Land of pfotochloroyhyll

<
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a may contain more than‘twO'transitions, in accordance with
a suggestion of Song..

Previéus workers assigned the chlorophyll'é and pheophvtin
a Soret bands and their first‘satellites to gx and Ey states,
respectively. lNewly available MCD spectra indicate instead
that the B fransitions are accidentally degenerate and together
produce the major Soret peak. The Ex contributes nore intensity
than does the gy. A new pi-pi* transition, which we name
eta for convenience although it is of mi:ied parentage, produces
the satellite on the major Soret beak'previousiy aséigned
to the gy‘traysition. This new band‘bécomes allowed Ly reason
of the combined peftufbations of carbonvl substitution and
ring distortion by the isoéycliC‘ring. It disappears if the
isocyclic ring is cleaved orvifwits carbonyl group is reduced.
The ultra-violet spectrum'of chlorophyll a is comblicated
in origin because of the low symmetry of the parent chlorin

ring. These interpretations are based more on examination

" of the data than on calculafions.

The Soret band of bacterioéhlbrophyll diéplays dramatic
solvent effects in vhich fiyg bandsvinterchange intensity.
Our calculat;ons and those of Song indicate that at least
thrée allowed and tﬁo forbidden tiansitions lie in this region,
The ultxa—violet absorption of bactcriochloropﬁyll beyond -

the Soret band may be due to ring distortion and vibronic



borrowing. The lowest triplet‘of bacteriochlorophyll is
predicted to be only 5500-~7100 cm“1 abcve the ground state.
Calculations of the spectroscopic effects of'fing reduction
and substitution agree fairly well with experiment. In |
particular, the "4#80 nm* band rccently identified in free
base porphyrins is predictcd'to'occuf in free hase chlorins
and pheophytins, and in fact can be found iﬁ their spectra.
Predicted shifts in grouﬁd state charge density upon carhony1
substitution agree qualitatively vith dcta on CO stretch
frequencies of carbon mohoxy-hemes'and vith association
constants of nickel porphyrin pyridinates. Transition
mcnopoles arc calculated for the visible transitions of
chlorophyll a and bacteriochlorophyll a, for use'in.
calculations of monomer and diner ab:sorption and CD spectra

and of intermolecular interaction natrix celenents,



'partiCular, the "480 nm® band recently identified in free
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borrowing. The lowestvtriplét.of bacteriochlorophyll is

predicted to be only 5500-7100 em™ 1 above the ground statec.
‘Calculations of the spectroscopic effects,6f fihg reduction

and substitution agree fairly wcll,with'experiment. In

base porphyrins is predicted to'occuf in free base chlorins '

and pheophytins, and in fact Can beﬂfound in their spectra.

-Prediqpedfshifts»in ground state charge density upon carhonyl

substitution agree qualitatiVely wvith data on CO. stretch

frequencies of carbon monoxy-hemes and with association

_constants of nickel porphyrin pyridinates. Transition

rionopoles arc calculated for the visible transitions of
chlorophyll ‘a and bacteriochlorophyll a,. for use in
calculations of monomer and dimer alksorption and CD spectra

and of internolecular interaction matrix eclenents.
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A lohgsténding'aim of the molecular orbital theory

of porphyrins has been approximate wave functions for

the ground'and excited statesvof the chlorophylls good
enough to support a definitive assignment of the absorption
spectra. Sﬁch wave functions'WOUId supply the quantum '
chemist's_answer to the 0ld question of why grass is green.
They would be valuable, among other things, in calculating
the'properties of chlorophylls in aggregéﬁed states related
to their structure in vivo. | ‘ |
The_selffconsiStent molecular orbitai theoiy of Pariser,
Parr and ?ople (SCMO-PP?) (1,2) has made it relatively
easy to perform approximate calculations on T electron systems
even as large as that of chlorophyll. The results of these
calculations depend on moderately seVere'assumptions and
mildly arbitrary input paramétefs,vand'it is best to
approach ;ﬁem with sbme skepticism} One test of the
validity of the calculationg_oﬁ such a highlyvsubstituted
chemical species is to start with a simplér felated molecule
whose properties are thought to be well understobd, and
to build upvto'a mbdei‘ofvthe desired molecule by adding
chemical perturbations one by 6ne.‘ The chlorophylls are
pérticularly suited ;o_suéh_ah approach, as theii parent
ringé th¢ porphyrins haVé been_subjedtéd to extensive

theoretical analysis, the results of which have been
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experimental data on a large number of substituted porphyrins
and reduéed porphyriné'are available to enable one to trace
the experimental effects of these chemical modifications.

The preseht'study began as a preliminary attempt to extend
to carbonyl substituted potphyrihsg amoﬁg which are the
chlorophylls, the extensive SCMO-PPP calculations we previously
pérformed on pofphyrins gnd larder macrOCycles.(g,l)_The effects
of’substiﬁutioh are much subtler than those of ring reduction,
and we found it necessary to gather many more spectra than had
been used iﬁ our previous comparisions betﬁeen theory and
experiment.’_Careful comparison of the absorption spectra of
closely relatédAholeculeé, plus qualitative interpretations
of newly aVailable magnetic circular dichroism (MCD) spectra,
led us to revise a number of long accepted spectr05copic
assignments and to propose seveial new ones, We compared our
calculated results with our hewly expandéd'phenomenologicai
ihterpretations of the data:rand found that they agreed
moderately well. : ‘

Introductory Survey

By “the chlorophylls® we shall in this review mean the
molecules protochlorophyll a, chlorbphyll a, and
bacteriochlorophyll g.; These are derived from the parent rings
porphin, chlorin (dihydroporphin), and bacteriochlorin (OPP-

tetrahydroporphin); respectively. Chlorin is derived from

[
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porphin by the reduction of one doubie bond, and bacteriochlorih '
by the'redUCtion of double bonds from each of two opposite
pyrrole ringé. One of the isomers of bacteriochlorin has two
double bohds reduced on.adjacent.pyrrole fings, and is khown
as ADJ-tetrahydroporphih oi Hypochlotin.(g) These molecules
are known coliecﬁively'as porthrihs, é generic term which can

also include larger macrocycles like the tetrabenzoporphyrins

and phthaICCYanines. The formulas for a number of photosynthetic

pigments are shown in Pig. 1.

- The porphyrin ring carries an excess of two eleétroné, which
may be neut;élized byAa'divalent metal ioh.(ih chlorophylls,
magnesium) to form the metalloporphyrins. Alternétively, two
of the central nitrogéns may bond to hydrogen atoms to form
the free base. Structures of some free bases related to
chlorophyll a are shown in Table 1.(3;2) With a few exceptions,
the general featurés of the spectfum of a given ring are
cqnstantbfrom metal to metals Energies and relative intensities
show ‘some vériation, but only_withid a well-defined pattern, (3)
Present methods ofvexéited state cglcdlations are only beginning
to diétinguish well between one metal and another. (10,11)

Spectra of photosynthetic porphyrins in solution at varying
levels of oxidation‘atg shown'in Figs; 2'and 3. Fig. 2 shows |
the spectra of protbchlorothli_g,andAchlorophyllvg; Fig. 3,

of bacteriochlorophyll a and 2-desvinyl-2-acetyl chlorophyll



a, Each compoundvof each pair is identiéal to the other except
for the reduction of a double bond. The spectrum of the ADJ-
THP analog of chlorophyll, called hypochlbrophyll,‘is given
in reference 15. (See Fig. 8'bél§w.) All these molecules show
an intense absorption in the blue or near ultra;violet_regiOn,"
the so-calledeoret band, and bands of lower oscillator strength
(théugh oCcasionally'greater extinctién coefficieﬁt) in the
visible or near infra-red. |
These bands are due entiiely to pi-pi* excitations within

the conjugated7macrocyc1e. The solution spectra 6f.the
chlorOphy;ls have been reviewed many times, (12)'most recently
by Goedheer (17) and by Gurinovitch, Sev;hencko and Solov'ev. (18)
The latter review includes'a discussion of high resolution
spectra of porphyrins and chlorins taken at low temperature,
an area which we shall not consider_here.

| The hypotheéis-that low=lying n-mn# exéited.states may play
a role in chlorophyll a spectroscopy has re-appeared from time
to time, most recently in ref. 19. Early evidence presented
in favor of n-m* absorption in the visible region is reviewed
'and~rejeéted by Gurinovitch.(lﬁ) More récently, the observation
of quasi-line spectra in ethyl chlorophyllide a (gg)uexcludes.
such transitions at wavelengths longer than 667 nm. Further

work along these lines would be very useful;
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The basis for the interpretation of theSe_spéctra isvthe
four'orbitallmodél of Gouterman, (g,ﬁ)bwho bﬁilt on earlier
work by Moffift(gi)and Platt.(2£) An essentially equivalent
ihterpreéatién, based on the ftée electron hodel,vhaS'been made
by Kuhn(23). The Gouterman mﬁdel is a limited configuration
inferaction.model; in which ﬁhé‘visible and néarvulttamviolet
transitions are’aSsumed.to defive‘frbm the interaction of the
lowest four excited cdnfiguratidns in the singlet’pi?pi*
mapifold. Tﬁe early hist6ry of the theory of porphyrin spectra
has been thoroughly reviewed by Gurino#itch.'(lﬁ)

In'the‘Gouterman model as originally intréduced,(g.ﬁ) excited
states correspohdiné to the visible and‘near ultra-Qidlet
absorption bands are interpreted phenomenologiéally as arising
from electronic excitation from the'highést two filled orbitals
to the lowest two empéy.orbitals; The lowest empty e . and.

gx

gy orbitals are degenerate by symmetry in metal porphyrins,

while the highest filled a1u~‘and.a2u orbitals are almost degenerate

accidentally, i.e., for reasons other than symmetry. (Fig.

4,) The:(a1ueg) and (azueg) configurations interact paifwise
to give plus and minus states in which the equal transition
dipoleé cancel and feinforce each other, respectively.
(Configurations are singlets'uhless Otherwisé indicated,)} This
gives rise»tové weak,'“parity forbidden® Q transition and a |

very intense "parity allowed" B transition, (Fig. 5).,
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corresponding to the visi%le and Soret bands, respectively.
- The major features of the Gouterman model have been confirmed
by extensive and careful experiments by the Russian school of
spectrosc0pists.(1§) ' - o J

In later refinements,'GOuterman and the Perrins foundvthat’
the intensity of the overtones of the visibievband is "borrowed"
from the Soret band by vibrations of the inner 16-membered ring
of the porpﬁyrin.(gi)  Fluorescence polarization measurements
(iz;zg,gg,lg) indicate that the spectrum in this region is of
mixed polarization. This is attributed to the fact that
vibrations are available of symmetry appropriate to ﬁhe borrowing
of either x- or y-polaiized-intensity. The old classification
of substituted free base porphyrins into "speqtral types® (etio,
rhodo, chloro, etc,) (27) rests on the fact that the intrinsic
(0-0) inténsities of the Qx and Qy bands* of the free base are
veri sengitive to shbstituents, thle the "borrowed" intensity
of the vibrational overtones—is relatively insensitive to these
perturbations. The theoretical basis for these spectral typés
was outlined by Gouterman (3) and is discussed in detail by
Gurinovitch et al.(18) |

Huckel calculations of porphin MO.energies did not give
the accidental degeneracy, required by experiment, between the P

la1u and 3a2u orbitals. (28) Gouterman (4,5) adjusted the

*The gx and Q are the first and third of the typical four-
banded spectrgm of free base porphyrins, respectively. The
H-H axis is the x axis.
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energies of these two orbitals to giVe_the required degeneracy,
and found that the Huékel'orbifals were then ah'excellent

starting point for extending'his phenomenological model to

‘reduced porphyrins énd other ﬁacroéycles. The resulting MO

energies are shown in Figure fa.

'Latér SCMOfPPP calculations by Weiss et al (6) gave 1a1u
2u ‘ofbitals closer to degéneracy (Figure 4b). Two-electron
integrals, which represent the attractive interaction between
the exgited electron and the hble left behind in the valence
orbital, w§re'greatér»fo;.(1a1uueg) excitations thanvfdr (3a2uueg).
This effect brought the. (1a1uueg)'and -'(3a2'uqeg) configurations
into almost exact,dégeneracy for three different choices of

input parameters, substantiating Gouterman's original conjecture.

It would be very useful to confirm these orbital energies by

‘high resolution photoeléctronAspectroscopy."(ggr

This predicted degeneracy put the Gouterman model on a sound

“theoretical basis, and at the same time restored confidence

in Huckel orbitals for non-spectroscopic applications where

two-electron terms are not important. The:calculatioﬁs

‘gave good qgualitative agreemént'with the porphyrin triplet-

triplet absorption spectrum, as well as the ordinary visible
and near ultra—violet absorption spectra of a wide variety of

porphyrin derivatives, including azaporphyrins, phlorins, reduced

porphyrins, tetrabenzoporphyrins, and phthalocyanines. Felton
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has used much the same parameters inicalculations on the
porphyrin radical mono- and di- =-anion (30) and -cation (31),
as well as on iSopdrphyrin (32) and isophlorin. (33)

When one or more of the porphin double bonds is reduced

e

to' form a chlorin or a tetrahydroporphyrin, the energies of
the-égy and,“to allessér'ekﬁent, tﬁe7a1d'otbitals are raised
(Fig. 4), because these orbitals in porphyrin have substantial
electron density'on'the_caibons whbsevddﬁble-bbnd-is to be
~ reduced. The energies'of’the'eéx'énd aéﬁ’prbitals,-Which do
not have electron density on these carbons, are slightly lowered
on reductioh,‘(}i,ﬂ,g) These effects afe>clearly displayed in
the aibitrarily'adjusted Hﬁckel orbital ené#gies of'Figufe
4a.(4) In particular, the energy_splitting betweeh 'the‘eg bands
in chlorin is almost exactly the same as that between the ay,
and a1u.*'The_pat£ern of'ehergy shifts of SCMO-PPP orbitals |
of Figure Ub is simila:,'although theseAsplittings.are unequal.
Thé maih’features-of four orbital SCMO calculations of metal
porphin are notlaffected.by sd;h theoretical refinements as-
:changés in parametefs, (2§) Changes_in geometry, (6,10) use
of the variable'electrohegaﬁivity,method, (36,37) ihdlusion
of non-nearest neighbor resonance integrals, (37) and
configuration interaction including a1l‘sing1y excited &
configuraiions.(lj MEHugh et al (7) have extended these

: ¥
calculations to the far ultra-violet absorption spectra of these

*We have abandoned the b b2 C4y.S, orbital labeling used by
Gouterman (4) for the four ErbflaTs, and refer to all orbitals
by their group theoretical labels in the square symmetry of
porphin whenever possible. Orbitals were traced from porphin
to derivatives of lower symmetry by noting similarities in
energy and nodal distribution.
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molecules;and.to their MCD.spectia in the visible and near
ultra-vielet; They improved the agreement of their predicted
oscillato?“stfengthS'With experiment by using transition
gradients instead of'transitibn'dipoles.’"

The-speetra of free base porphins are traditionally assigned
by analogy with the metal porphins. The four main transitions
in'the'visible are assigned to gx‘andvgy daughters of the metal
porphin Q band, andrthe gx‘and Ey transitions gnderlying the
Soret bend are assumed still to be degenerate,'byvanalogy to
the 18-membered‘cyc1ic polyene. (3) Four-orbital mode;
calculations do not agree with this assignment without
fudging;(ﬁ) Sundbom(38) achieved improved agreement with
experimental Bond distances and visible absorption spectra for
this molecﬁle by using a refinement, due to Fischer-Hjalmars
and her school, of the SCMO-PPP method. Sundbom suggested
a reassignment of the Soret region of free base porphin which
makes it more complicated in*prigin than the doubly degenerate
Soret bend of square metal porphins. In her interpretation,
three electronic transitions underlie the Soret bend of porphin
free base: g', Eyvand Ex' The gy has about the same oscillator
strength as in metal porphins,‘but the Ex and Nx each have about
half that. amount, Experimental absorption and MCD spectra are
conéistenﬁ with this cohclusion, if the Hx is much broader than

the two B transitions.
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.McHugh EE éil(l) agreevthatvthéré are three ﬁransitions .
in the Sdrgt region, bht present>evidence for a différent’
assignment.’ E#ténding é‘prdpbsai by F. Longo,'fhe?'suggest
that the extra transition may appear as a band at asothm long
“known ijporphyrih"chemiSts to‘wax and wane in”intensity |
according to Ehe substituents;_ This vafiation'ié thought to
be caused by Changesbin'ihtéhsity'borrOWing'frOm the Soret band
by a‘previously unsuspedted x-polariZedvtranSition.

The spectra of reduced porphyrins have, until recently,

received little thebretical'attention. ‘Weiss et al (6) published

four-orbital model SCMO calculations of metal chlorin, phl§rin,
OPP-THP, and ADJ-THP, and acﬁievedvqualitative’égréeheht with
experimentél Speétra. Their paper reviews eariier Huckel
calculations on these unsubétituted rings. vThe Weiss treatment
was extended by ﬂcHugh’gg al (1) and by Otten fég) to include
more configuration interaction. Katz et Ei (40) reported ground
state Huckel and SCMO calcuf;tions of‘chiorophyll.g, and compared
predictéd charge densities and electrophilic and nucleophilic
loéalizatibn energies with rates of hydrogen exchange with |
solvent,_ Agreement was not good. Sincé‘the completion of the
work described in the present report, Song (41) presented SCMO-
CI calculations of the excited state manifolds of
protochlorophyll, ch;orobhyll a, chlorophyll b, chlorophyll

d, and bacteriochlorbphyll a, and achieved improved agreement

L=
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with experimental enefgiés. " Otten (22) has done similar
calculatiohs-on the bactefiochlorin radical cation ‘and anion,
while KnopEand'Fuhrhop.(ﬁg) have disCussed the éhemical
properties of‘reducéd'porphyrins in térms of the molecuiar
orbitals 6f theiunsubStituted rings.

| At the same time as the theory of porphyrin spectra has

been advahcing, data has become available on the absorption,

fluorescence polarization, CD and MCD of families of chlorophyll

derivatives.(lg,g,l_)v While a number of potehtially iﬁformative
compounds have yet to be studied quantitativély, suffiéient
data is available to allow much improved comparison between
theory‘and.experiment. |

In the;visible transitions in porphyrins, x- and y-polarized
trénsitibns have opposite signs in MCD speétra and uéually in
CD spectravas well., The reasons for this are different in MCD
and CD, énd cannot be explained in é_simple "physical"” piéture.
(7,13) The MCD of an isolated doubly degenerate transition
typicaily resembles the derivative of the absorption band.
The cross-over, or zero point of a double MCD should coincide
with the absorption maximum in the case‘of an isolated doubly

degenerate band. For two nearly_degenerate transitions, the-

cross~over should lie between the two absorption maxima.

No transition is truly isblated, and we may expect deviations

from these ideal shapes due to interaction with higher and lower
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states. Furthermore, direct measurément of the abso;ption of
left- and right—handed circularly polarized light (LHCP and
RHCP, respectively) by several metal porphyrins in a magnetic
field show that the peak of the LHCP absorption is slightly -
less intense.than that of the RHCP absorption. This produces
a slight deviation from the symmetrical derivative curve of
the MCD spectrum measured as a_direct difference between LHCP
and RHCP abSorption.(Eﬁ,ﬂé,ﬁi,ﬂé) In more complex bands, this

effect could complicate interpfetation based on ideal single
and double MCD patterns.. Still, as we shall see,'MCD is very
valuable in résolving overlapping or degénerate transitions
of mutually perpendiculaf polarization.

THEORETICAL METHODS

The well known approximations in the SCMO-PPP-CI theory
used in this work are as follows: (l,g) 1) Molecular orbitals
are expressed as linear'cqmbinationé of atomic orbitals;'Z)
Sigma cores are assumed to bg~rigid and non-polarizable; 3)
the zero differential overlap approximation is used to reduce
drastically the number of integrals to be computed; 4) semi-
empirical parameters are uséd to correct known deficiencies
in computed values of certain integrals. Such an approximate
calculation muét stand or fall on its ability to inspire
interesting experiments and (to é slightly 1esservextent) to

predict their results.
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The'parametcrs and géometrg.of the porthrin ring used in
most of tﬁeée'calculaﬁions Qere takén from oﬁr.earlier work
(6) to facilitate comparison, CO bond distances were taken
aé 1.215 R from X-ray dafa.of lloard (46) on nickel diacetyl
dedterOpbrphyrin. “Tfaditibnal" values were used fbr carbon
and nitrogen parametefs.(g) These differ somewhat froh the
"standard" parameters used for reducéd porphyrihs in reference
6. The valence state ionization potential and electron affinity
of oxygen were taken from Miller.(ﬁl) Two values for the

resonance integral BCO were used. One, B = -3.19 eV, resulted

CO
from setting BCO equal'to the value of BCC for the same internuclear

distance. The other value, ECO4='-2.36 eV, was taken from

Leibovici and DeSchamps.(ﬁg) These values span the highest
and lowest values in the literature, up to 1967. Qualitative
conclusions were independent of the choice of B co*

intended these calculations as a preliminary survey to guide

Since we

both experiments and.moré detailed theoretical investigation,
wé.made.nb serious attempt to refine these parameters further.
Alkyl substituents.(including the phenyl groups of
tetraphenyl porphyrins) and distortions of the ring due to the
‘isogyclic'rihg of'chldrophyll derivatives wvere igno:ed in most

~of the present calculations. Lach nitrogen was given 1.5 pi

electrons initially to insure electroneutrality and the right
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number of pi electrons; the ceﬁtral‘metal‘was ﬁot consideredv'
| explicitly; |

Toward.the end of the research, we atteﬁpted to‘ihclude
effects of :ing distortion in calculations meant to Simulaté
chlorophyll a. For this we used the geometry of methyl
bhéophorbide a recently determined by Fischer et al.(49) scMoO-
PPP~CI calculations of free base chlorin weré'perfofmed using
the "da = §5,5" parameters of McHﬁgh gg‘gl. (7) In some calculations,
the oxygen'wés brought into closer conjUgétibn'with the fing
by use of-thé'oxygen>parameters'of Tich&. (§2)

Calculations were usUallyiperformed'in two stages: four-
orbital model‘and'"exténded configuration interaction.® 1In
the latter, the basis set wasbérbitrafily cut off at about 150
' nm to stay within the capacity of the éohputer; WhéneQer

pqssible, the cutoff was made at a natural break in the density

.of electronic states. Typical CI calculations included 60~75
configurations, depending oﬁ-thé molecule. The programs used
in these éalculations were written by W. Donath, expanded by
C. Weiss, (22) and further improved bva. Miller and J. Weeks.

Experimental oécillator strengths were estimated from
unresolved published data by the fofmula |

£=4.61 x 107 ¢b

where € is the molarAextinction coefficient and 8 the band width

at half héight, measured in wave nuﬁbers. This “triangle"
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formula is-exgct only for bands of pérfedt Gausgiap shape;'
_Intensify meaSUrements on cléseiy spaced bands depend on more

or less arbiﬁfary decisions Abbut‘where one band ends and anothe:
begins. The usual curve-fittiﬁg devices are of limited use

here for want of a reliable theo:y of line shapes'to tell us

what kind 6f.curve to fit to the data. For this reason, Qé

have not tried to improve on the "triangle" formula.

. RESULTS

A. Unsubstituted Reduced Metal Porphyrins: Theory and Experiment

Fig. 5,shows the energy level diagrams for the lower excited
states of'thé_reduced metalvporphyrins given by the SCMO-PPP-
CI calculations. The result is displayed at each of three
stepé: a) pure configuration energies; corresponding to the
length'of the arrows in Fig. 4b, less two-electron terms; b)
minimum CI; c¢) extensive CI involving 60-75 configurations.
The first two columns aéree with the four-orbital results of
‘reference 6, since fairly éimilar parameters.were used in the
twé calculations. |

‘The shifts in prbital energy on reduction (Fig. 4) déstroy'
ﬁhe near-degeneraéy of the lowest excited;cdhfigurations (Fig.
5). 1In the Huckel model (Fig; 4a), the x-configurations in

chlorin are still degenerate, and their transition dipoles
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cancel and reinforce eaéh'other, as'in porphin, to.produce the
weak Qx and'thé strong g*; respectively.(g) The Qy band is‘therefore
predicted to be more intense in chlorin than it is in porphin.

Thisvpattern is retained in the SCMO modéls. Contrary to:
the hobes of the early theorists (g), however, thebsubtle effects
of the new terms introdﬁced in this model vary fromvporphyrin
to porphyrin. This probably dashes hopes for a simple
parameterized theory to eXplain.reduced.porphyrin spectra.without'
the use of MO calculations,'aldng the lines of Ref. 3.

In OPP-THP, where the relative shifts in a,, and a, orbital
energies are more than doubled, the Qy band is further red shifted
and intensified, and the Ey is at'higher energy than the B .

The x-polarized configurations, on the othé;Ahand, are more
nearly degenerate, and again interact to givé a weak gx band.
(The high'intensity normaily associated with B, is distributed
among several interacting prolarized transitions.)

The fact that the more reduced compound absorbs ét_longer
wavelengths may sdrprise chemists accdstomed to the rule of
thumb that the smaller the conjugated system the higher the
| absorption energy. This rule derivg; from the energy levels
of a‘one—dimensional poténtial well, ahd cannot be used to
compare two-dimensional systems like porphin and OPP-THP, in

which configuration interation plays a central role. These v
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moleculés show CI‘patterhévtypical of'“found—fieldf and ﬁlong-
field" molecules, respecfiveiy;(gg) On,ﬁhe other hand, the
"eleétfon-in;a-box" model correctly predicts that the 1ongex'
wavelength transitioh in reduced porphins is allowed along the
axis with theﬁfewef reduced pyrrole rinés. | |

All of the effects of ring reduction may well be_greatér

'in the real molecule than in the SCMO-PPP representation of

it, because the CI integrals are a}ready so overestimated in
porphyrin that the émallvbut important effeéts‘of ring reduction
may not make much difference to the model. Even so, the
configurational purity of the lowest excited state, calculated
invthe four-orbital mbdel,'risés.from,52% in porphin to 68%
in chlorin and 84% in OPP-THP, |

Adding more cdnfiguraﬁions to those of the four orbital
model has little effect on the energy or intensity of the Q
bands of any of these porphyrins. All the ( states are derived
at least 97% from four-orbital model confiéurations. In chlorin
and ADJ-THP, the B bands are derived 87% and 95% from four-
orbital model states, respectively, compared to 84% in.porphin.
Configuration interaction integrals between pairs of four-orbital
configuratibns Qafy almost 100% from’porphyrin to OPP-THP, in

~

contrast to the hopeful assumption made in earlier work. (3)

The transition dipole of a particular transition, however,

varies only about *20%3.
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The most accurate way' to c0mpare these results to experiment
is to consider quantltatlve spectra of a series of porphyrlns
with the same substltuents, taken in the same solvent, but -
'dlfferlng in the level of reduction of the porphyrln rlng.

' Figure 6a-c shows the most suitable matched data in the
literature for porphyrlns with symmetrloally dlsposed saturated
or meso-aryl Substituents; Figure 8 below shows'similar data
for chlorophyll a and bacterlochlorophyll analogs. These sets
of spectra are fuller than those used in prev1ous tests of
theoretical models, but none of the sequencee is complete.
Probably the most_lmportant lack is, the ultra-v1olet and
quantitatiVe’visibie spectrum of ‘a Symmetrically‘substituted
metal OPP=-THP. |

It is still more dlfflcult to compare theory and experlment
because we do not really know to whlch metal porphyrins our
calculatlons correspond, and the ratio of Soret to v151b1e
intensities (especiaily in porphin) depends strongly on the
identity of the.central metal. From this point of view, the
zinc porphyrin sequence of Figure 6c seems to*correspond the
most closely of the three to the calculations, since its Q
transition_is almost parity forbidden. In'this section, we
will.compare the results of calculations on the unsubstituted

rings with the data in Fiqure 6a-c.

v
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The assignments of thé visible spéctrumiarevthe saﬁé as
in previous work, and the calculations égree'about as well as
before. (5,6) Experimentally, the Q&'band in the chlorin is
much more intense than thé doublj degenerate Q band in porphin.
This is correctly feproduced in the célculatiohs. The gy also
shifted to ioWer.energy. The Qx‘bahd of chlorin is Stronger
than the pbrphin Q in three of the four seriés, but is not
strong enough to stand out from the vibrational oveftones of
the.gy. 1ts energy is aboﬁt the same as_that-of the'porphin
Q.  The calculations in Figure 5 do not reproduce these trends

very well.. The chlorin g'bahds are predicted to come at the

Asame energy as those of porphin, and are in fact so found.

The CI pattern_of chlorin and hence its spectrum is somewhat
similar to that bf tetrabenzoporphin. (6,7,59)

"For OPP-THP, Qe must’teiy mbsﬁly'on thé‘Spectrum of
bacteriochlorophyll in Fig. 3. Both bacteriochlorophyll and
Mg tetraphenyl OPP-THP (Fig?‘S) haye the gy so red-shifted from
fhe'corrésponding chlorins, that the Qx'is easily identifiéd
by fluoreécence‘polarization..(11) This shift is qualitatively
reproduced in the calculations; although it is underestimated.

The caléulation correctly.Predicts'that'gx and'_}iy argkéccidentally
almost degenerate in unsubstituted metal chlorins._'The Ey is

260 cm'-1 above theggx in the four-orbital modei, but 170 cm-j

‘below it in extended CI. (Xfallbwed'states-are not constrained
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by symmetry and will be lowered by'configuration‘interaction
more'than y-ellowed statee ) The calculated'energy order of
Ex and Ey is not affected by extension of the CIl ba51s set in
substituted chlorins. The B-Q energy spllttlng is overestlmated

as in our previous calculations and-those of'all other workers.

S

B and_' _B_y‘ a'r'_e'predicted to split in OPP-THP and. i'_ts unsub‘stituted'
derivatives, évprediction in agreement with_thevspectrum of
bacterlochlorophyll in Flg. 3.
The orbltal pattern for ADJ-THP is calculated by Huckel
and SCMO methods to be similar to that of chlorln,'a predlction
borne out by the similarity of the available ADJ~THP spectra
to those of.the corresponding chlorins.(53,58,60) The Q bands
are found at energies slightly higher than the ccrresponding
bands in chlorin; a result also giren by the'calcniation. The
Soret band of ADJ-THP is predicted to be practically degenerate'
in the four orbital model, both.in‘the'“sténdard“ and in the ‘
"traditional" treatment. (6) Extended CI increases this
snlitting from 54 to 260 cm;j; and predicts that the y band
wili be higher. in energy (see Ref. 3 fprvaxes); ,The experimental
value of the glsplitting is 420 cn_1, (58,53) It would be interesting,
to confirm these assignments by‘flnorescence polarization and
MCD. | | . , | -
We see, then; that the'four-crbitalvmodel correctly accounts

for intensity differences among reduced hetalloporthrin spectra

*N prev1ous paper (61) concluded that SCMO-PPP calculations
overestimated the BQ Q splitting in l8-annulene, and that this
presumed failure represented a general defect in the method.
Supsequent measurecments found a new state just where theory
predicted it, so that the supposed overestimate was probably
duec to a misassignment of experimental spectra.. (62) We must
therefore look elsewhere for an explanatlon of the B-Q over-
estimate in porphyrins., :
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in the visible and Soret regions, buf doés'not do very well
at predicting quantitatiVé‘eneIQy shifts. Thisbresuit is largely
unaffected by increased cbhfiguration interactiont This suggeéts
that the four4orbita1 mddei is éssentially correét, but that
our qhantitativevrepresentation by:ﬁhe SCMO~-PPP~-CI model is
inadequate. The consistent overestimation of the B-Q spiitting |
suggésts.that the fault is in tﬁe CI treatmeht."Ihifact, the |
pure COnfigurétioh energiés of Fig. 5 ieproduce_the experimentél
energy shifts of the visible bands better than do the post-CI
state énergies. |

The Soretvregion"of OPP-THP cannot be described by the four-
orbital model. According to our calculation (Fig. 5), it
includes thfee allowed and two forbicdden bands, instead of the
two allowed'bands characteristic of the other unsubstituted
metal porphyriné. The theoretical origin of the new allowed
band is as foilows.' We have alreadyiseen'that the uegy orbitals
of porphyrin are raised sha;bly in energy on reduction.to OPP-
tetrahydroporphyrin. This raises the énergies pf the (1a1uuegy)
and (3a2uuegy) configurations so high that transitiohs to the '
“égy from a new o;bital, denoted a in Fig. 4b, are only slightly

higher in energy. The a orbital is a descendant of the 2a2u

-and 2b2u orbitals in porphin. Since the transitions (2a2uueg)

and (2b2u4eg)'interact to form the L and N bands of porphin,

(g) the (gegy) bands of chlorin and OPP-TliP have been named
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Q# The gy'_bands of tﬁé reduced porphyrihs are,split to higher
" energies bY'configuratidn interactioh. Only the g* is important
to the present discussion. | o

‘In chlorin,igy is predicted to be the first moderately intense
béhd abdve fhe Sefet. In'OPPéTHP,‘by cbntrast, cbnfighration"
ihtefacﬁidn_epiits'theig bahdeffd higher eneféy then that of "
the (éeéy) cehfiguratioﬁ, so.that'thefggiband'is ptedicted toe
appear‘as'a'shoulder on the long wavelength side of the Soret
band. Calculations to beudeseribed'in e later seetion extend
this predieﬁion to'bacteriochloroéhyll.

We do not have a?ailable.thefSoret band of an‘uhsubstiﬁuted
or syhmetricelly.substituted.OPP-THP to compare with these
results. Absorption'speCtra‘of bectériochlprophyli a in each
of four solvents are shown in Figqg. 7; IWe shall defer'deteiled
dlscu551on of these spectra until a later sectlon, except to
draw'attentlon to the complex, solvent dependent structure in
- the Soret region. -

The N and B bands qf OPP-THP and bacteriochlorophyll
a are the.only spectral features we have encountered in these
calculations. that afe*affected byvexpaneion of the CI basis
set beyond that'of the four orbital model. Our calculations
apd those pf Otten (39) show that the ﬂ band steadily loses .
predicted 1nten51ty (dlpole formula) to the B as the number

of conflguratlons is 1ncreased When all 99 singly excited
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"configurations are included, the predicted N, oscillator strength

dfops‘to,an'entirely reasdﬁable 0108;_(32)

Chlorin hés many mbré_allowed bands than eiﬁher’porphin
or OPP-THP because chlériﬁjhaé lost one plane of symmetry.
Indeed, no band is strictly forbidden in the y direction in
chlorin. The_calculéted ultré-violét'speétrum'of chlorin beyond
the Soret band (Fig. 5) has many al1erd bands descenaed from
forbidden.bands of the'potphyrin ring. _Thése bands usually
have a predicted dscillatOr strength of at léésﬁ 0.04; and often
as much as 0.2, |

‘The ultra-violet spectrum of OPﬁ-THP, on the other hand,
is predicted to have no electronically allowed,transitions at
all for 10 700 ¢m'1 above the eﬁergy of the Soret band. None

of the allowed bands in this region of the porphin spectrum

' is predicted to be there in OPP-THP. The L band has been

eliminated by the loss of a bonding orbital, the N, band has
been red-shifted below the Soret energy, and the Ey has been

blue-shifted by the rise in uegy orbital energy. This prediction

is largely,rooted in the symmetry of the molecule, and extends

to bacterlochlorOphyll and. presumably to other substltuted OPP-
THP derlvatlves.

ASMO calculations on free base chlorin; using orbitals

calculated for the metal_derivafive and the "4da =5,5" parametefs

of McHugh, (7) indicate that the Soret band of this compound
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shouldlincludeuthfee major aliowed electronic txansitidns, much
as in free base porphin. (l 38)

B. Substltuted Porphyrins: i o o N

To help ‘the reader- through the subSeQueht discﬁésion, ve'
héve summarizéd our interpretation of'the:expérimental energy
1evel dlagrans for magne51um porphyrlns related to chlorophyll
q_ln Flg..8.j Our ass1gnments are deduced in the follow;ng

sections by‘comparlson-of absorptlon and MCD spectra of related
compounds, using the calculations judicibusly.aspbefits their
failibili£y as guides, | |

a. ‘Protochlorophyll: Theory and Phehdmehgldgy

The éXpérimentai absorption, CD and MCD spectra-df
ptotdchiorophyll'g (13) are shown in Fig,'9.;'Assignments'shown
forlthe‘viSibIe”and’Sbret régions are those made by Houssier
and Sauérg tlg;lz) AsSignménts at higher‘enérgY'aré by ahalégy
tovmetal etiOporphyrins (7) and Z,Q-diacetyl_deuteroporphyrins,*
(56) - L

Resultébof an extensive CI, SCMOAPPP'calcﬁiation of
,vmdnocarbbnylvpbrphin,'intended'tovrépreéent,prétoéhlorophyll
é, are shown in Fig. 10, along with experiﬁentql'énergies and
the results of a nore recent calchlatioh by Song;”(gl)lwhich :
used a pbint charge to represent the.Céntfal magnesium ion. ”

Both calculations give substantially accurate predictions of DS,

.the'g energiés, although‘Song'é-givesvthe better value for

*Deuteroporphyrln IX is 1,3,5,8~ tetranethyl 6-7-dipropionic
ac1d porphln. ‘ :
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L(Q) - E(g)‘,,)’. Both calculations greatly overestifiate the
B-Q energy splitting. our calculations predict the ncxt
states above the Q band:£bvbé the cldsely'spaéed‘g% and Ey
states. The Song caléulatioh-predicts three intense transi-
tions in the same reqion;v |

The'expériméntal Soret band of protochlorophyll a is
deceptiveiy complex. The split into gx;and Ey is clearly indicated
by fluorescence poiarization; (lg) and.is consistent with the
CD and»dime: abSbrptibn.' Yet the B, transition shows only
a very slight negative'MCD - too small to show up on the figure
- and the well éhéped double MCD COrresﬁonds in wavelength to
the B and the small satellite band on the short wavelength
tail of the SOret.(lg;ggg) In zinc deuteroporphyrin, a metal
pOrphyrin.whbse Soret band ShOuld includelohly two degenerate
.transitiohs,.there is a typical double MCD. Thisvevidence
suggests that the Song assignment‘could be correct, and that
the double MCD could resulzvfrom a near degeneracy between
the Ey and a new transition just above it. Alternatively the
B, and §y MCD may have different Shgpes'and amplitudes. Neither
of these explanations is completely satisfying.
| The main effect of catbonyl substitution in our predicted
absorption spectrdm of'monocarbonylfand 2,4=dicarbonyl porphin
at higher energies is to break down the symmetry and make

forbidden bands allowed. The major new feature of the spectrum
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1uzbw)‘and (3a,,2b, ) bands in

the spectrum'at wevelengths'above the Soret band, with predicted
osciliator:strengths of 0,13 in monocarbonyl and 0.55 in’
dicarbouylbporphin. Both thesehbands are forbiddeh in full
square*symmetfy; From their energles ‘and thelr promlnence in

the spectrum of carbonyl porphyrlns, they should correspond

to the 7 bands identified in the experlmental spectra of»metal
2,u~diacetyl.deuteroporphyrins‘reported‘by_Caughey et al. (56)

In oléce>of'the N and L bands of square porphyrin, the model

predicts a cluster of bands of various paréntages and

pdlarizations; These predlctlons are con51stent w1th the untldy

_appearance of the protochlorophyll and metal 2,4~ d1acety1

.deuteroporphyrln spectra in thls reglon.

The absorptlon curve in Flg. 9 suggests that the 1 band
is Spllt Lnto two components of opposite polarlzatxon, as
1nd1cated by two bumps on the absorptlon curve and a trough
in the CD curve. The trough is much deeper in vinyl

protochlorophyll, (12) .a fact which may indicate a new pi-pi#

:state-involving the vinyl group. Such states are predicted

by SCMO calculations in which.vihy1 groups are introduced

_exp1101tly. (See Discussion section below.) .

The N absorptlon band in protochlorophyll shows 51gns of

three separate transitions. The first (§1) corresponds to the

332 nm peak called N by Caughey et al. (56) The second (N,)
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is a slight inflection at aboﬁt 325 nm, and th¢ third (§3)‘appea:s
as a shouldef in the absorption and as a peak in the CD. The
L band can no doubt be further resolved as well. A new band,
the M Band, (7) appears at 239 nm.

A new bonding and a new anti-bonding orbital are introduced
into the pi system for each carbonyl substituent. These are
not predicted to have ahy direct effect‘on ﬁhe low energy
spectrum; neither B nor Q transitions have any appreciable
charge.trahsfer component. gfpi* levels are‘noﬁ included in
the presentbéaICulation.~ |

b. Pheothtihs and Other Free Base Chlorins: Phenomenology

The spectra of chlorOphyll derivatives pfovide a useful
test of thevideas developed to rationalize the spectra of
unsubstituted redhced porphyrins., To facilitate comparison,
we have constructed a graded series of substituted free base
chlorins, each one differing only slightly from its predecessor.
(MCD and quantitative absorﬁ%ion:spectra for a comparable series
of metal cﬁlorins are not available.) Thé.compoundsvused are
listed in Table I; representative spectra are shown in Figs.
11 and 12.

Ideally, of course, we would like to have a set of
calculations so éccurate that they lead immediately to correct
spectroscopic aséignments.' In fact, the calculations are not

accurate, and contain parameters which makes them fit the data
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- in a way which depends on assignments made with the help of
the calculations. To avoid this c1rcular path ‘we have tried
to hake'our assignments by comparing "unknown“’spectra with
those of the unsubstituted parent rings, which we assume to
be well understood o |

Detailed comparison ‘of the v15ible portions of these and.
other absorption spectra shows five regions whose appearance_
remains.similar‘from molecule to molecule, a fact well-documented
by the early German spectroscopists (69, 71) The region at longest
Wavelengths includes a sharp, intense band usually together
w1th a satellite at slightly higher energy. The intense
absorption band, which is assoc1ated w1th a ‘small’ pOSitive MCD
..peak, is assigned to the Qy transition. :ThevSeCOnd.and third
regionsvcontain low huﬁps from SQOfSSO:nm (SSO-GlSlnm in
pyromethyl pheophorbide). The fourth peak at 536 nm in
_pYromethYl pheophorhide is clearly assigned to.the 9# transition,
by the large negative peak in‘MCD (Fig. 11) and the small |
positive CD band. This-confirms the earlier assignment. which
was based on the well-resolved negative peak in the fluorescence
polarization (25) of pheophytin a, whose absorption spectrum -
‘is practically the same as that of pyromethyl pheophorbide a.
The same peak appears_at 519 nm in the absorptionvspectrum ofg

etiochlorin (Fig. 11).
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Turning now to the spectrum of7uhsubstituted free‘base
chlorin»in‘fiq. 11,'we'Sée thaﬁ this peak is'ébsent._ We
intefpret this to mean thafithe (0-0) bahd 6f_the o, vtfansition
has ho‘inteﬁsify - i.e.;Ithatvthé'transitiqnfdipolés of the
configufaﬁioné makin§ up the 9* stafe_havevdancelled'exactly.
This'propOSAI needs to'be'éonfirhéd by MCD. 'If'iﬁ is correct,
this transition will be a conveniéht point to calibrate |
parameters fbr future calculations on free base chldrins,and
pheophytins.

All six of the speétra_in figures 11-12 show a fifth band
at HBO nm(vwhich apparently COfrespOhds,tb'theltransition |
‘fecenf;y identified by Mcuugh.gg‘gl-iﬁ free base porphihé (7).
The band does not show up clearly in the MCD (Fig. 13). It
: disappears in chlorophylilq_and in Mg 9-oxy-desoxo methyl
- pheophorbide a (zg), lénding weight to the squestiOn that it
is specifically a free base transition.
| TheISpectra of tetraphenyl-, etio-, and unsubstituted
chlorins are less clear¥cut.‘ The “480" band is présent in free -
base tetraphenyl chlorin and absent in most of its metal
derivatives, bﬁt is_present in the copper, silver and tin
compiexes.(ég) Free base chlorin and etiochlorin have a prominent
double peak between UBB-Q96’hm. The low temperature fluorescence
poia:iéatién.spectrum of free base chlorin shbws that the twin

peaks are of opposite polérization (74) , strongly suggesting
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that they_are the (0-1) of the gx'and the (0-0).of'the x-polarized

mygo" band,orespectively. On the other hand, the spectrum of

Mg chlorin’ shows a similar band, although lt ‘is weaker and red

‘shifted. (73) Low temperature fluorescence polarlzatlon studles

of this molecule and of Mg ‘etiochlorin might well settle the

assignment in this region.

The Soret bands of the free basé7chlorins'are'complicated l
to ihterpfet. The Soret band of unsubsﬁituted'free'base chlorin
can be #esolvedvinto,two}cohponents of nearly the same energy
and:intensity'but'of opposite polerlcatioh} (74) split by only

550'cm—1; These are assighed to the’By aihd - By tran51t10ns,

‘in'ofdet’of increasing ehergy; Nearly all of the free base

vchlorins listed in Table Ia and Ic show the 51ngle, well-shaped

absorptlon band exempllfled by meso-phyllochlorln in Flg. 12.
This is known as a chlorln—type spectrum. The Soret band of

9-desoxo-meso-pyromethyl pheophorbide is well-shaped but is

‘broader than that of méso-phyllochlorin.'»gx and Ey are apparently

degenerate in these molecules'within the resolution of the
spectra, We cannot exclude the possibility of an Hy transition

in the short wavelength tail of the Soret band of these spectra

by analogy to the Sundbom ass;gnment for free base porphln.

(38)
In mesofpyromethyl'pheOphorbide,*the Sofet band is,weaker

in intensity;-and'iS'split into two compohehts of different
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enetgies and intensities. ‘This is known as a phérbin-type
spectrum. Most previous workers have assigned the main peak
and the shoﬁldér to B, and gy'transitions, respectively, (6,17)
an assignment based mostly on fluorescence pblarization data.
(26,70) They assumed fhat these transitions are degenerate in
chlorin-type‘compounds.

This aséignment is insufficient to explain the MCD spectra
shown in Fig.'13. In chlorin e whose gbsorption resembles
that of meso-phyllochlorin, a lérge positive MCD at the long
wavelength'bf'the Soret at 420 nm is\folldwed by a huge négative
peak at 395 nm. The cross-over point of the MCD lies on the
long wavelength side of the absorption maximum. A large positive
peak corresponds to the satellite band in absorption at 364
nm. This spectrum is consistent with a doubly degenerate B
band and a vibrational overtone or new electronic transition
at higher eﬁergy}‘ This assignment, hdwever, leaves open the
question.of why the upward and downWard humps of the MCD are
so.unequal; énd also why the érbss—qver point does not correspond
to the absorption maximum, as it should for a doubly degenerate
transition; V(No fluorescence polarizatioh data is available
for chlorin e..) |
In the phorbin-type Soret band of pyromethyl pheophorbide,

on the other hand, the upward and downward excursions of the

MCD are almost equal in magnitude, and the cross-over point
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.comes:aﬁ'élmbst exactly the same aneiength as'doesjthe.
absorption peak. In ether words,ﬂthe ﬁain pé&k'of the “spliﬁ“'
Serer‘gives the typical MCD of'avdoubly degeherete'transitidh :
- a;pattern’ﬁuch simpler’thah'that'essociated'with’a “well~
shaped" Soret band. 'Moreover,vﬁhe downward excursion shows
a_well-defined‘shoulder that corresp0nds'nieely’to the shoulder
on the spllt” Soret band *_: _ . |

| We tentatlvely conclude that the maxn peak in ‘both’ split“
and "well-shaped“ Soret bands - i.e., both phorbin and chlorin- ‘
type'spectra - comes from a doubly degenerate B transition,

end that the shoulder on the "split*® Soret‘band’ofbphedphytins
‘and pheobherbide isvavthirdrtranSitien. .ih:Chlorin-type spectra,
,thié newly identified frahsition is either forbidden or else
buried under the intense B bands. This eonelusion is implicit
in the tabulated assignments of Houssier and Sauér.i(lg) In

the abSencevof reliable Calcuiations for‘absorption and MCD
intensities, it is difficult‘to eseign thie intensity to a
Aparticular‘forbidden‘eleetronic band. We shallvtentatively'
call this‘new transition ﬂ by analogy to.the Spectra ef carbonyl
substitutedvporphyrins. (56) Agaln, a posxtlve MCD peak appears
at wavelengths correspondlng to the Soret tall.

The difference in structure between 9—desoxo~gg§27pyromethyl
Pheopherbide g_and.ggggfpyromethyl pheophorbide g'is the carbonyl
substituent on the cyclopentene ring - i.e.. the conversion
FTE should be pointed out that if two positive Gaussians with

nearby peaks are added, their apparent maxima are pushed closer
together. If a p051t1ve and a negative Gaussian are added, the

maxima will appear to be further apart than they really are.
?‘q

S A



-37-
of the cyclopentene ringkinto a Cyc;opentenéne fing} This seems
to be the critical requirement for a pho;bin—tYpe spectrum.
Chlotin gé;.for-exahple, Wifh an @-saturated substituent on
the meso position and an charbén91 étrthe 6 position, has a
chlorinétype »Sbrét peak. AIntrOductionvof'the'cyclopentene
ring broadens the Soret band, presumably due to the new
unresolved transition, and the carboﬁyl grbup splits out the
resolved éhoulder, réd@éing the intensity of the main peak.®#

This new assignment is consistent with the fact that the
ratio of the.heights of‘tﬁe main peak and the shoulder of the
Chlorqphyllbé Soret band (which we shall later assume tQ.be
ana10gouS*tp°that of phedphytin) varies from'O.Sh-O,SS depending
on the soivent; (15) "We éimply assume that the'éonfiguration
interaction giving rise to intensity stealing by T from B is
solvent (or ligand) dependent, much as it is in
bacteriochlorophyll. This is.admittedly arbitrary, but it seems
moie'likeiy than solvent dependent configuratioh iﬁteraction
‘between'gx and Ey' Alternatively, the.;elative extinction coefficients
of B and T may cﬁange_depending on the energy split between
them, without'any change of relative oscillator strength;-

The fluorescence»polafization_spectrum of phebphyﬁin a
(17,25) shows that the red side of the main Soret peak is
strongly x-polérized,'while the satellite peak is‘polarized

approximately randomly in the plane. (The data are also

*A phorbiﬁ'molgculé;is a chlorophyll a derivative with a mag-

nesium and an 1socyc11cvr§ng;(§) By this definition, 9-desoxo-

- meso-pyromethyl pheophorbide a is a phorbin but does not have a
phorbin-type" spectrum. ' ‘
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consistent w1th a polarizatxon of + 45° to the x-axis,’ or to
a superp081tlon of x- and y-polarlzed transxtlons ) Th;s
observatxon, whlch was the ba51s for the.old assignment, can
be made con51stent with our prOposed a551gnment if it is assumed
that the BY loses more of lts 1nten51ty to the T than does the
Qx, It is not clear wlthout expllcit calculatlon whether our
a831gnment_is consistent with the_pheophyt;n.g.cn spectrum.
The obsetvation that tﬁéléb of the gx and Qy transitions afe
opposite in sign cannotrpecessarily'beléxténded to the Soret’

:bands;

d. ThevChiorqphylls: Phehomenology

| The' visible spéctra'of'the?cblbrOphylls-gnditheir deriva;ives
are mo:e.poofly resolved than, and hence are best assignédqby
comparison to, those of the pheophytins, ’The visible absorptibn
vspecifum offchlorophyll a (Fig;z,Tu,15)'shows.four hu@ps similar -
to, although not.as well resoived as the first four humps of
the pheophytin q;spectrum. —fiuqrescence,pélariZaiion (25,26,70)
(Fig. 14) and magnetic circular diéhroismr(lg) (Fig. 15) show
clearlyithak the inténse'peak at longest wavelength is the Qy’
while the third hump at 578 nm is the Q_. The visible spectra
- of chlorophyll 4, 2-acetyl-2-desvinyl chlorophyll g’(lﬁ)‘(Fig.
3) and Mg-é-oxyfdesoxo#methyl pheophorbide.a (72) resemble
that of chlorophyll a, as do those of a variety of allomerization

intermediates. (76) We may assign thé third hump in each to
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the'gx. (This comes at 5 1l nm in 2-acetyl-2~de$vin91 chlorophyll
a.) The @71 nm hump in_thé pheophytin Q'SpéCtrumyis weakly
x-polarizéd'(ll).'and is nearly absent in éhlorophyll a. This
is again consistent with our tentative assignment of this band
in other free base chlorins as a separate x—polarized electronic
transition. The visible spectrum pf chlqrophyll b beyond the
Qy iévalmost ¢ompletel§ structureless; fluorescence polarization
measurements taken in castor oil indicéﬁe that the'gx band is
a smallkshoulder that appears to £he_red of the hump at 594
nm when thé-Spectrum is taken in ether solUtiohv(gg,ll).' MCD
spedtra'for'these compounds would be useful for testing these
assignments. | N

The Soret region of chlorophyll a in ethef (Fig. 15) shows
an intense peak at 428 nm (in ether) accompanied by a satellite
band at higher energy. It thus resembles the phorbin-type
"split Soret" of the pheophytins. As in the pheophytins, the
‘main peak énd its satellite have been assigned by previous
WOrkeré to the gx and Ey transitionsvfrom fluorescehce po;arizatioh
measurements., (13,11.19)

The MCD spéctrum of chlorophyll a in the Soret region (13)
(Figure 15) shows a clear double MCD witﬁ a cross-over precisely
at the absorption maximum, much like ﬁhét of the pheophytins.

A shoulder on the MCD at 398 nm corresponds fairly well to the
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absorption shoulder at 409 nm. (See fodtnoté, p.31.) In contrast
to previous workers but in'agreemént with our remarks on |
pheophytins,vwe assign the méin peak to a doubly degenerate
Jgand the hump at higher energies to a band, fo:bidden in
unsubstituted chlorin;'which'steals'iutensity from the Soret
beéause of the distortion of the chlorin pi system by the
~ isocyclic ring and its conjugated carbonyl.
| This intensity stealihq is responsible for the observation
that pho:bin-tyﬁe Soret bands are less intense than chlorin
bands, both absolutely and'telativeftovthe-iuﬁensity of the
visible tfahsitions, MO calculations suggest that both this
shoulder and the second shoulder at 380 nm are defived from'.
oueriapping‘"mongrel" (mixed parentage) bands descended from
eta, ﬁ audvfurbidden porphyrin transitions. It may well be
related to the hypothetical state just above the Soret state
that we invoked as a possible explanation for the MCD spectrum

of protochlorophyll a. We shall, for convenience, label the

. : ‘ |
two chlorophyll a shoulders n, and ﬂz by analogy to the protochlorophyl.

a spectrum. The broad absorption between 325-380 may well
conceal further structure und new electronic transitions made
slightly al1owed by the reduction of the ring. The shallow
hump at 325 nm in the chlorophyll g,suectrum corresponds nicely

in energy and shape to the protochlorophyll N, band. *

*Gurinovitch et al (18) have suggested that this peak may be
related to the BT¥ transition observed in cyclopentanone. (77)
We regard this as unlikely, since n/* bands have little

intensity and the 325 nm transition appears in many porphyrins.(56)

|
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.As iﬁ pheophytin.g,‘this assignment can be made consistent
with the fluorescence polarization data of Figufe 14'if we
assumé that.thg 9& transition loses moré of its intensity to
the ni'than does the §x. 'This'wou1d>éccount for the x-polarization
of the red side of thé mainvSoret‘peak; The first shoulder
is practically unpolarized. (Figqg. 1#)-The second_shoulder,4which
we have labeled ﬂz, has a slight'y polarization., The tﬁird
hump, Which we have called N, is an envel§pe of mahy bands,

Our proposed'assignments'for'the chlorophyllvi spectrum are
shown in Figure 15. | ’ |

Qﬁalitative‘absorption spectra by Holt (ZE,ZE)'make it
possible to.dénstrdct a gradédISeries of magnesium chlorins
parallel-tO‘the series of pheophytins discussed in the previous
section.. The Soret band of phyilin e., (Zﬁ) the Mg derivative
of ch;ofin’gﬁ, is a narrow single ”chiorinétype“ peak with a

vibrational shoulder much like that of chlorin So is that

eg-
of Mg 10~oxy-desoxd-methyl pheophorbide. (72) The latter
compound,’ in which the chlorophyll a isocyclic cyclopentenone o
ring has been reduced to.a’hydroxy-substituted cyclopehtene_‘
ring, has a Soret band much narrower than that-of its free base,
| In.ﬁhe aIIOmerizatioh.intermediate;Mq purpﬁrin-7-lactone
methy; éther dimethyl ester; the five-mehbered isocyclié ring

is converted into a substituted six-membered lactone ring (Table

vI(d)). The Soret band is broadér than that of the above two
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compounds, but does not have a resolved 7 shoulder. (76) These

spectra are consistent with the idea that the 1 shoulder>is resolved

only in the presence of a'carbdnyl'substituted, five;membergdv'
iquyCIic-fing; In view of the solvent effects on the intensity
ratio of B and 1 transitions of chlorophyll a,(76) it would be

well to check for solvent effects in the Soret region of these

- spectra as wéll,

The addition of a second carbonyl group éomplicates the
Soret région in-waYs that we cannot inteipret in detail.
Chlorophyll b and its pheophytin have chiorin'type spectra.

(41) The éhIOrophyll d and 2-desvinyl-2-acetyl chidrophyll a

_Soret spectra are probébly'related to the phorbin spectrum (Fig.

3). The first $oret‘shouldér'(ﬂ1) has moved éloser to the main
péak}}giQing‘a iumpy'appearance,to'the band. 'Tﬁe'éecondary
peak at 382 nm is the ﬂé. (Chlprophyll ¢ is a porphin, not a
chlorin. (79)) | |

Mg purpurin 18 methyl egzerﬂ(zg), in.whfch the isbcyélic
ring is a sik-membered anhydride ring, has a pronounced Soret.
shoulder. The Soret band of Mg purpurin 7 trimethyl ester (76)
appeérs to contain three closelyvspaced peéks; (See Table I(d)
and I(a) for structures.) In this compound, ﬁhere is no
isoCyclic;ringtat all. Apparently a carbonyl sﬁbstituent_
conjugated to the Y pbéition is Sufficiéh£ tobcomplicate the

Soret band by itself.
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Visible and SoréttabSOtptibn spectra of theiphéophytin a
and b derivatiVés of*Ziné,ICOpper (+2); and nickel (+2)vare
similar to”those of chldrophyll»gvexcept for small shifts and
changes in intensity. (79) Jones et al (80) report'a broad
transition at higher energies thén; and well resolved from the
Soret band of copper pheophytin'g but not of zinc pheophytin
a. The intensity of the ﬂ1 band thus appears to be a function
of thé centrél'metal. The manganous pheophytin a (81) spectfum
- resembles that of chlorophyll g" | | |
Loach (21,23) has prepared pheophytin g_de:ivatibes of
manganic manganese and of ferric and ferrous iron. The spectra
show a weak ab#ofption in the visible and an intense Soret band,
but otherwise are different from the typical‘chlorin or phorbin
spectrum;. Appafgntly the ring pi-pi¥* transitions overlap and
interact_with'charge transfer transitions involving both ring
and metal, much as they do in manganic porphjrins (83) and in
hemins. (84,85) |
It would be useful to have MCD spectra of all of these
_compounds,.as‘weli as absorption spectra of the free bases of
.the allomerization intermediatés discussed iq the last paragraph.'
The hear infré~fed absorption spectra of manganic pheobhytin
2 would also be of‘interest, sinée Baker (86) has recently
identified crystal field tranéitions in the weak near IR

absorption spectra of manganic hematopdrphyrin. It goes without



'saying'that all our assiqﬂments:are téﬁtative; the more so since .
.the art of interpretation of MCD spectra is still in its infancy.

There rémains to be discussed the fluorescence polarization

spectrum of zinc tetraphenyl chlorin and of chlorophyll a in ' 5
frozen alcohql glass. (87) In these molecules, the third

visible trénsition at about 575 nm, which we have idgntified
as the 9* band in the spectrum of chlorqphyli_g in ether,valmost
disappears. The nearest thing to an x-polarized transition
that remains is a band at 639 nm in chlorophyll g-(4 600 nm in
zinc tetraphenyl chlorin), which Sevchenko et El (88) identify
as a shiftéd Qx' We prefer to believe that these’bands are | |
the (0-1) overtoqes'of'the Qe whiéh in chlorothll‘g are uhpolariiedv'
(in contrast to the strongly y-polarized (0-0)) and have a
slightly.negative MCD. In other words, we believe that the
Q, under these conditions is greatlY;rgduced in intensity.
CD and MCD spectra would again be useful in_helping us choose
between these intefpretatioﬁ§. | B

The " bacterlochlorophyll a Soret band shown in Flgure 7
varles greatly w1th solvent and cannot be analyzed w1th a 51mple
model. We believe that there are at least five transitions
between 310-410 nm, although only three are indicated on-ﬁhe
diagram in Fig. 8. MCD (63) ahd fluorescence polafization
(17,88) spectra show clearly that the main peak'ét 357-373 nm

and its major long wavelength shoulder at 390-400 nm are the
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B, and Ey' respectiveiy.; There is a shoulder §t 406 nm in
the ether spectrum, which we shall call "B ". and a definite
inflectidn’i“gf")'betweén the'twd B daughters which appears
in all four éolvents ih absdtptioh and/or MCD;.

A fourth and f£ifth band at 339 and 317 mnm in
bactériochiordphyll vary greatly in intensity from solvent to
solvent. We.shall call themv_ﬂ1 and ﬂz,-respectively. We should
point out that some of these cOmplications'may be due to the
simultaneouéxérésencévof‘several solvéted species. The
absorption of bacteriopheophytin a in ether generally resembles
that of bacteriochlorophyll. (17) |

e. . Redﬁced-Porphyrins: Theory

Table Ii.comparés theoretical results on reduced porphvrins
~with the bhenomenological'assignments deauced in the last
section, It also shows the theoreticai results of the
"electrostatic model" of Song. (41,66)

The calculations répxodﬁEé the visiblevenérqieé and
intensities of the‘chlorins=rather well, raisihg the hope that
the wave functions for these states may be useful in calculating
the effecﬁs Qf_interholecular interactions on the spectrum in
this region. The calculétions on»substitutedvporphyrins, like
those on uﬁsubstitutéd rings, overestimate the B-Q energy split

‘and do not treat central metal or saturated substituents
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explicitly. Thié'makesIi€ difficu1t'to see'hgw;WellfwebhaQe'
_représénted the'éffecté'of'individual éubstituent perturbations.,
For'this réééon, we selected pairs‘of cﬁiorin frée bases

from the gradéd éeries described earlier and compared the | .
experimental effects of siméle substitutions with the resulés

of calcﬁlationS'meaﬁt to.simuiate’them (Table III). As the
spectra. in Fig. 11-12_5h6ﬁ} both 2-vinyl and 6-cérbonyl
substituﬁibn’producé a marked red shiftiih B and gvenergies;

Of theﬁfo@r“pOSSible quahtitative cdmpaiisons of theory.aﬁd
expérimént, two agree‘teasohaﬁly well, 6né>diSagrees;>and one
is”mobt»for?want of sufficient data. éfeéiétionsiofbsubstitgent
veffects'bnyintensity are less succeSSful in part because the
experiméntal’effects themselves are iﬁConsistent from compound-
to compound. . Many of the'éxperimentai substituent effects in
Table III ére not treéted:in the'present calculatioh;.but are
inéluded:aé an aid to future theoreticians. |

‘Thé spééﬁra of Fig, 12 and the expefimental data in Table

VIII show that the closing of thé,isocyclic ring dramatically
increasés fhe intensity of thevg.x but not that of ﬁhe Qy‘
Djerassi (9) has pointed ogt:that the intensity of the Q band

in a similar series of free base chlorins is-éspecially sensitive
‘to substituents. This behavior parallels that of.the_porphyrin ?
Q band, énd is characteristic of transitions which are "parity

forbidden" because of a cancellation of transition dipoles due
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to configuration interaction. A ﬁmall perturbation can change
the CI coefficients of the Q, enough thét‘the transition dipoles
no longer cancel, and can.thus produce large*relative changes
in intensity. The transition dipoles'of the configurations
making up the chlorin gy afe not near cancellation, with the
result that this band is insensitive to the influence of
substituents. Explicit calculations of the effect of isocyclic
ring closﬁre on chlorin ring geometry predict a 2% to 3-fold
increase in 9x intensity, and little or no change in Qy'

The predicted Soret oscillator strength is greatly
overestimated by the tfanSition dipole formula; transition
gradients (fig. 5) do much better, at.least on unsﬁbstituted'
porphyriﬁs. (7) oOur calculaﬁions predict a very small splitting
in the Soret regi6nvbetween Ex and Ey transitiohs, in agreement
with our independently deduced assignments. The spectrum
predicted by our regular parameters hasvénly weak bands at
energies higher than the Sofét. This disagrees with our
assignment of the Sotet:satellite to a new electronic
transition.* | |

To explore the reasons for this latter disagreement, we
have introduced for oxygen the parameters of Tich§ et gl;bfig)
which increase the conjugation béﬁween the carbonyl and,the
ring. We have used the\newly available geometry of methyl

pheophorbide a (49) to represent the distortion of the pi system

¥Since tho completion of this manuscript, Knox (31) has done
SCHO~CI calculations in excellent agreement with our assignment.
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by the isocyclic ring. Laéh of these cnéngesfhas the effect
of increasing the'predictedvintensity of a y4polari;ed ﬁransition
just abbvé;the Soret band. Together they raise the oscillator
strength of this transition and lower that of the B, “until
their ;atin'reaqhesvb.us. This result wnuld be éonéistenf with
the fluoreScence‘polarizatiOn‘dafa shown in Fié; 14, It would
be intereeting to repeat these éaléﬁiations wiﬁh more
configuration interaction. The "electrostatic” model of Song
(41) also predicts three separaﬁe eleéﬁrdnic transitions in
the Soret band region., HoWeVer, the lowest of_ﬁhese in energy
is polarized parallel to the emitting transxtion, in clear
disagreement w1th experiment. | _
*The%ﬁEICulated Shape'of the chloropnyll a Soret band'is

thus sensitiVe to the choice of theoretical parameters within
the intrinsic uncértainty ofﬂﬁhese parameters, 'We.therefore
cannot appeal to the theory to decide between competlng |
assignments. There is as yet no theoretical treatment of the
vibronic interactions between the Soret band and the electronic
transitions}cloSe to it in énergy. We conclude that our
‘proposal, that the Soret satellitg»of chlofOphyllfg is actually
a new electronic transition not treated by the four-orbital
model, is consistent with the data énd is not excluded by tne

calculations.,



&

-89-
Song (41, 66) has per ormed SCMO calculations on chlorophylls
gl b and 4, including explicit representation of saturated

substituents. He tried four different sets of semi-empirical

parameters; and selected as the one most nearly in-agreement

with experiment a set which represents the central magnesium

ion as a point charge of +1.5 electrons that affects the
ionization'potentials and electron repulsion integrals of the
nitrogens. This is in disegreement'wiﬁh theoretical work by
Zerner and Gouterman;(gg) which indicates that the charge on
the magnesium is +0.6. Still,'nd‘careful theoretical study
has been made of the effects of metal charge on porphyrin
spectra, and Song's essumptidns -~ which amount to a revision
of nftrogen parameters that are arbitrary anyhow -- should be

judged by their uSefulneSs in explaining the data. The Song

calculations predict the Q_~-Q _ splitting better than those of
, ‘ X :

the present work, just as they do for protochlorophyll.
According to hiS‘results, three allowed transitionS'underlie
the Soret band of chlorophyll'g and b, with the chlorophyll
b bandS'cpread to both higher and lower energies. Four allowed
transitions underlie the Soret band of chlorophyll d; the band
with the highest energy is considerably to the blue of the
chlorophyll a Soret band energy. |

These predictions are easy to check by MCD or fluorescence

polarization, since the predicted polarizations alternate in
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each mclecule'between pagallel and_perpendiculér. The
experimental chlorophylliq_polarizations discussed earlier are
clearly_1ncohsistent'With'hiS'interpreﬁaﬁion. So is the absence’
of an’inteﬁse T shoulder in the chlorophyll b absorption. rhe“

”Song'calculations do, h&wevet;'agree nicely with the absorptipn
. spectrum 6f‘chlor0phy11 §: MCD and flﬁBrescenée polarization
data on this molecule would be welcome.

Our predicted énerqies of bacterioéhlorophyilland
bacteriochlorin visible bands agrée réésonably well with
experiment, as do those of Otten (22)‘ihe predictéd gy.intensities
from the transition dipole formula are 2-3 times too large;
those from transition gradients (Fig. 5) are too small., The
Sohg;@teﬂiction of x-y éplittings in B and Q bands is very godd
in both bacteriochlorophyll and éhlcrophyll a.

The Soret band of bacteriochlordphyll a resists definitive
assignment. Our calculations and Otten's predict an x-polarized
shoulder on the>long wavelength edge, the p:edicted intensity
of which decreases with increasihg configuration interaction.
There is also a forbiddeh band on eithef side of the B,- Thé
calculation of Séng'prédicts a very weak y-allowed band on the
long aneiength shoulder of the By and an additional weak y-
allowed transition between Ex and Ey' Neither of'these predictions
corresponds exactly to the spectrum observed, but eithe: could

be made to fit by ad hoc assumptions regarding solvent-dependent



vibronic interactions. Both experimental and theoretical work

1

is needed on the solvent é£fects.

The Soret baﬁd'of‘bééteriochlbrophyil should be a sensitive
probe of its»environment even in the absence of dimerization.
However, the effects of dimeiization on the shape of this band
will probably be too complicated to interpret in detail,
’Foftunatély,'detailed structural ihfotﬁation‘can in.principle'
be extracted from the well-resolved Q  and Q, tramsitions. (43)
The predicted polarizations of the B and Q bands are shown in
Table II..Thé Q bands of protoporphyrin (not tabulated),
chlorothll a, and bacteriochloiéphyll are nearly along the
symmetry axés, in qualitative agreement with fluorescence
polarizatibn experiments, In prdtochlo:ophyll a (Fig. 9),'our
calculétion produces the curious result that both of the visible
transitions are prediéted to be almost parallel, i.e., Quyn I
Qﬂy"; This ?esult is contrary to the fluq;eSCence polarization
énd MCD measurements of Houssier and Sauer, (12,13) which show

the bands to be roughly perpendicular.

C. Other Theoretical Results

a. Triplet States

Table'IV‘shows the ptedicted energies of the four lowest
triplet configurations relative to the ground singlet. Group
theory dictates that these configurations not interact with

each other inASQuare porphins. An extensive CI calculation
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(6) indicates that intéteetion.With higher states is noﬁ serious
in theeehcompounds.v We :asSume that both proﬁertiee-carry over
to the chlorophylls. | | |

Predicted triplet energies change little from porphln to
chlorin; the_lowestrtwo_triplet conflgurations are much thev'
same ianDJ-THP as well. 'In'OPP—THPland bacteriochlorothII,
the lowest predicted triplet is only 5560?7100dcm’1”above the
ground singlet."The‘habituel overestimation by the-SCMO-PPP'
methOdlof the two-electron terms that split singlet and triplet
configurations means that this prediction may be too low by |
a few thousand wave numbers. Even'so,zthe low-lyingitriblet
should provxde a highly favorable route for radlatlonless loss
of excitatxon energy that reaches the trlplet manifold, and
hence a very low phosphorescence yleld.

Available data on the lowest triplet energies of porphyrlns
related to chlorophyll a are displayed in Fig. 8. ‘To our
knowledge, no phosphorescencé data is available for v
protbchlo£0phy11. The lowest tfipletvof_chlotophyll a in polar
glasses emits at 11 300 cm“,-close‘to‘the~predic£ed value.
(93) The phosphorescence observed‘féom,chlo:cphyll-g_in dry

non-polar'glasses, (94) once attributed to an n-ﬁ% ttiplet,'

is probably due to an aggregate. (18) To the author's knowledge, .

no phosphorescence has ever been reported for

bacteriochlorophyll, in agreement with’thevpfediction. Short-

[
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lived triplet-triplet'ab%otption spectra have beenjobserved,
(95) and may'Wéll derive from a tripiet state other than the
lowest; | |

Triplet-triplet absorption spectra of metal pofphin have
been calculated using the traditional parameters used in this
work, and vere in excellénﬁ-qualitative agréement with
experiment; (6) The spectra are broad and relatively
structureiess because of the many low=lying transitions made
possible by the excitation of an electron from a bonding.to

an anti~bonding orbital. The electron in one of the closely

packed anti-~-bonding orbitals can be further excited to'higher

-levels, while the "hole" in the eqhaliy closely packed bonding

orbitals can be excited downward if it is filled by an electron
from a lower bonding orbital. A similar situation obtains in
porphyrin radica1 anioné and cations,l(gg,gl,gg) exéept that
these species.have either the hole or the anti-bonding electron
but not both. EXperimental-triplet-triplét absorption spectra
have been measured for chlorophyll g,(éﬁ) and méasurement of
the absofption spectrum of the lowest excited singlét state

of chlorophyll a should now be possible. (97) No calculations
have been reported on the triplet-triplet or excited-singlet—
toédoublyfexCited-singlet spectrum of any chlorophyll.

b. Transition Monopoles

Transition monopoles are a quantitative expression of the

fact that the oscillating charges ("transition density")

associated with a quantum mechanical transition are inadequately .

represented as a point dipole, and really extend over the entire

-~
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molecule, (gg)'The calculated transition monopoles)for the Q
bands of bacteriochlorophyll a are shown in Fig., 16, as derived
from a caiculation of 2,6-dicarbony1-0PP-THP. ,These values
have_been normalized to agree with the experimental values of
the transition dipoles forvuse in the calculation of
intermélecular propertieé. The unusual solvent sensitivity
ofAthe g* (orange) band ofrbacteriochlordphyll'is probably cohnected
with the high value of the normalized transition monopole at
the meso carbon and at the nitrogens of the reduced rings.

Transitidn monopoles from our calculations, together with
certain'aSSumptions about the conformation of ring substituents,
have given reasonable values in coupled oscillator calculations
of the rotatory'power of the visible circular dichfoism spectra
of protochlorophyll a, chlorophyll a, and ﬁacteriochlorophyll
a. (22)' Caiculations using point transition dipoles greatly
underestimated these quantities. This is'not necessarily a
tribute to ﬁhe accuracy of our monopoles; it may be that even
fhe crudest representation of the transition density extended
over the whole molecule suffices to greatly improve the
calculated interaction. . |

It shoﬁld be possible to use these monopoles to refine
earlier point-dipole calculations of the interaction between

transition moments in dimers of various geometries. (43) One

may further hope to use them to predict the structure of the
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bacteriochlorophyll trimer,_which Sauer has found to be the
active site of the chromatophore‘of'the photoSynthetic bacterium

‘_Rhodogseddomonas'sgheroides. (100)

The detalls of the structure of the chlorophyll aggregate
at the reactlon center of the photosynthetlc unit may well turn
out to be 1mportant to the mechanism of energy storage. The
reaction centers of Photosystems I and II of green plants and
algae, for example;'are both'thought to be composed of‘molecules‘
of chlorophyll a, yet their redox potentials differ by half
"a volt, (101) It is also attractlve to suppose that the primary
photosynthetlc electron donors and acceptors are so placed as
to optimize the probability of hole and electron transfer,
respectiwely, from the exc;ted chlorophyll of the reaction
center. Excited state wave'functions'calculatedvby this or
similar mefhods could be used to suggest possible models of
trap geometries -- especially after the'chem%cal identities
- of donor and acceptor are known. | |

‘c. Ground State Properties

Ground state change densities and bond.orders for
unsubstifoted reduced porphyrins are discussed in ref. 6. ' Knop
and Fuhrhop (42) perforﬁed similar SCHMO calculetions ahd
critically compared their calculated ﬂ-electron den51t1es, free

valences, and frontler orbltal densities for porphln, chlorin,
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bacteriochlorin and phlorin,'with the considerable chemical
data that have only recently become available.

The effects of carbonyl'substitqtion on the predicted ground
state properties of porphyrins are exémplified by the molecular
diagram of chlorophyll a in Fig., 17. A build-up of electron
density on ﬁhe meso carbon nearest the reduced ring is observed
in thisvcalculation and in all MO calculations of reduced
porphyrins, in agreement with'experimeht. (6,81,102) This effect
is intensified in bacteriochlorins, in'ﬁhich each meso carbon
is adjacent to two reduced rings, again in agreement Qith
experiment. (40,103) It is experimentally absent from free base
pheophytins.:(ﬁg) We also predict that the B~carbons on the
half of’the po:phyrin ring towards the reduced pyrrole ring
are stroﬁgiy.electrophilic, in agreement with other calculations.
(6,41)

The major effect of carbonyl substitutioﬁ is to shift
electron density within the.gﬁbstituted pyrrole ring towards
ﬁhe carbon bearing the substituent from the carboh adjacent
to the substituted carbon. Other pyrrolé'rings are almost
unaffected, This would predict that carbonyl substituents favor
nucleoPhilicvattack on the carbons adjacent to the substituted
carbon, by analogy to the familiar directive effect of aromatic

carbonyl substituents,
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This effect is enormously greater in the Song calculations
(41) than in-ouré, ih¢1udin§ those of our calculations which
we intended_ﬁo exaggerate the effect 0£ £hevisocyc1ic ring.
Song, moreovei, finds a similar shift in electron density within
 the vinylvsubstituted ring; and a strongly eleétrophilic B-carbon
in ring II (the rihg bpposite'the reduced ring), both in contrast
with our results, |
| In addition, electron density is shifted in our calculations
towards the éarbdnyl subétituted ring from all four of the
central nitrogens, This is consistent with the fihding of
Caughey that the CO stretching frequency of carboh monoxide
ligated to carbonyl_substituted;hgmés (ferrous porphyrins)
inéreases with carbonyl substitution, while the binding constant
of pyridine to nickel porthrihs décreases. (igﬂ)'In each caée,
carbonyl éubstitutioh withdraws electrons from the‘centér'of
the ring. In the first case,'this makes the’iron a poorer pi
donor and weakens tﬁe metal~carbon bond. This increases the
triple bond éharacter'of the CO band and increases the CO
stretching frequency. 1In the latter case, electron withdrawal
makes the nickel a better ¢-acceptor and hence‘strengthens the
binding between it and pyridine. While the present calculations
do not treat the metal-nitrogen bond explicitly, both of these
experimental results are conéistent with a decrease in electron

density on the central nitrogens with carbonyl substitution.
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A distqrtion in molecular geometry intended to simulate
the effect of the isoéyclié ring on the pi syStem predicted
a small increase in eleCtron‘density at the G-pqsition at the
expense of the Y. (See Table i for notatidh.) Dpistortion also
préduces.a small increase in electron density at the center
nitrogens, a fact which may exélain’thé relative ease of
protonation of chlorins containing an iéocyciié ring. (18)

The bond_orders of substituted reduced porphyrins predict
substantial distortions in bond lengﬁhsﬁéompared to the parent
porphyrin, Taking as a rule of thumb that a_qhange of 0.1 units

of bond order corréSponds to a change of 0;02 ® in bond length,

(2) we estimate that ‘the CC'bondvlinking the meso carbon to

the alpha carbon of the reduced pyrrole ring will be 0.04 R

‘shorter than its mirror image adjacent to the unreduced ring,

othefvthings being equal, Such a distortion might induce a
deviation from planarity (see Ref. 86). Quantitative predictions
of any‘distortions would require a model for the response of
sigma and pi systems to out—of-plane deformation, as well as

a self-consistent treatment of the effects of distortions along
various normal modes on the pi bond orders. While the porphyrin
geometryupredicted by our parameters is much inferior to that
given by those of Sundbom, (38) this éhould not affect )
qualitative predictions regarding distortions. The only X-ray

structure that has been determined for a reduced porphyrin is
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that of methyl pheophorbi ebg.(ﬂg) In this moleculé, the
distortions due to the isocyclic ring are much more important
than those due to ring:reductiOn. |

Therground'state pi dipole moment of unsubstituted chlorin
is predicted to be 0.82‘electron—2 in the direction towards
the reduced ring. In chiérophyll g,‘(z-vinyl-G-carbonyl chlorin)
the predicted dipole moment is 4 electrbn-x toward the ring
bearing the carbonyl with a slight tilt toward the'reduced ring.
Roughly speaking, this is the resultant of thg dipole moment
due to displacement of electron density tdwards the carbonyl
group. These values are expected to be too high. |

The Q excited singlet state of‘chlorophyll a is predicted
to have a dibcle moment of 3.9? electron-x,voriented at an angle
of 5 degrees from the permanent ground staté dipole. This is |
the lowest excited singlet band of chloréphyll a, and is
presumably the photochemicaily active excited state in
photosynthesis. Bacteriochigfophyll is predicted to have no
pi dipole moment in~ei£her ground or excited states. None of
these moments have been measured; experimental values would
be very. useful in helping calibrate the model.

d. Highest Occupied and Lowest Empty Orbitals

Fig, 18 shows the coefficients of the highest occupied and
lowest empty orbitals (HOMO and LEMO) of calculations

fepresenting chlorophyll g_and bacteriochlorophyll a. These
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and analogous data show that the vinyi and 6arbonylfgroups play
little role in the excitatioh:éotresponding to the Q bands of
carbonyl substituted porphyrins.' This means these transitions
have little'fcharge transfer character®”. Calculations using
parameters'that”incréase the conjugation of the oxygen wiﬁh
the ring confirm_this‘conclusion.

The low electro; density on the @=carbon of the vinyl group
of chlorophyll a in the lowest empty molecular orbital raises.
the possibility that the chlorophylilg fadical.anion will have
a negative spin density atvthis carbon. (2) The same might
be true of complexes ofipheothtin a with a paramagnetic metal
whose odd electron can delocaliie into a pi#* orbital, such as
Mn, Fe or Ni, Negative spin densities have already been reported
for the @-carbon of the vinyl groups of cyanoprotoporphyrin IX
iron (III). (LQE)AIn agreement with this observation, our
calculations of the lowest antibonding orbital of divinyl porphin
show‘coefficients on the @-carbons of the two vinyl groups of
.only 0;026 and -0.027.

e. Ionization Potentials and Electron Affinites

Ionization potentials and electron affinities from these
calculations are shown in Table V. By Koopman's Theorem, these
quantities should simply be equal to the energies of the highest

filled and lowest unfilled orbitals, respectively. The predicted
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values are subject to a kpoﬁn constant systeﬁatic‘efror due
to the neglectiof Pénetr#tibﬂ‘inteQrals in the calculation,
(106) so that onlY'relatiQe'va;ués are meaningful.
Examination of Table V shows that chldrinsiare'predicted_,
to have 1onizatiOn potentiai within 0.05 eV 6f those of -
pdrphyrins,}aﬁd 0.08-0.13 eV higher electron affinity. OPP-
THP, on the other hand, has 0.34 eV lower predicted ionization
potentia1 than porphyrin and 0.35 eV lower predicted electron
~affinity. (g) The main new resultidf'ﬁhgse’CalculatiOns is
that each carbonyl substituent raises the predicted ionizatiOn
potential of a porghyrin or ieduced porphyrin by 0.16—0.16 ev.
It raises the electron affinity by 0.10 - 0.25 ev.
Experimentally, the midpoint potentials for'one—electron'
oxidation‘of a series of.métal octaethyl-chlprins'are about
300 mV lower than those of the analogous metal porthrins. (107)
Similarly, bacteriochlorophyll has a midpoint potential about
300 mv lower than chlorophyll a. (108) pata on work functions

of porphyrins (109) are insufficient for this kind of comparison.
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“ ! " piscussion

' The Gouterman four-drbital.modél emerges’ from ﬁhis'discussion
as_aireasbnablyfreliéble guide to the (0-0) visible bands of
the chlorophylls. While the model Wasvoriginally réébﬁmendéd'
for the Soret band on the bésis_of its Suécéss with metal
porphin, ch1orin'and.tétrabenzoporphiﬁ; (6,3) it now appears
-that'ﬁheée‘mbleculésvwerejépecial casés;f,in'particular, more
fconfiguratiéﬁs-must be included in theoretical treatments of
.metal phthalo¢Yanines} (Z)fof;free basé'porphyrins'at_all leveis
‘of reduction, (ligg) as Qell’as'df.Opp;tétréhydfdporphyrins
ana chlorophyll derivati?és’with isoéyclic-cyclopentenbﬁe rings.-
Clbser‘éxéminafion of the.experimentalﬁdata:bn'whichﬂthe
-four—orbital modelnis.based has revealed ihportant second-order
.diSErepancies.‘ Neither the sum of the.os¢il;atorfstrengths s
of the B and Q transitions nor the B-Q energy splitting are
acéuxately'cOnstant from molecule to moléculé contréry to'tﬁe
" model. :The oscillator strength df‘the'gy.(red)bépd in chlorophyllv
lg is nearly that of the correspondiné (near IR) band of '
bacterioghlorophyll a, despite the ptediction'that it should
be less. | | o o
The éaiculations reported here were not intendéd io give
quantitative agreement with energies or.inténsities, but to

guide quélitative assignments of the spectra of a family of
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‘ related molecules. Theuﬂdelectfon thééry and semi-empirical
parametérs were 6rigihélly choseﬁ in 1963 to guide a survey

of a large number 6f porphyrins at a time when so compléx-a
calculation had not béen attémpted. -

These “standard" and "traditional" parameters have been
used in a wide ;ariety'of calculations for eight yeérs;' They
have done yeoman service in guiding the development of
phenomenological assignments.of pbtphyrih.spectra,‘but it is
time to work out é better treatment that will repéir their
obvious deficienéies. They predict a porphytin geometry inferior
to that given by the simplest valence band treatment, they badly
ovgtestimate twb-electron repulsion'integralé, and slightly
o;erestimate the center of gravity between B and Q states.

What is more, there is still no satisfactory'sémi—empirical
theoryvof substituent effects on the (0-0) eleétronic energy
levels or absorptibn intensities; on the Qibrqnic borrowing
from the Soret band -~ the_ﬁéchanism by which nearly‘all visible
and for ultra-violet absorption iﬁtensity is acquired -- d: |
of the MCD spectra of porphyrins lacking squére symmetry. There
is also ho theory of line Qidths in solution sufficiently
reliable to guide assignments of experimental absofbtion bands.

‘Even if we restrict our attention to thé'(O-O) bands, it
is hardlto say in advance how many of'the deficiencies of this

calculation can be remedied without explicit. consideration of -
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51gma electrons. One of" the most 1mportant of these def1c1enc1es
is the neglect of the effect of saturated substltuents on the
energles of the ring orbitals. The wrong predlctlon of the'
polarlzatlons of the v151ble bands of carbonyl substltuted |
porphlns ‘was probably due to the fact that the saturated |
'substltuents'raxse the“a1g orbltal relatlve to the_aZu,vthhs
loweringvthé energy of the (aaﬁeg) configaratiohs relative to

the (a, e ). o SRR

: The 1mportance of the saturated substltuents also ‘stands

oht in a calculatlon of d1v1ny1 porphln, which was 1ntended
‘to represent the metal protoporphyr;ns;’ A new pi orbltal
t localized-on the vinyl groups appears intthis'molecule'deéeherate
kwith the ciuster of filled MO's just below the ‘a, “and aéu (see
Fig. 8vof»referéhce 6), and prodhcesta spurious pi-pi* vinyl-
‘tOfrihg transition'which draws off'ihtensity froﬁ the Soret

band. This would not have happened if the effects of the
saturated_éroups on the ring orbital energies had been included.
There is'a small-difference in the ultra-violet CD spectra.of
protochlbrophyll g-and‘vinyl-protochlorophyll g'(lﬁ) that might

"be due to such a vinyl-to-rihg transition. It would be

interesting'to have the ultra-violet'CD spectrum of"Chlorobium
’chlorophyll 650 or of some other desv1nyl chlorophyll a for

a 51m11ar comparlson.
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The moré recent bi-pi* calcUlatioﬁs on chlorophyils_by Song
(41) andbon'porphyiins by Sundboﬁ (ll)'raise some hope that
we'may'soon expect reliable_Quantitaﬁiye'calculations'bf excited
state.prOperties of these molecules., 'Calculations of rotary
strengthé using our parameters wefe gratifyingly.sﬁc¢essful,

(99) and it would be uéeful'to have Calcﬁla;ions of the MCD
spéctfa as"weli. A new.hethod of calculating electron
correlation in large molecules, based on'manj-body theory, has
been developed bvautfreund and Little, (110) and may prove
usefulfihvreducing the B-Q energy splitting in future porphyrin
calculations.

Before'lohg, the purely pi electron ﬁreétments'will_no doubt
be supplanted by all-electron calcuiations which will explicitly
treat g—pi*-and'charge'transfer‘transiﬁidns in a sélf—cqhsiétent
frameﬁork:' Our analysis indicate that such future calculations
will do well to take éxpliéit account of 1) the effects of both
saturated'aﬁd unsaturated gabstituents on the porphyrin ring,
2) the effects of the distortion of the ring geometry by the
chloropﬁyll isocyclic ring, énd to a leSSer extent 3)’the steric
requiremeﬁts and possiblé non-planarity of the central metal.
(10) For finer effects, it may be iﬁportant to use.coordinates
derived from X-ray studies. |

Uhfortunately, there wiil}never be a single critical 

experiment that will test the theory once and for all. We may
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instead expect gradual,:uneVen~improvemen£'in our capacity to
predict the»results of particUlaf experiments.' If results of
such calculations are to have the confidence of the properly
skeptical biochemist, we feel it essentialvthat they be
‘extensively verified'by the kind of'experimentél tests employed
in this paper.* These would be greatly fécilitated if certain
key pieces of experimental data were available. |

' First of all, the newly develbped technique of high
resolution photoelectron spectroscopy has made it possible tb
' measure'airectly the energy of individual one-electron orbitals.
Experimenté on reduced and substituted porphyrins should pfovide
a o;ucial check on the foﬁr orbital modelvphenomenOIOgy outlined
in the introduction to this review. -

- Secondly, despite the long man-years that have gone into
the synthesis and Spgétrosc0py.of chlorophyll derivatives,vthere
. are still a good mahy usefyl molecules for which guantitative
‘speétra are not in thé literature to the best of the author's
'knowledge. These include the metal derivatiyes (copper and
magnesium would be mosi useful since they would best complement
existithwork) of most of the free base chlorins in Table I,

and those of.ADJ- and OPP-tetrahydroporphyrin, octamethyl OPP~-

*Seely (111) has suggested that the prediction of thé'spectrum
of the "phase test intermediate would be a good additional
test for an improved model.

N
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THP (or its spectroscopic equivalent®) , the free bases of
compoundS'Q,.17 and 18'6f fable I, and_baéteribchlbrophyll
derivatives»(With and without magnesium) analégdus to the
.sequence ééﬁstructed in that Table. Allomerized
bacteriochlorophylls without the isocyclic ring would also be
useful. (The recent synthesis of unsubstituted OPP-
tetrahydr0porphyrin (112) raises the hope that the spectrum
~ of this c0mp0und wili soon be avail&ble;)_ MCD, CD and
fiuoiescence polarization spectra of these derivatives, as well

as those of chlorbphyll b, chlorophyll d, and the Chlorobium

chlorophylls would be useful, Indeed, these techniques should
routinély be used in the charaéterizatién of any new porphyrin
derivativé.’ It would also be useful to have the substituted
.porphins analogoug to chlorophyll b ("protochlorophyll b") and-
tp'bacteri0chlor0thll a. A study of the absorption and MCD
of these molecules in the same solvent (ether or dioxane.wOuld
best.compleﬁent previous wofk) wdﬁld make it possible to trace
-spectrosc0pic effects in the visible and ultra-violet to specific
perturbétions. Solﬁentbeffects on the Soret regioﬁ would also
be of interest. |

Of most practical importance would be the determination
of the lowest triplet energies of the”variOUS'chiorophylls.
Despite repeated suggestions that triplet states might play

a role in photosynthesls, Flgure 8 shows that very few triplets .

*Since all @-saturated substituents seem to have identical
effects on porphyrin spectra, derivatives which differ only
in substituents with saturated carbons alpha to the ring are
deemed spectroscopically equivalent.
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of’thié»eeries haVé been'located' The energy “of the low-lylng
triplet of bacteriochlorophyll would be especially
interestlng; | | '

tFihélly;ifluotescenoe ﬁolatizétioﬁjmeasureﬁeﬁtS-give only
thevrelative:orientation Of'the tfaﬁsitionidipoles’of the
differeht”excited.states,vnot.their absolute orientetiOn reiative'
to the molecular ax15 or to the permanent dipole. Experlmental
neasurement of this absolute orlentation would prov1de a valuable
check on the'accuracy of these'and future wave functlons._alt”
would also be valuable to know the ground state dipole moment
and polarizability, bothﬂas a‘oheok on'tﬁe wave function and
beceuse/mahy ﬁethods of fixing the orientation of'transition '
edipoies (e.g., electric diChfoiSm):do°so relative to the
permanent dipole. Once faith has been established in the
calculated dlrectlon of the transition dlpole,.the theorlst
might feel more confldent in his tranSLtlon monopoles,

What might we expect from such improved calculations? At
" the very'least, we may hope that the model would be able to
distihghish between'possible;struotures of a new chemical .
' species. fhis capacity would be vefy usefhl to preperative
chemists confrontlng a small amount of brlghtly colored materlal.
The . embarra551ng fact, however, is that MO theory has not been_
used to assign a porphyrin structure since bacteriochlorophyll

was identified as an OPP-tetrahydroporphin from the céléulations
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of Barnard and_Jackman.”(llg)1A3theoretical.interéretation of
band shapés and.éolveﬁt éfféctsfwoﬁld also be useful, but may
,'be}outsidé_tﬁe range of the present geﬁera1 the6ry of large
molecuie'speétroséohy; o

Prob#bly the most impoftant pdténtial use of quantitative
‘ models.bf the chlorophyll'and baétefiochlorophyll spectrum would
be to éélculate the intermélecular interactions that determine
energy trénsfer in concentrated solutions and in’thé
photosynﬁhetic apparatus, Theseisame inﬁeractions also determine
the spectroscopic changes in absdrption_and ciréular dichroism
in dimers and higher aggregates related to the structure of
chlorophyll in vivo. One may hope that more Séphistibated
theories, once adequately caiibrated,vcan be.extendeditq larger
- aggregates, to monolayérs, crystals, aﬁd to the'anténna and
~reaction center chlorothlls of photosynthetic bacteria, algae
ahd greeh plants, and to their interactions with primary electrdn

—

donors and acceptors.
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LEG NDS TO FIGURES
Structures of Photosynthetic Porphyrins.
Absbrption_spectrum 6f chlorophyllbg and protochlorophyll
in ether. (12,13) |

Absorption spectrﬁm in acetone of bacteriochlorophyll a

(as in Fig. 7) and 2-desvinyl-2-acetyl chlorophyll a. (14)

Moleeular orbital energies in porphin, chlorin, OPP-THP,

and ADJ-THP. Orbitals are labeled by porphyrin symmetries..

(a) Arbitrarily adjusted Huckel calculations (4)

(b) SCMO-PPP calculation using "traditional" parameters
(present work). The a orbital is part of a cluster of

closely spaced orbitals. (See Fig. 8 of Ref. 6)

i
i

Results of configuration interaction'calculations for porphin;f

chlorin and OPP-tetrahydroporphin.  For'each molecule, we plot

the energies of the lowest configurétiOns and of the lowest
states as given by a minimum CI model (seven orbitals for

OPP-THP, four for porphin and chlorini and by interacting

all configurations below a cut-off near 150 nm. Configura-

tions are labeled by the porphyrin orbital symmetries from

which the excitations are descended. Each line on the por-

phin diagram represents a pair of degenerate t}ansitions, and;

the oscillator strength is the sum of the two. Solid lines

represent dipole allowed states; dotted lines represent

" dipole forbjidden transitions. Predicted oscillator strengths

- calculated from transition gradients (7) are given in

parentheses. The axes used here are the same as those

E




Fig.

"Fig. 6
Fig. 7
8

i

-

used in previous Lork. - (The labels Q_ and Q of Table IV
\

of ref 6 were reversed through a typographlcal error.)

(0-0) Experlmental absorptlon 1evels in matched series of

metal porphyrins. Note that the vertical scale is smaller

than that of Flg 5. All spectra in benzene except as noted.

- Numbers above state are oscillator strengths. Numbers in -

parentheses below state are extinction coefficients in-

vthoﬁsands.r thbers'followed By “/2" are the summed values

of two degenerate transitions.

"a) magnesium tetraphenyl porphin (§l)} tetraphenyl chlorin (52
and‘tetraphenyl OPP-THP (53).
'b) . copper chlorin (54) , porphin (54), cctamethyl porphin (in
Chlerobehzene)_lgg), deuteroporphyrin'(in CHC1, (56)),
'OCtaethyl chlorin (55),‘OCtaethyl ADJ-THP (57). The shape
of the Soret band of octaethyl ADJ-THE is not in the
Mllterature. -

" ¢) zinc tetraphenyl porphih (58) , tetraphenyl chlorin (52),
and tetraphenyl.ADJ—TH? (58) . | |

Absorption spectrum éf bacteriochlorophyll a in different

solvents (63). | |

(0~ 0) Experlmental absorptlon levels in a matched series

- of metal,porphyrlns related to chlorophyll a and bacterlo«

- chlorophyll. Magnesiumbetioporphyrin (in-EPA) (64), proto-

chlorophyll.g (13), chlorophyll a (bcth_in’ether)(ig),
2-desvinyl- 2 acetyl chlorophyll a (in acetohe)(14), bacterio-
chlorophyll (1n acetone) (63), and hypochlorophyll (60). N
band and oscillator strengths in first column are for Mg

deuteroporphyrin in chloroform (56). Other notes as in Fig. 6.
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Absorption, circu14r'dichroism'and'magnetic circular

. . i . _ - -
dichroism spectra of protochlorophyll a (13). (A small

negative MCD at 440 nm does not appear in the drawing. (65))

- SCMO-PPP-CI results for carbonyl porphin. EXperimentaI

ehefgieS'are those of Fig. 9. Sohg calculation is ‘for

. protochlorophyll. (66)

Visible absorption spectra of three free base chlorins.

‘Chlorin (54)
‘etiochlorin (67) ivervennennn
«pyromethyl.phebphorbide a (54) ;‘f‘”';"f‘
| MCD of pY£oMethyl phéopho;bide (g) (topmost dashed
" curve) | o
Abscrptidn spectra of'ﬁhree”free base chiorins derived
froﬁ'chlbrbphyll'g; (2f§1'§_5 Compounds are numberéd
11, 7, and 12 respectively, in Table I. |
Maéﬁetic circular dichroism'spectra'of_two free base
chlorins (9) in the Soret region. Units of [6] are

M
de'g'mole"l cm’ at 41.7 kgauss. ’

' pyromethyl pheophorbide - - - - = =

chiofin e |
Absorption and fluoreséence'polarization spectfum 6f
chlordphyll a'in castor oil. (70) N

Absbrption and MCD spectra ofﬁchlorbphyll a in ether. (lg)

Transition monopoles for near infra-red and

visible Q, and Q. transitions in simulated bacterio-

chlorophyll. Monopoles are in-thousandthé of an

‘electronic charge, dipoles in e-%. All numbers are
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Fig.

Fig.

17
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normalized to give experihental oscillator strengths

‘when experimental energies are used.

(B,, = ~2-36 eV, CI to 150 nm, SCMO-PPP calculations).

Ground state bond orders and charge densities for simulated

bacteriochlorophyll a and chlorophyll é. (Bco = -2.36 eV,

SCMO~-PPP calculation.)

,Coefficients:of highest occupied and lowest empty

orbitals in simulated bacteriochlorophyll a and
chlorophyll a. (Bg, = -2-36eV, SCMO-PPP calculation.)
Coefficients for meso carbons are inside the ring,‘

for a carbons outside. - ' .
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COO-phytyl COO-phytyl
Chloféphy1113” ; o .v;Bactebiochlbrophyll
Chlorophyll b: 3-CHO : :
Chlorophyll d: 2-CHO
Protochlorophyll

7,8-dehydrochlorophyll
Pheophytln as b, d: H2 replaces Mg
-Methyl Pheophorblde a, b, 4: CH
~ replaces phytyl in pheophytin
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~ NORMALIZED #
 BACTERIOCHLOROPHYLL |
TRANSITION MONOPOLES
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o - 3-236
2,6 DICARBONYL OPP-THP  2-VINYL-6-CARBONYL CHLORIN

(BACTERIOCHLOROPHYLL) ~  (CHLOROPHYLL A)
' CHARGE_ DENSITIES: | | |
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(b)

CH=CH
CH=CH
CHZCH

CH,CH,

Compound

'Chlovrin e, triméthyl ester
Rhodochlorin dim_e'thyl ester
'-_I\_A__e_s_o-rhodo;:hlqrin dimethyl ;ster
Meso-pyrrochlorin methyl ester
Pyrrochlorin methyl ester
Phyllochlorin methyl ester
Meso -phyllochlorin metnyl ester

- Etiochlorin free base
Purpurin 7 trimetnyl ester

R3

Methyl pheophorbide a
Pyromethyl pheophorbide 4
Meso-pyromethyl pheophorbide a

9-desoxo-meso-pyromethyl -
pheophorbide a

v
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‘of Reduced Porphyrine
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of Theory « Experiment

-Spec!u - Comparison
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Clto 150 | -2.36]15960 ,!;xa iové 1740 xnoo‘.o-az 129 28100 2.45; 477300 !‘z.zx 7
ExptP . - lis1s0 La3 b 2150 173000(9.08| b |231sd] 14" b |0 ¢ . b
2-Vinyl-6-Carbonyl \ | _ ‘ v 1l !
_Chiorin:Theory 4-orb -3.19 16820 .26 [ 91° 1580 18400 |.051 | 247| 28660 | 2.59| 857 210 2.7 | -4
Clto 150 | -3.19{15990 L21 | 90°, 1770 | 17760 {.046 | 24| 27440| 1.78| -657[ 690 | 2.34] 17
Clts 155 | -2.36|15980 |22 591" 1780 | 17760 {. 052 | 277 27330 | 1.92]-83°] 610 | 216 237
Chlorophyll ;i Theory Song Calé| -3.00{15720 .33 | | 2490 | 18210 (.08 . | 24760} 3.07] 4 T1700 | 3.28] -
, - ‘ ’ - ' ' 2500 | 3.38] 4
“Expt? . - |isteo L23®i | 2200 171300 [(9.58] , [23260| 1P m| O | . | m !
Ea: ,‘Bx a;‘ 'EBY ; [By fo E::x
. OPP-THP:Theory 7-orb - 15830 |.59 | 90" 2160 17690 |. 124 0°| 32310| 1.49] o° 32810, 2,900 907, 3251
‘ Cito 150 - {14930 |.s2 | 90°| 2190[17120(.106 | ©°| 32010] 1.93| o° | 32570! 2.91 90>, 3c23%
. Otten Calcz.9 - 12430 |.56 | 90°| 3400| 15830 |. 04 0°| 29980 2.24f o° 311905 2.07 9o=f 26185
Expt” - - P3a3o | v b | <200{17530] ® b| b | b | b f B b | b
2 6 Dicarbonyl OPP- . : :
THP:Theory 4-orb | -3.19 15220 167 | 92°| 2360 17580 .154 | 5°| 31030 2.48| 9°| 32450 2.94;-82° .
Clto150 |-3.19 |14590 162 | 92°| 2330 16920.129 | 7°( 31290( 2.15| 32°| 31560 2.66° -73° | 25723
, Clto 160 . |-2.36 [14530 167 | 92°| 2390 16920(.140 | 70| 30790| 2.4} 41°| 31380 1.96/ -68°) 2543
Mg Bacteriochloro- -| Song Calc:® |-3.00 (13620 .90 | | «12d 17740] 0.1 | , | 28310] 1.36] | 29920' 0.620 4 | 2ésca
phyll:Theory : 30080 0. 18]
Expt® . - 12940 |24 | 5| «39q 17330].13 .| 2ssso] .s| . | 27930 x.z‘l s | o283

All spectroscopie energies in wave numbars.
headings Qx and 9—7 are roversed.

a
Degen erate

bnot available
<

doaciuator strength

angle of polarization measured from +x axis

unrcsolved

IB and B, are the Soret daughters that are lowor and higher
in energy, respectively
Bextinction coefficient
bmcludea Soret and nl band
shapc of apectrum not given but band assumed not split
J

k s ies
relative intensities depend on solvent

% Axis passes t‘hrough the reduced double bend(s).

Note that in Table IV of Ref. 6, the

is 4

BOacillator strength in ether” and in carbon tetrachloridels.

Ref. 13 gives £ 2,16 for Qy' - 03 for Q . in ether

Moet polarization of everlapping §x and §y

cMg. Chi;)rka in benu&nes‘

PMg Chlerobium Chlorophyll in ethar”
‘.lMg Chlorophyll a in etherl7

Mg Totrspienyl OPP-THP in benzene>

‘Mg b&c_teriochléro;shyn in ether”

assuming that shoulder represents a separate transition (see text)
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- Table III - Effects of Perturbations in Chlorin Spectra ¥
1z 22y 3 el sfe|n »
Ref. Compé(m‘da Pertubation o a |a B |
. Compared | » AE -y / G—Z AE /
Al #2 e Y% @’y 9'%
54,89 | (15)] (5) _H.,ggg;r | Exat -18_5 0.81{ 0 |[-190 | .99
89,71 | (4) | (8)° H-alk [Expt [+80 | 1.05]| .80|+60 | .87 | o
71,90 | (8)] (3) | 6-aik~6-CO Expt |-255 | .94[L32| * | * -
72 | al a2y | 6-_a'_1_1_<~6-05’ Expt |-400 | .90|0.35/-1010| 1.30 ' -
1| ] H~co |[Ten|-170"] .81 .687 -270] 1.00°
90,9 3) | 2) 2-alk~2-V |Expt | -300 | 1.06(.64 | # *
89,90 | (4) | (5) 2-alk-2-V |Expt [ -300 | 1.37]1.45| * | * °
9 - |2 an | 2-alk-2-v |Expt | -300 | 1.06(1.03]-300] 1.08
71,90 | (1) | (6) 2-alk-2-V |Expt | -350 | 1.03 |0.74| * | *
- H, =V, |Teay|+20 | .84 .‘-82° -4307 1.10°
9 2) | (1)  y-H ~y«Me |Expt | +20 | 1215 | .94 -60 | .97
89,71 | (&) | (7) y-H~yMe {Expt | +50 | 1,22 [1.38 [+130| 1.13
90 | (5) | (6 v-H~ y-Me |Expt |-130 | .92 |.61 | * *
9 (1) | (10) |close pentenone|/Expt{ -50 | .96 {.49 |-550| 1.29
: _ igocyclic ring o -
71 (7) | (13) |Close pentene | Expt| +120] .96 |.67 |-130| .92
fsocyclic ring .

¥ Explanation: This table compares the spectra of pairs of closely related
compounds in column 2. These are chosen to exemplify the substituent pert-
urbations listed in column 3. (Here alk refers to any a-saturated substituent,
6-CO to any a -carbonyl substituent in the 6 -position, V to vinyl. ) ¢, /¢ is the
ratio of the extinction coefficients of the two co-npounds. Theoretical predic-
tions are based on SCMO-CI calculations on chlorin with only the indicated

substitution (avex_'age of available calculations). - fB= IB + fB . ('B 'is the éxper-

imental Soret maximum whether or not the band is sph’E. For éxumbei'ing of

'_ atoms see Table I. All gpectra in di-oxane except as noted by .

Nptea:b spectrum not available e Soret band gss octamethyl chlorin
no isocyclic ring - free base””

%
a

: with isocyclic ring f Shoud be compared with
d

ratio of oscillator sttgngths - 360 = - 185 + 80 - 255

benzene solvent
L
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Compound

Porphin
Carbonyl Porphin

Protochlorophyll

Chlorin

6-Carbonyl _
‘Chlorin

Chlorophyll a

ADJ-THP
OPP-THP

2,6-Carbonyls
OPP-THP

Bacteriochloro-

phyll a.

_Bco(eV)_

-2.36
-3.19

(Song).

-2.36
-3.19

(SOng)

-2.36
-3.19

(Song)

-107-
TABLE IV. Predicted Energy of Lowest Triplet Configurations

3

El'
11160

10870
10910

12740
11070

11040

11040

,11050

11210~ .
5630

5520"

5540 -

7100

11160

g
11330

11440

11500
11470

14390°

- 9810°

9540

9570~

14540

114230
14290

© 15080

15850

16150
16090

15729
16780

- 17030

17290

17210

14040

3.,
E,

14540

14770

(em™

14710v

16970

17240
17190

17050

22050

22190

22120

1

)
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TABLE V IONIZATION POTENTIALS AND BLECTRON AFFINITIBS
(Predxcted by Koopman 5 'rheorem)

Porphyrins

Porphin
Carbonyl Porphinv.

Vinyl Porphin

4,6-Dicarbonyl Porphin

2,6-bicarbonyl Pofphin

4,6-Divinyl Porphin

Protochlorophyll a

chlorins
Chlorin '
S-Carbonyl Chlorin

q,G-DicaxbonYL chlo:in

Chlorophyll

Tetrahydroporphzns

* ADJ~-THP

OPP-THP

2,6-Dicarbonyl QPP-THP

(eV)

QCO——f

-2,55
-3.19
-2.36
-3.19’
-2.36

-2.36

-2.36
=319
-2.36
~3.19
-2.36.
- =3.19

-2.36
-3019

;.P.!ev)

8.45

8.59
8.57

8. 44

8.73

8.68
8.73

8.43
. e.58.

8.56

8.48
8.64

8.61

8.78
8. .73
8.62
8.59

8.22

8.11
8.43.'.. '
8.37°

E.A. (eV)

3.81
4.06

4.00
3.81
4.18

4.11
4.28
3.84

4.08

4.02

3.94

4.15

4.10
4.29
4.22

4.16

4.12

3.48
4.16
4.58
4;50

il

G




LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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