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”Abstract
This paper reviews the spectra of and proposes new assignments
for the e]ec;rohic absorption spectra of protochTorophyll, chloro-

phyll a, bacteriochlorophyll a and their respective pheophytins.

‘The assignments are based on a detailed comparison of absorption,

fluorescence polarization, circular dichroism (CD), and magnetic
circular dichroiém (MCD) spectra in‘the visible and ultra-violet
With‘the well understbod spectra of the unsubstitUted parent rings.

Pariser-Parr se1f7c0nsistent molecular orbital calculations are -used

- for guidance.

~ Our assignments agree with earlier work on the Q, and Qy’traqu-f
tions in the visible region. Extensive configuration interaction

calculations confirm that these can be treated within the limited CI

framework of the Gouterman four-orbital model, as in porphin. The

- Soret band of chlorin and ADJ—tetréhydroporphin, but nct that of OPP--

tetrahydropOrphin,‘can also be represented by the four-orbital model.
Newly available MCD spectra indicate that the B transi-

tions of'ch]orophyll a and pheophytin a are accidentally degenerate

and togeﬁher prdduce the major Soret peak, in contrast to previous

assignments. A new pi-pi* transition, which we name eta for convenience

although it is of mixed parentage, produces the sate]lite on the major

Soret peak previousiy‘assigned to the Ey. This new band becomes
a]iowed from the'combined'perturbations of carbonyl substitution and
ring distortion by the isocyclic ring. It disappears if the isocyclic

ring is cleaved or if its carbonyl group is reduced.
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_' The.Soret band of bactérioch]orbphyl1 dep]ay§ dramatic solVént
éffecté_in which fivé bands_interch&nge,inténsfty. OUF calculations
‘and fﬁo#e.qf Sohg indicéte that at Teast three allowed and two for-
bfddenvtféhﬁitipns'lié'invfhfs region. The lowest triplet of bacterio-

L aboyé the ground

chlorophyil‘is.predicted to be only 5500-7100 cm”
state. | o
~ Calculations of the;sﬁéctroscopic effects of ring reduction and
vsubstftUtion agrée fairly well with experiment. In partfcular, the
"480 nm" band,fécent]y'identified in free bése.porphins is predicted

to occur in frée base chlorins and phebphytins, and in fact can be
found in theif spectfa, Predicted Shiffs in ground state charge
density ubon_Carbonyljsubstitution agree qﬁa]itative]y with the limited
available dafa. Transition monopoles are calculatéd for the visible

transitions of chlorophyll a and bacteriochlorophyll a.
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A ]ongstand1ng aim of the mo]ecular orbital theory of porphyrins
has been wave funct1ons for ground and excited states of .chlorophyll
good enough to support a def1n1t1ye assignment of the absorption
' spectné. Such wave functions would supp]y the quantum chemist's answer
to‘tne,oldAQUeétion ef why grass is green. They would be. va]uable,.
among other things, 1n ca]cu]atlng the propert1es of chlorophylls in
aggregated states related to thelr structure in vivo. o

The se]f— consistent mo]ecu]ar orbital theory of Pariser, Parr and
Pop]e (SCMO pPP) (1, 2) has made it relatively easy to perform approxi- .
mate ca]cu]at1ons on Iarge = electron systems. These calculations..
depend on moderate]y severe assumpt1ons and mildly. arb1trary input
parameters, and are best approached with some skepticism. Oneftest is
to start witn a simpler ke]ative whose properties are well understood,
and to bui]d'un to.the‘deeired molecule by adding chemical perturbations
one byvone. vThe'chlorophylls are suited to such an approaéh, as- their .
parent rings, the porphyrins, have been subjected to extensive theore-
tical-enafysis, the resu]is of which have been thonough]y compafed .
number of substltuted porphyr1ns and reduced porphyrins are ava1]ab1e.

The present stddy‘begén as an attempt,to extend to carbonyl sub-l.
'stitqfed pdrphyrins, among which are the ch]orOphylls, the extensive
SCMO}PPF‘calcnlationsvwe previously performed on porphyrins and jarger
macroqyeies.(g,z) The effects of'substitutiondare nuch subtler than

those of ring'reduction,<and we found it necessary to gather many more
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spectra than had been used 1n our previous compar1sons between theory

-.and exper1ment.- Carefu] compar1son of the absorpt1on spectra of
~ closely re]ated mo]ecu]es, p]us qua]1tat1ve 1nterpretat10ns of new]}
ava11ab]e maonet1c c1rcu1ar dlchr01sm (MCD) spectra, ]ed us to revise
a number of ]ong accepted spectroscop1c ass1gnments and to propose
severa]vneW-ones we'thén COmpared‘our calculated resolts with our
‘newly expanded phenomeno]og1ca] 1nterpretat1ons of the data, and found

'that they agreed moderate]y we]]

Introductorthurvey5

This paper'wili focus mainly on the spectra of protochlorophyll a,
chlorophy11 a,‘and'haCteriOCh]orophyTI a. These and some other photo-
synthet1c p1gments are shown 1n Flg 1. Thej are substituted magnesium
'der1vat1ves of the parent rlngs porph1n, ch]or1n (d1hydroporph1n) and
bacteriochlorin (OPP-tetrahydroporphIn),-respect1ve1y. o

vInformation;on the strocture.ofuthese rings and their typical spectra
will be found'in:reffjg;‘ Structures of some metal-free "free base”
derivatives re]atedhto Chlorophyllig_are'found in Table i;(§,g) AlY
these-moiecu]es show. an-intense absorption in-thefhloe or near ultra-
violet reg1on the so- ca]]ed Soret band and bands of lower osc11]ator
| ‘strength (though occas1ona]1y greater extinction coeff1c1ent) in the
visible or near infra-red. These bands are due entirely to pi-pi*
exc1tat1ons within the conJugated macrocycle |
_ Spectra of photosynthet1c porphyr1ns in solut!on at vary1ng leve]sv
of oxidation are shown in ‘Figs. 2 and 3 F1g 2 shows the spectra of

';protoch]orophyll a and chlorophyl] a, th 3, of bacter10ch]orophy1] a

_and 2-desviny1-2-acetyl chlorophyll a. Each compound of each pair is

%



identical to the other exceptvfor the reduction of a double bond. The
sbectrum of the ADJ-THP ané]og of chlorophyll, called hypochlorophyl1,
is given in reference 8. (See Fig. 8.) ' |

The solution spectra.of the chlorophylls have been reviewed many
times,(14) most recenf]y by Goedheer (15) and by Gurinovitch, Sevchencko
-and So]ov;ev;(lQ) The latter review includes a discussion of high reso-
Iution‘spectfa of porphyrins and ch]orins taken at low temperature, an

area which we shall not consider here.

- - THEORETICAL METHODS

The approximations of the SCMO-PPP-CI theory are by noW well
knowhg(l,g,Q) The parameters and géometrfesvin most of these calcu-
lations were taken from'our'earlier work (6) to faci]itate comparison.:
€O bond distances werevtaken_as"1;2]5 R from X-ray data of Hoard (17)
on hicke] diacety] deutéroporphyrin.' "Traditional“‘values wefe'usedv
for carbon and nitrogen , arameters, rather than the "standard" para—'
 meters used for reduced porphyrins‘ih reférence‘gs The valence state
ionijzation poténtial-and electron affinity of oxygen were taken from
Miller.(18) Two values for the resonance integral Beg Were u;ed. Ong,
Beo =»-3519 eV,.equa]s the value of Bee for thé‘same intérnucjeaf‘:'
distance. The other, Beg = ~2-36 eV, is‘from'Leibovici and Deschamps. (19)
These véfues‘épan the highest}and lowest values in the 1iterqtufe,.up to
1967.  Qualitative conclusions were independeht of the choice of BCO"
o 1A1ky]fand‘mg§g;ary] substituents and distortions of thé.ring due
: to;the'isbcyc]ic fihg.df chlorophyl] derivatives were fgnored in most

calculations. Each nitrogen was given 1.5 pi electrons; the central
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metal was not COnsfdered explicitly. Toward the end of the researeh,
we attempted to Simu1ate‘effeCts of ring distortion by using the geof
'metry~of methy1 pheophorbide a determined by Fischertet al.(20). In‘
some ca]cu]at1ons, the oxygen was brought into closer conjugation with
.the r1ng by use of the oxygen parameters of T1chy (21). AsMo-CI ca]cu]atlons
were performed using the "Aa = 5.5" parameters of McHugh et al.(7).

' In extended conf1gurat1on interaction (CI) calculations, the ba51s
| set was arbitrarily cut.off at about 150 nm (60-75" conf1gurat1ons) to
stay within the capacity of the computer. ‘Whenever possib]e,'the_cutoffv
was made at a natural break in the density of electronic states. The
| programs used in these calculations were written by W. Donaths expanded
by C. Weiss,(22) and further improved by Pf Miller and J. Weeks.

Experimental oscillator strengths were estimated from unresolved

published data by the formula

o f o= 461x10 2 ¢

,where € is the mo]ar extlnct1on coeff1c1ent and § the band w1dth at half Lo

ne1ght measured in wave numbers This "tr1angle formu]a is exact on]y

for bands of perfect GauSSIan shape.

Review of.Porphin Theory

' The basis for ‘the 1nterpretatlon of these spectra s the four orbital

mode] of Gouterman (3 4) who built on earlier work by Moff1tt (23) ‘and

Platt.(24) An essent1a]]y equivalent interpretation, based on the free

~ electron mode] has been made by Kuhn (25) The early histcry of the

theory of porphyr1n spectra has been thorough]y reviewed by Gurinovi tch. (]6)
In the orlg1na1 Gouterman model, (3 4) the visible and near-ultra-

violet absorption bands are interpreted phenomenologically as arising “from

P
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electronic excitation from the highest two filled orbitals to the lowest
- two empty orbitals (Fig. 4). The lowest empty €ox and egy orbitals are
degenerate by symmetry in metal porphins, while the highest filled a1,

and a,, orbitals are almost degenerate (Fig. 4). The (a, e.) and (

1€ g a,® g)
conf1gurat1ons 1nteract pa1rW1se to give minus and plus states in which
the equal trans1t1on d1po]es cancel and reinforce each other, respect1ve1y.
(Conf1gurat10ns are s1ng1ets unless otherw1se indicated.) This gives
rise to a weak g.trans1t1on and a very 1ntense B trans1t1on (F1g. 5),
correspond1ng to the v151b1e and Soret bands, respect1ve1y The major
features of this model have been confirmed by extensive and careful

: exper1ments by the Russian school of spectroscop1sts (16)

- SCMO- PPP- CI ca]cu]at1ons have p]aced the success of the four- orb1ta1
model in a larger theoretical context; and c]eared up discrepancies be-
tweehvthe'spectroscopie data and the results of the Huckel theory.(5,26)
TheYCa]culations gave.good qualitative agreemEnt with the porphin triplet-
triplet absorption sbectrum, as well as with the ordinary visible and
near ultra-violet absorption spectra of a wide variety of porphyrin

_ derivatives, including azaporphyrins, phlorins, reduced porphyrins,.
tetrabenzoporphyrihs, and phthalocyanines. Felton has used much the

same parameters in calculations on the porphyrin radical mono- and di-

-anion (27) and -cation,(gg) as well as on isoporphyrin (29) and isophlorin.(30)

The main features onSCMO calculations of metal porphih are not affected

by a large range of theoretical refinements.(22,31) 'McHugh et al.(7) have
extended them to the far ultra-violet absorption and to MCD spectra in

the visible and near-ultra-violet. They.improved their predicted'oscfl-

Tator strengths by using transition.gfadients {nstead of trahsition»dipoles.
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At the seme’tiﬁe asfthe'thenry of pdfphyrin spectrévhaS'been ad-
vancing, data has become availéb]e on the absorption, fluorescence
po]arization, €D and MCD of families of porphyrins and‘chIOfdphyll
derlvat1ves (9 _g__l) In the visible Spectrum of ponpnyrins; x- and y-
polarized transitions have opposite signs in MCD and usual]y.in'CD |
'sbeetra'as well. The_reasons for this are.different in MCD and CD, and
cannot be explained in a simple_“physicaT"‘pitture;(zﬁll) eThe MCD of an:
isolated doubly degenerate transition of a Square mo]ecule.typicelly
'resemb]es the:deriVative of the absonpfion}band. The cross-over, or
| zero'pdint ideaiiy'shod]d coincide w%fh the abserption maximnm

The four main v151b1e transitions in free base porph1ns are assigned
to g_ and gy daughters of the metal porphin Q bands and their (0-1)
overtones. As in metal porph1ns, intensity of the v1brat10na1 overtones
is borrowed from theFSoret band and does not follow the Franck-Condon
enve]ope. ' | | | |

 The' 1ntr1ns1c (0 0) 1ntens1t1es of the Q; and gy bands of the free
: base are very sens1t1ve to substltuents, wh11e the borrowed intensity

of the vibrational overtones 1s less sens1t1ve to these perturbatlons,’

at ]east in porph1ns (3 16) This is the theoret1ca1 basis for the widely

used c]ass1f1cat1on of subst1tuted free base porphyrins lnto spectra] ;
types" (et1o, rhodo, chloro, etc. ) (32) v
The B and gy transitions under1y1ng the Soret band were 1n1t1a1]y

assumed-degenerate. This assignment could not be made to agree with the
ca]cu]at1ons w1thouf fudg1ng Sundbom suggeeted (33) that three
'_delectronlc trans1t1ons under]le the Soret band of porphln free base:

'1§x’ Ey and N, 1nstead of two as in metal porphins. The gy has apout

- the same oscillator strength as in metal porphins, but the B, and N, each

«t



have‘about half thét emount. 'Experimental absorption and MCD spectra
are consistent with this conc]usion,\if the N is much broader than the
two g_transitions, | | | v

| .McHugh‘gg_gl,(Z)’agree}that there are three transitions in the Soret
regioo, buf'present evidence for a different assignment. Extending a
proposalibyvf; Longo, they suggest that the extra transition appeapg

as a_bahd.at 480 nm long known by porphyrin chemists to wax and wane in
infensity according to substituent. fhis'variation is thought to be
caused by changeS in intensity.borrowing from thevSoret band by a pre-

viousTy unsuspected x-po]arized transition.

RESULTS

A. Unsubstituted‘Redoced Porphyrinsf Theory and Experiment

" When one or more of the porphin double bonds is reduced to form a
chlorin or tetrahydroporphin, the energies of the molecular orbitals
appear to sh1ft in a manner that can be predicted from the orbital e}ectron den-
-sities on the atoms 1nvo]ved in the double bond to be reduced (4, 34a)
Fig. 4 shows these energ1es as calculated in the present treatment.

‘These shifts in orbital energy destroy the near-degeneracy of the
lowest. excited configurations (Fig. 5). In the Hickel model, the x- .
_ conflgurat]ons in ch]or1n are degenerate, and their transition dipoles
cance] and re1nforce each other, as in porph1n, to produce the weak Q,
and the strong B » respect1ve]y (5) The gy band is therefore pred1cted
to be_more intense in chlorin than it is in porphin. SCMO orbitals show

a similar pattern.
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‘In OPP-THP, where the re]ative.shiftelin orbital energies are more
than doubled, the gy band is predicted to be further red-shifted and
intensified, and the'gy is at higher enefgy than the By '-'The x¥p01arized
conf1gurat1ons, on the other hand are more near]y degenerate, and again
interact to give a weak gx band. (The high intensity norma]]y assoc1ated
- with g*'is dtétfibuted among-several interacting x—po]ar1zed transitions.)
OPP-THP is a.typical "long field" molecule , and absorbs at 1onger wave-
lengths than chlorin even though it is more reduced.(gg). In both mole-
cules, the Jonger wavelength transition is aliowed in the direction with
the Jonger path oficohjugation, thie time in keeping with a primitive
"antenna” model. | | |

~ Fig. 5 shows. the energy level diagrams for the lower excited states
of the reduced metalvporphyrins given by SCMO-PPP-CI calculations from
" the present work. The result is displayed at each ef three steps: a)
pure configUration energies, corresponding to the length of the arrows
in Fig. 4, Tess twoée]ettron terms; b) minihum CI; c) extensive CI in-
volving 60-75 configuhations. h , '

The first two colunms agree with the four-orbital results of reference 6.
‘ Contrary to the hopes of the early theorlsts (5), however, he effeets of
the new terms introduced in this model vany from porphyrin to porphyrin.
Th1s probably dashes hopes for a simple phenomeno]og1ca]‘theory for reduced
porphyrln spectra.

The conf1gurat1ona] pur1ty of the lowest exc1ted state, calculated in
the fqur-qrb1ta1 mode], rises from 52% in porphin to 68% in chlorin and
84%.in OPP-THP. - Adding more configurations has little effect, es ajl,
'porphyrin g_statesfaré_derived at leest 97% from four-orbite] model con-

figurations. In chlorin and ADJ-THP, the B bands are derived 87% and 95%
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from'four—orbita] mode] states, respectively, compared to 84% in porphin.
.CI_integna]s between pairs of founfbrbita] configurations vary almost
100% from porphyrin to OPP-THP. The transition dipole of a particular
transition, however, varies only about +20%. |

The most accurate wdy to comparé these results to experiment is to
conSider quantitetive spectra of a series of porphyrin§ with the same’
substituents, taken in the same solvent, but differing in the level of
ring feduction;'iFig. 6a-c shows the most suitable matched deta in the
_iiterature for the visible end Soret regions of ponphyrins with symmetri- -
.cai]y disposed éaturatedvor mgégfary]‘substituentsj these sets of spectra
are fui]en than those used in pnevious tests of theoretical models, but
none of the sequences is comp]ete Probably the most'important gap is
the ultra violet and quantitative visible spectrum of a metal OPP-~THP.

Ne do not know to thCh metal porphyrins our calculations correspond,
and the ratio .of Soret to visib]e intensities (especially in porphin)
depends strongly on the central metal. The zinc porphyrin sequence of
Fig. 6c may correshonefmost closely to the calculations, since its Q
transition is aimost fnrbidden |

~ The a551gnments of the visible spectrum are the same as in previous
work, and the ca]cu]ations agree about as well as before (5,6) Experi-
menta]ly and in the ca]culation, the gy band in the ch]orin is much more
" intense than the doubly degeneratelgiband in porphin. Theigy is also .
-shifted to lower energy. The gx band of chlorin is stronger than the
porphin Q in three of the foun series,_butvis not strong enough to stand
out from the vibrationa] overtones of the'gy. Its enengy is about the
same as that of the porphin Q. The calculations in Fig. 5 do not repro—.

‘duce these trends very well.
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The ch]orin E!bénds are predicted to come at the same ehergy as

thoseuof porphin, and are in fact so found. The CI pattern of chlorin

and hence its spectrum is somewhat similar to that of tetrabenzoporphin.(6,7,44)

are accidentally almost
1

The calculation correctly predicts that gx‘and Ey
degenerate in unsubstituted metal chlorins. The B, is 260 cm”

B, in the four-orbital model, but 170 an” below it in extended CI. (X-

allowed states are not constrained by symmetry and will be lowered by CI

above the

more than y-allowed states.) The calculated energy order of Ex and B, is.
not affected by extension of the CI basis set in substituted chlorins.
In-ch]orih; N is predicted to ge the first moderately inténse band
above the ggﬁii,f In additioh,’the calculated ultra-violet spectrum has
many allowed bands, which are descended frdm forbidden bands of the por-
phin ring but which are now allowed because of the loss of a plane of
symmetry. These bands_usuaI]y'héve a predicted oscillator strength of
at least 0.04, and often as much as 0.2. ASMO calculations on free base
chlorin, using orbitals calculated for the metal derivative and the
"Aa = 5.5" parameters of McHugh, indicate that the Soret baﬁd of this
compound includes three major allowed electronic transitions, much as in’
free'base‘porphin.(z,gg)' | | | | B |
For OPP-THP, we must rely mostly on thé spectrum of bacteriochlorophyll
in Figs. 3 and 7. (See a1sovTab1e I1.) Beth bacteriochlbrophy]] and Mg
tetraphenyl.OPP-THP (Fig. 5) have the 9, $o'red;shifted from the corres-
ponding chlorins that the Q  is easily identified by fluorescence polari-
zatién.(lQ) This shift is qualitatively reproduced in the calculations,
although it is underestimated. There {s a quantitative discrepancy in

that the oscif]ator strength of the Qy band of chlorophyll a is nearly
~ that of bacterioch?drophyT] a; the prediction is that it should be Jess.

e
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.@X and gy are pred1cted to Sp]]t in OPP-THP and its subst1tuted der1va-
tives, a pred1ctlon in agreement w1th experlment The B- g_energy
splitting is overest1mated in both chlorin and OPP-THP, as in our pre-
vious calculations and those of all‘other_workers.3

~ The Sdret region of OPP-THP cannot be described by the four-orbital
~ model. Accordfng te'oun caicu]ation (Fig. 5),‘it intiUdes three a]fowed
and tWo forbidden'bands, instead of the two allowed bands characteristic
"of'the other uneubsti£0ted metaT porphyrins. The theoretica] origin of

4 of porphyrin are

the new allowed band is as follows. The de , orbitals
raised sharpiy in energy on reduction to OPP—tetrahydrdporphyrin (Fig. 4);

This raises the energies of the (la ) and (3a2u4e ) configurations_-

| 1u*gy
so high that transitions to the 4e from the new a orb1ta1 are only
slightly higher in energy. The g_orb1ta1 is a descendant of the 2a2u and

) and (2b, de )

' 2b2u'orbitals in porphin. Since the transitionS'(232u4e g

g
1nteract to form the L and N bands of porphin, (6) the (ae ) bands of
ch]or1n and OPP -THP have been named N. The yy bands of_the reduced por-
phyrlns are sp]1t to hlgher energies by interaction with Ey, Thus on]y
“the N, 1s important to the present discussion.

| The N and B, bands of OPP-THP and bacteriochlorophyll a are the
'on]y spectra] features we have encountered in these calculations that
' are_affected.by expansion of the CI basis set beyond that of_the four
.orpital model. Our calculations andvthose.of Otten (46) show that the
N, band eteadily']oees predicted intensity (dipole formula) to the B
as the number of COnfigurations is increased. When all 99 singly excited

configurations are included, the predicted N, oscillator strength drops

to an entireTy reasonable 0.08.(46)
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The u]tra v1o]et spectrum of OPP-THP is thus predlcted to have no
e]ectron1ca]]y a] owed trans1t10ns at a]] for 10 700 cm -1 above the
energy 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 e]iminated by the'Toss of a bonding orbital, the ﬂx band has
been redfshiftedbe]ow the Soret energy, and the yy has been b]ue-shifted
,Qy the rise in 4egy‘orbita] energy. This prediction is largely rooted in
the symmetry of the molecule, and extends to bacterlochlorophy]] and
presumab]y to other substituted OPP -THP derivatives. '

The orb1ta1 pattern for ADJ-THP is calculated by Htickel and SCMO.
methods to be similar to that of chlorin, a prediction borne out by the
. simi]arity-of the available ADJ-THP spectra to those of the corresponding
chiorins;(gz,ﬁgjﬂZ) The Q bands are found at energies slightly higher
than the corresponding bands in chlorin, a result also given by the cal-
culation. The Soret band of ADJ-THP is predicted to be pract1ca]1y dege-.
nerate in the four-orbital mode], both in the "standard" and in the
' "trad1t1ona1" treatment. (6) Extended CI increases this sp|1tt1ng from 54_
'to 260 cm ]; and pred1cts that the y band will be h1gher in energy (see 7
Ref. 3 for axes). The exper1menta1 value of the B splitting is 420 cm” .(gg,gz)
"It would be interesting-to_confirm'these assignments by fluorescence po]art-
'zat1on and MCD. | | |

We see, then, that the four orb1ta1 model correctly accounts for
intensity d1fferences among reduced meta]]oporphyr1n spectra in the v1s1b1e
and Soret reg]ons,"but does not do very well at predicting quantitative |
energy shifts.i Except in the Soret band of OPP;THP, this\resu]t is largely
unaffected by fnereased CI. This suggests that the four-orbital model is

essentially correct, but that'our quantitative representation by‘the SCMO-PPP-CI

model is 1nadequate The cons1stent overest1mat1on of the B-g.sp11tt1ng suggests'

s -
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that the fau1t-is in the treatment of electron correlation. In fact,
the pdre configuration‘energies ovaig. S‘reproduce the experimental
energy shifts of the‘viéible bands better then do the post-CI state

energies.

B. Substituted Porphyrins

To help the reader through the Subsequent discussfon, we have sum-
marized in Fig. 8 ouf intefpretation of the experimenta1 enefgy 1evéT
diagrams for:magnesium'porph;rihé re]ated to chlorophy1] a. Our assign-
ments are deduced in the following sect1ons by comparison of absorption
and MCD spectra of re]ated compounds, using the calculations judiciously
as gu1des.' The theory.of MCD in mo]ecu]es_of low symmetry has not yet
been worked;but;':Thislmeahs that ihterpretétiohssof MCD in substituted

porphyrins must remain tentative.... . ... . R

a.. Protoch]orophyl] ~ Theory and Phenomeno]qu

The exper1menta1 absorption, CD and MCD spectra of protochlorophy]] a (11)
ére shown in Fig. 9. Assignments shown for the visible and Soret regions
are those made by Houssier and Sauer. (10,11) -Assignments at higher energy
are by ana]ogy to metal et1oporphyr1ns (7) and 2,4- d1acety1 deuteropor-
phyrins. 5(40) We call attent1on to the ahomalous MCD- (A > 0, °M < 0) asso-
‘c1ated with the Qy transit1on (7)
| Results of an extens1ve.CI_ SCMO-PPP ca]cu]at1on of monocarbony1 por-
phin, iniended tovrépresent protochlorophy]] a, are shown in Fig. 10, along
with experimental‘energfes.v Also shown_are the results of a more recent

Ealculation by Song,(51) who considered four different sets of semi-empirical

parameters, and selected as the one most nearly in agreement with experiment
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a set‘which repfesents the central magnesium toh as a point charge'of
+1.5 e]ectronsvthat affects the jonization potentials and electron
repulsien integrais of‘the nitrogens. This disagrees with Zerner and
Gduterman,(§g) who.ca]cu]ete by extended Hlckel theory that the eharge
on the magnesfum is +0.6, in magnesidm porphin. Both calculations give
accurate pred1ct1ons of the Q energies, although Song's g1ves the better
value for E(Q_) - E(Q ).

Qur calculation produces the curious result that bdth of the visible
transitions are predicted to be a]most‘pare11e1, 1;g, Qﬂxn H Quyn. This
result is contrary to‘the fluqrescencé polarization stqdie§ of Houssier
and Sauer,(10) which show the bands to be fough]y perpendicular,‘and
may well be due to the neglect of saturated substituents which would
raise the a]u orb1ta1 energy relat1ve to that of the A, On the other
hand, it may be related to the anomalous MCD measured by the same workers
and shown in our F1g. 9.(11). Further theoretical work on this spectrumv
would be Qsefu]. (The Song calculation gives Q, 1_gy, the expected
result.)

Both’calcu]ations greét]y overestimate the E;Q_energy spTitting.
Oﬁrvcalcu]ations predict the next states above the Q band to be the

4
intense transitions in the same region.

closely spaced §X and B, states. The Song calculation predicts three

The‘experimental Soret band of protoch]orophyi] a'is deceptively
complex. Tﬁe eplit,intogx and gy is clearly indicated by f]uorescence
‘polarization,(10) and is consistent with the CD and dimer absorption.
Yet_the B, transition shows only a very slight negative MCD - too small

to ehow up on thevfigufe - and the well shaped double MCD corresponds:in

Wavelength to the §y and to the small gatellite‘band on the short wavelength
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tail of the Soret (1] 53) In zinc deuterOporphyrin, a metal porphin -
whose Soret band shou]d 1nc1ude only two degenerate trans1t1ons, there
is a typical double MCD. This evidence suggests that the Song ass1gn-
ment could be cOrrect;'andvthat the double MCD ‘could result from a
near degeneracy between the Ey and a new transition just above it.
A]ternat1ve]y,the B, and the Ey MCD may ‘have d1fferent shapes and amp11-
tudes. Neither of these explanations is comp]ete]y satisfactory.

The main effect of carbony] substitution in our pred1cted absorp-
t1on spectrum of monocarbony1 and 2,4- d1carbony1 porphln at higher
“energ1es is to break down the symmetry and make forb1dden bands

allowed. .In part1cu1ar, (la]u2b ) and (3a 2b ) bands appear in the

lu
spectrumvat energies_above the Soret band, with predicted oscillator
strengths of 0.13 in monocarbonyl and 0.55 jn dicarbony1 porphin. - Both
these bands are,forbidden_in»square symmetry. Frdm their energies and
their'prominence in the'spectrum of Carbonyl porphins, they should
| correspond to the n bands. jdentified in the exper1menta] spectra of
metal 2,4- d1acety1 deuteroporphyrlns (40) |

The absorpt1on curve in F1g. 9 suggests tnat’the‘n band is split
into two components of opposite polarization, as indicated by two bumps
on the absorption curve and a trough in the CD curve. The trough is
| much deeper in v1ny] protochlorophy]] (]0) a fact wh1ch may indicate a
txnew p1—p1* state 1nvo]v1ng the v1ny] group Such states are pred1cted
N by SCMO calculations in thCh v1ny1 groups are 1ntroduced explicitly.

“In p]ace of the N and L bands of square porphyr1n, the mode] pre-'
dlcts a c]uster of bands of various parentages and polarizations. ’
Exper1menta]1y, the N’ absorptlon band in protochlorophyll shows signs of

three separate transitions. The first (ﬂq) corresponds to the 332 nm
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peak ca]led N by Caughey et a] (40) The second (N ) is a sl1ght in-
f]ect1on at about 325 nm, and the th1rd (N3) appears as a shou]der in
the absorpt1on and as a peak 1n the CD ' The L band can no doubt be |
further resolved as we11 A new band the M band (7) appears at 239 nm.

b. Pheophyt1ns and Other Free Base Chlorins: Phenomeno1ogy

To fac111tate compar1son we have constructed a graded series of
subst1tuted free base chlorins, each one d1ffer1ng only s]1ght1y from
its predecessor (MCD and quant1tat1ve absorot1on spectra for a com-
parable series of. meta] chlorins are not ava11ab1e ) The compounds’ used
are Tisted in Table I;_representat1ve spectra are shown 1n_F1gs. 11 and 12.

betailed comparison of -the visib]e portions of these'and other absorp-
tion'spectra}shows five regions whose appearance remains similar from
mq]ecnle to mb]ecule, a tact well documented'by the early German spectro- -
'scopists.(§§,§z) The region at 1on§est wavelengths i{ncludes a sharp,
intense band, USdally tdgether'With a satellite at slightly higher_
- energy. | Thevintense absorption band, ‘which is associated with a small
positive MCD peak, is. aSSIQned to the Qy ‘transition. Theisecond and:
third regions contain Tow humps from 540-590 nm (550 615 nm in pyromethy]
pheophorbide). |

The fourth peak at 536 nm in pyromethyl pheophorb1de is clearly
ass1gned to the g_ trans1t1on by the large negat1ve peak in MCD (Fig. 11)
and the small pos1t1ve}CD band. _Th1s conf1rms the ear11er assignment,
which was based on the'well—resolved negative peak in the'fluorescence
po]arization (58) of pheophytin a, whose absorption spectrum is practi-
ca]]y the same.as that of pyromethyl pheophorb1de a. The same oeak

appears . at 519 nm in the absorpt1on spectrum of et1ochlor1n (Fig.. 11).
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Turning now td'the Spe;trum:ofﬁunSUbStftuted free base chlorin in Fig. 11,
~we see that this peak is absent. We interpret this to mean that the
"(0-0) band of the Qx‘transition has no intensityl- i.e., that the tran-
sition dipoles’Of the‘cdnfigurations making up the Q, state have cancelled
exactly. 'Thié prdposal needs to be confirmed berCD.\ If it is corrédt;
this transition will be a.convenient point to calibrate future calculations
'dn free base chlorins and pheophytins. | |

Al éix of the spectra in figures'11-12v§hOW‘a fifth band at 480 nm,
which may correspond to the transition identified by McHugh g}_gl. in
free base porphins (7). The band does not show up clearly in the MCD
(Fig. 13) It disappéars'in ch]orobhy]] a and in Mg 9—0xy—desoxo metnyi
pheophorb1de a, (59) 1end1ng we1ght to the suggestlon that is is spec1f1—
| ta]]y a free base transition. '

The spectra of tetraphenyl;, etio-, and unsubstituted cnlorins are .
léss clear-cut. The "480" band is present in free base tetrapheny]
,ch]orln and absent in most of its metal der1vat1ves, but is present 1n
the_copper, silver and t1n_comp]exes.(§§) Free base ch]orln and etio-
chlorin have a prdminent double peak between 488-496 nm. The low tempera-
ture fluorescence nolarization spectrum of free base chlorin shows that
the twin pedks aré'of opposite poTarization,(QQ) strongly suggesting that
they are the’ (0-1) of the Q and the (0-0) of an x-polarized "480" band,

~respectively. On the other hand, the spectrum of Mg chlorin shows a

- similar band, although‘it is weaker and red shifted.(61) Low tempera-

| ture fluorescence po]ar1zat1on studies of this molecule and of Mg etio-
chlorin might. we]] settle the ass1gnment in this reglon
~The Soret bands of the free base chlorins are complicated to inter-

pret. The Soret band of unsubstituted free base chlorin can be resolved
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into two components of nearly the»same'energy and intensity but of oppo-
site polarization,(60) spTit by only 550 cm'1. These are assianed to
the gy and B tran51t1ons, in order of 1ncreasvng energy ~ Nearly a]] of
| the free base chlorins 11sted in Table Ia and Ic show the sing]e, wel]—
shaped absorpt1on band exemp]rfied by meso- phy]]och10r1n in F1g 12.
This is known as a chlorin-type spectrum. The Soret band of 9-desexo;
mg§9;pyromethy1 pheophorbide'is we]]-shaped but is broader than that of
mg§g;phy110chlorin. gx and gy are apparently degenerate in ﬁhese mole-
cules within the resolution of the spectra. MWe cannot exCTude~the
possibility of a broad ﬂy transition in the short wavelength tail of the
Seret band of these spectfa by analogy to the Sundbom assfgnment for .
free base porphin.(gg) Low'temperature and fluorescence polarization
spectra would be useful here.

In meso—pyromethy] pheophorblde, the Soret band is less intense,
and is split into two components of different energies and intensities.
This is known as a phorbin-type spectrum. Most previous workers have
assigned the main peak and the shouider #o B, and §y transitions, res-
pective]y,(§Jl§) an assignment based mostly on fluorescence polarization
data. (62,65)

Newer,lmore highiy resolved room temperature fluorescence po]éri-
zation spectra of pheophytin é_by Goedheer (63) show clearly that the
red edge of the Soret band is y-polarized relative to the main peak and to

_ the-shou]ders at 400 nm andv375 nm in castorvoil. They do not reproduce
; the_sharp rise in polarization at 1<400 nm shown in ref. 15. These
-results cast doubt on the traditional assignment. They indicate that

E(gy) < E(gx), as in unsubstituted free base chlorin.
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"Eveh this‘rea§$ignment is insufficient to expiain the MCD speéira
;hown in Fig. 13. In chlorin (8 whose absorption résemb1e§ that of
mgégfphledchlorin, a large positive MCD at the long wavelength side of the
Soret at 420 hm is followed by a huge negative peak at 395 nm. The
cross-over boint of the MCD Ties on the 1ong_wavé1éngth side of the
absdrptioh maximum. A large positive peak corresponds to the sate]]ite
' band in absorbtion at 364 nm. This'spectrum is consistent with magnetic
coupTing befkeen nearly degenerate é states and a'vibrational overtone
or (more 1ikely) a new e1ectron1c ‘transition at hlgher energy. It is

-the polarization of
]1ke1y that‘some or all of these states are tilted off the major axes.

More theoretical work is thus needed to explain these spectra, f]uores-

cence po]ar1zat1on data for ch]or1n eg Might a]so be useful.

o In the phorb1n-type Soret band of pyromethyl‘pheophorbide, on the |

other hand; the upwérd and downward excursions of tﬁe MCD are almost

equaT in magnftudé,.and‘the cross-over point-comes at-almost exactly

the same‘wave]éngth as does the absorption peak. ' In other words, the

main peak of the'"sp11‘“ Sdfét gives the typical MCD of a doubly degenerate

trans1t1on.- a pattern much simp1ef'thén"fhat associated with a "well-

“shaped" Sdfétvband;";Moreover, the downward excursion shows a well-defined

shou]der that corresponds nicely to theAshoulder ohvthe "split" Soret bahd.7
 We tentatively conclude, then, that the main peak'ih'both “split" and

‘"well-shaped" Soret bands - i.e., both phorbin and chlorin-type spectra -

comes from a doub]y dégénerate g_transition, and to the shoulders on

'the "split" Soret band of pheophytins and pheophorbidé is a third tran-

- sition. In ch]orin-type spectra, this newly identified transition is

ei ther forbiddén Or5§1se buried under the intense gibénds. This conciu-

sion is implicit in the tabulated assignments of Houssier and Sauer.(11)
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In the-absence of reliah]e ca]cuTations for”absorption and MCD inten-
sities, itAis difficuTt to assign this intensity to a particular for-
bidden electronic band. We shall tentative1y'ca11 this‘new transition
n by ana]ogy to the spectra of carbonyl substituted porphyrins.(40) A
pos1t1ve MCD peak appears at wave]engths corresponding to. the Soret tail.

The dlfference in structure between 9-desoxo-meso-pyromethy? pheo—
phorbide a and mgsg_pyromethy1 pheophorbide a is the carbonyl subst1tuent '
on the cyclonentene-ring - i.e., the conversion of the cyclopentene ring '
into a cyclopentenone ring. This seems to be the critica]'requirement_
for a phOrbin?type spectrum Ch]orin 6> for example, with an q-

'saturated substituent on the meso position and an a- carbony] at the 6
position, has a chlorin-type Soret peak. Introductlon_of the,cyc]o- _
_pentene ring broadens the Soret band, presumably dUe-to the new un-
resolved transition, and the carbonyl group splits out the resolved
shoulder, reducing the intensity of the main peak.

Th1s new ass1gnment is con51stent with the fact that the rat1o of
the he1ghts of the ma1n peak and the shou]der of the ch]orophy]] a Soret
band (whlch we sha]] 1ater assume to be ana]ogous to that of pheophyt1n)
varies from 0.54-0. 95 depend1ng on the solvent. (64) We assume that the
CI giving rise to intensity stealing by n from B is solvent (or ]1gand)
dependent. .~ Another posswb111ty is sd]vent dependent CIvbetWeen B,

and' Alternatively, the relative extinction coeff1c1entsof B and n

LY
may change depend1ng on the energy split between them, without any change
of oscillator strength

c. ' The Chlorophylls: Phenomenology

The visible spectra of the ch]orophy1ls-and their derivatives are more

‘poorly resolved than, and hence are best assigned by comparison to, those -
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of the pheOphyt1ns ~ The visible absorption spectrum of ch]orophy]] a
(F1gs 2 14 15) shows four humps 51m11ar to, a1though not as well -
reso]ved as, the f1rst four humps of the pheophytin a spectrum |
-'Fluorescence po]ar1zat1on (58 62,65) (Fig. 14) and magnet1c c1rcu]ar'-
dichroism (ll) (F1g 15) have genera]]y been interpreted to mean that
the intense peak at longest wave]ength is the Qy, while the third hump
at'578 nm is the g;} The second hump is appropriate]y spaced to be the
'(0-1) of the Qy, The v1s1b]e spectra of ch]orophy]] d 2- desv1ny1 2=
vacetyl ch]orophy]] a (]2) (FJg 3) and Mg-9-oxy- desoxy methyl pheophor-
bide a (59) resemble the spectrum of chlorophyl] a, as do those of a
vartety of a]]omertzation intermedfates.(gg) Wehmay assign the third
hump in'eaCh to‘the.g¥,v (Thts comes at 591>nm:in‘Z-desvinyleZ-acetym.3
. ch]orophyll a.) | B | o

Ne have used th1s trad1t1ona] ass1gnment in Fig. 15 and in our
compar1sons w1th theory However, new low temperature f]uorescence
po]ar1zat1on exper1ments ‘have ra1sed the poss1b111ty that the Q
actually the second hump in the spectrum, and that vibrational overtones
of these bands 1nter]eave thereafter. | |

The first ofdthesé is the f]uorescence polarization spectrum‘of
zinc tetrapheny1 chlorin and of chlorophyll a in frozen alcohol giass.(gz)
In theseﬂmo]ecu]es,'the third visibTe transition at about 575 nm, Which‘
we have 1dent1f1ed as the gx band 1n the spectrum of ch]orophyl] a 1n
ether, almost d1sappears The nearest th1ng to an x-po]ar1zed trans1t1on
that rema1ns 1sva_band at_639 nm in chlorophyll g_(mGOQ nm in.zinc tetra-
1 phenyl chlorin), WhtchrSevchenko et al.(67) identtfy as a shifted Q.
Similar results have‘been obtaihed very recently by Song (50) from

frozen ether solutions of ch]orophyll a at 77°K. In Song's polarization
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spectra, both the 639 nm and the 575 nm bands are clearly x—po]ariied
though the latter band is not clearly resolved in absorption. In other '
words, by ‘the traditional ass1gnment the (0- ]) of the gy is strong]y

x-polarized. This is surprising at first, but is ent1re]y poss1b1e

CD and MCD spectra at low temperatures are needed as are theoret1ca]
studies of poss1b1e v1bron1c 1nterchange of 1ntens1ty between g_ and Qy
as a result of env1ronmenta] change.

The visible spectrum of chlorophy1]-g_beyond the gy.ﬁs almost com-
pletely structureless; fluorescence polarization measurements taken in
castor oil indicate that the Q, band is a small shoulder that appéarst
to the red of the hump at 594 nm when the speetrum is takeniih ether
solution.(15,62) MCD spectra for these compounds weu1dvbe useful for
testing these assignments. |

The Soret fegion of chlorophyll é,fn ether (Fig. 15) shows an intense
peak at 428 nm (in ether) accompanied by avsatellite bend at'higher'
energy.' It thus resembles}the bhorbin—type “spiit Soret" of the_pheo-
phytins. The main peak and its_séte]]ite have'been assigned‘by'pretieus
workers to the B, and'§¥'tkan51tions-from fluorescence prarizatien
- measurements.(10,15,65) At the time, this was thought to be the Soret
assignment for both chlorophylls and pheophytins. The new polarization
work on the Soret band of pheophytins discussed in the'previous section
| now indicates that the order of Ex and gy transitions may be reversed
in the two sets of compounds ,

The MCD spectrum of ch]orophy]l a in the Soret region (11) (Flg 15)
shows a clear double MCD with a cross-over prec1se1y_at thevabsorpt1on.
max1mum,‘much 11ke that of the pheophyt1ns. A shoulder on the MCD at

398 nm corresponds fawr]y well to the absorpt1on shoulder at 409 nm. 7
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In contrast to prev1ous workers but in agreement w1th our remarks on
pheophyt1ns, we ass1gn the main peak to a doubly degenerate B and the |
'hump at h1gher energ1es to a band, forb1dden in unsubst1tuted ch]or1n,.%
which stea]s 1ntens1ty from the Soret because of the distortion of the "
‘chlorin pi system by the 1socyc11c-r1ng and its conJugated carbonyl. %

Th1s 1ntens1ty stealing is respon51b1e for the observat1on that
phorbin- type Soret bands are ]ess intense than ch10r1n bands, both
absolutely and re]ative,to the intensity of the visible transitions.
MO caIcu]ations sugéest that both this shoulder andvthe second shoulder
patp380 nm,arevderived”from overlapping “"mongrel" (mixed parentage) bands
?descended from eta; N and forbidden porphyrin transitions It may well .
be re]ated to the hypothetlcal state Just above the Soret state that we |
invoked as a poss1ble explanat1on for the MCD spectrum of protochloro-
phyl] a. We shall, for conven1ence, label the two ch]orophy]] a
shou]ders m and n2 by analogy to the protoch]orophyl] a spectrum The
broad absorptlon between 325-380 nm may well conceal further structure
and nemkelectronic_transitions made slightly a]loWed by the reduction» |
of the rfng. pThe sha]iow'hump:at 325'nm in the chlorophyli a spectrum
correspdnds nice]y in_energy and shape to the protochlorophyll ﬁq band.
| As in-pheophytin 33.this assignment can be made .consistent with the
fluorescence polarization data of Fig. 14 {f we assume that the Qy tran-
sition loses'more'of its intensity to the n than does the Qx’ or if the
:trans1t10ns are at an angle w1th respect to the major axes. This would
account for the X= po]ar1zatlon of the red side of the main Soret peak.
The f1rst shou]der is. pract1ca11y unpolarized (Fig. 14). The second
‘shou]der which we have Iabeled Nos has a slight y polarization at room

temperature which is greatly increased at 77°K.(49) The third ‘hump, which
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we have'calledrN ) is'ah enve10pe of many bandS Our proposed assign-
ments for the ch]orophyl] a spectrum are shown in ng 15.
Qua11tat1ve absorption spectra by Holt (59,66) make it poss1b1e to

construct a graded series of magnesium chlorins para]]e]_to thevser1es

of pheophytins discdssed in the previous section. The.Soret band of
phy1lin _6,(66) the Mg derivative of chlorin e —6’ is a narrow single

“chlorin-type" peak w1th a v1brat1ona1 shoulder much 11ke that of ch]or1n
8- So is that_of Mg 10-oxy-desoxo-methyl pheophorb1de,(§2) ‘The Tatter
compound, in which the chlorophyll g_isocyc]ic cyc]bpentenone ring has
been reduced to a hydroxy-substituted cyc]openiene ring;'has a Soret
band much narrower than that of its free base.

| In the allomerization intermediate Mg burpurin-?-]actone methy1
ether dimethyl ester, the five-membered.isocyc1ic ring is converted into.
a substituted six-membered lactone rfng (Table I(d)). The Soret band
is broader than that of the above two eOmpounds; bht:does net have a
reso]Ved‘n shoulder.(66) These spectra are consistent with the idea that
the , shoulder is resolved only in the pfesence_of‘a carbonyl substituted,
fiye-membered isoCyclicering; In view of the solyent effects on the in-
teneity'hatid ef.g.and n  transitions of chlorophyll a,(66) it would be
well toACheck for solvent effects in the Soret region of these spectra .
as well. _

The addifionvof a secohd earbonylegroupvcpmp]itates the Soret regioh
in ways fhdf we.cannot interpret in detéi]‘v Ch]orophy]l b and itS-pheo-
phytin have chlor1n type spectra.(15) The ch]orophy]] d and 2- desv1ny1-

2- acety] chlorophy]] a Soret spectra are probably related to the phorb1n
spectrum (Fig. 3). The first Soret shoulder (n]) has moved closer to the
, mein peak, giving a lumpy appearance to the band. The secohdary peak at

382 nm is the ny. (Chlorophyll ¢ is a porphin, not a chlorin.(68a))



o Ma‘pUrpur%h 18‘methy1;e3ter (66)'in which thevisocyc]ic ring is a
51x membered anhydr1de r1ng, has a pronounced Soret shoulder The Soret
| band of Mg purpur1n 7 tr1methy] ester (66) appears to contaln three
closely spaced peaks (See Tab]es I(d) and I(a) for structures.) In
this compound there 1s no 1socyc11c r1ng Apparent]y a carbony1 subst1—
.tuent conJugated to the x—p051t1on suff1ces to comp11cate the Soret band.

V1s1b1e and Soret absorption spectra of the pheophyt1n a and b
derivatives of zinc, copper (+2) and n1cke1 (+2) are similar to those
of ch]orophy]] a except for small shifts and changes in 1ntens1ty (69)
Jones et al.(70) report a broad transition at hlgher energies than, and
well resolved from)the'Soret band of copper pheophytin a but not of zinc
pheophytin a. The intensity of the m band thus appears to be a function
of the ‘central meta] The manganous pheophyt1n a (71) spectrum resemb]es v
that of ch]orophyl] a. -

It would be usefu] ‘to have MCD speCtra of these”COmpouhds, as well
| as absorption'spectra of the free bases of the aT]omerizetion intermediates
d1scussed in the last section. The near infra-red absorption'spectra of
monomeric mangan1c pheOphyt1n a would also be of .interest, since Baker (72)
has recent]y identified crystal field transitions in the ‘weak near IR ab-
sorpt1on spectra of mangan1c hematoporphyr1n |

The hypotheSIS that lTow-lying n-n* excited states may play a role
in_ch]orophyli g_spectroscopy has re-appeared from time to time, most
recently in ref. 73. tEar]y evidence presented in favor of n-r* absorp-
tion tn the'visible region:is reviewed and rejected by Gurinovitch.(16)
More recent]y,ethejobserVQtiOn of:quasi-]ine spectra in ethyl chloro-
'phyllide g;(Zﬁ);eXcTudes such‘trahsitions at wavelengths longer than 667 nm.

Further work along'these Jines would be very useful.
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The bacter och]orophy]] a Soret band shown in Figl 7 varies great]y
with so]vent and cannot be ana]yzed with a simple model. We believe
that there are at Teast five tran51t1ons between 310-410 nm, although
only three are indicated on the diagram in Fig. 8. MCD (45) and fluores-
cence po]arization (15 75) spectra show clearly that the main~peakvat
| 357- 373 nm and 1ts maJor 1ong wavelength shou]der at 390-400 nm are the:
gx and gy; respectlvely.‘ There is a shoulder at 406 nm in the ether
spectrum, whlch we shall call "B™" and a def1n1te 1nf]ect1on ("B+")
between the two B daughters which appears in all four solvents in absorp—
tion and/or MCD.

A fourth and fifth~band at 339 and 317 nm in bacterioch]orophy]i
vary .greatly 1n 1ntens1ty from solvent to solvent. We shall call them‘ ‘
nj and Nos respect1ve1y. ‘Some of these comp11cat1ons may be due to the
S1mu1taneous presence,of several solvated species. The absorpt1on of
bacteriopheophytin ain efhervgenera]]y resembles that'of bacterio- |
ch]orophy]i.(ls)

~d. Reduced Porphxr1ns Theory

Helss et a] (6). pub11shed four-orbital mode] SCMO ca]cu]atlons of
metal ch]or1n,_ph]or1n, OPP-THP, and ADJ-THP, and achieved qualitative
- agreement wftheexperimental spectra. Their paper reviews earlier Hlckel
calculations on these unsubstituted rings. The Weiss treatment was ex-
tended by McHugh et al.(7) and by Otten (46) to include more CI. Otten (46)
has done similar cafculatfons on the bacteriochlorin radical cation and‘anidn.
Table II compares our new theoretical results on reduced porphyrins and
those of the Song "e]ectrostatlc" model described ear11er (50 51) with the
phenomeno]og1ca1 ass1gnments deduced in the last section. The calculations

reprod0ce the visible energies and intensities of the chlorins rather well.



'Song's-ca]cU]ated ya]nes,of.E(gx)-'ﬁ(gji_agfee well with the traditiona]
assignment cf the Qx;‘cdnrs~are comparable to vibrational spacings and |
are in~sli§ht1y'better-agreement‘n{th'the»notion that the Qx«bverfaps
.with the (0-1) of the Q&. -The calculations on substituted porphyrins,
'1tke those on unsubst1tuted r1ngs, overest1mate the B-Q energy split and
do not treat central metal or saturated subst1tuents explicitly. Th1s
makes 1t d1ff1cu]t to see how well we have represented the effects of
individual subst1tuent perturbat1ons
For this reason, we se]ected pairs of ch]orln free bases from the

'graded series described earller and compared the experimental effects
of simplevsubStitutibns with the results of calculations meant to simue‘
Tate them (Table III). As the spectra in Figs. 11-12 show, both 2-vinyl
~and 6-carbony1 substitncion'pnoduce a marked red shift in B and Q
enengies; Of the foun'pessible quantitative comparisons of theory and
’ experiment, two agfee reasonabiy We11, one disagrees, and one is noot
for want_ofISUfffcjent,data;' The eXperimental.effects themselves are
inconsistent from ccmpound to compound;c | |

| The spectra of Fig. 12 and the experimental data in Table III show
that the closing of . the isocyclic ring dramatically increases the inten-
sity of the Q, but not that-of the gy. Djerassi (9) has pointed out
that the intensity of ‘the Q* band in a similar series of free base
.~ chlorins is eSpec1a11y sens1t1ve to substltuents This behav10r parallels
"that of the porphyr1n Q band, and is. characterlst1c of tran51t1ons which
are forb1dden because of a cancellation of trans1t1on dipoles by CI. A
sma]] perturbat1on can, change the CI' coeff1c1ents of the Q enough that
the: trans1t1on d1po]es no longer cancel, and can thus produce large rela-

tive changes in 1ntens1ty.‘-The transition dipoles of the configurations
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making up the.chTorin g&fahe not neaf cancellation, with the resu]t that
this band is insensitive to the influence of substituents. Calculations
of the effect of isocyciic ring c]osure (see below) predict a 2—.to-3—fo1d
increase in g_ 1ntens1ty, and ]1tt1e or no change in Qy |

 The pred1cted Soret osc111ator strength is greatly overest1mated by
the trans1t1on d1po]e ‘formula; transition grad1ents (Flg 5) do much |
better, at least on unsubst1tuted porphyr1ns (7)  Our ca]cu]at1ons pre-'
dict a very small sp]]tt1ng in the Soret regxon between B and B B, tran;
sitions, in agreement with our 1ndependent1y deduced ass1gnments The
spectrum predicted by our regu]ar parameters has only weak bands at
' energles higher than the Soret " This disagrees w1th our ass1gnment of
the Soret satellite to a new e]ectronic transition. 0

To explore the reasons for this latter disagreement,'we_increased
the conjugathn betﬁeen the canbony]'and the ring, and simdlated the |
d}stort1on of the pi system by the isocyclic ring. (See‘Methods section.)
Each of these changes 1ncreases the pred1cted 1ntens1ty of ay- po]ar1zed
.ransition JUSt above the Soret band. Together they raise the osc111ator
strength of thls trans1t1on-and 1ower ‘that of the B‘ until their ratio
reaches 0.45. This resu]t wou]d be consistent w1th the f]uorescence
polarization data shown-1n.F1g. 14. It would be 1nterest1ng to repeat
these ca]cu]atlons w1th comp]ete CI.

The Song model described ear]ler also pred1cts three separate
electronic transitions in the Soret reg1on. When the charge of the
centraj metal is taken as +1.5, as in the results oflTabie-II, the.
lowest of these three hands in enefgy is predicted'to be polarized
parallel to the emitting transition, in clear disagreement'with experi-

ment. More recent_ca]culations§With-metal]ic charge‘= +1.7 again give
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hthree bands. Th1s t1me; however, the Towest of these 1s X= po]ar1zed
with only 1/5 the tota] osc1]1ator strength of the system. The othen
two are mutua]]y perpend1cu1ar, and rough]y at 45° to the x and y axes.
This result agreeé with the.phenomenology:deduced earlier.

‘More theoretical work is clearly needed to exp]éin the Sbret region
of'chiorephy]1.[~As matters now stand, a mode] can be found to justify
almost any aSsiQnment Vlbron1c 1nteract1ons between B Ey, n, N and
Q are Tikely to be 1mportant | o

The'Song calculations with Z=+1, 5 agree nicely with the absorption
spectrum of ch]orophy]] d, pred1ct1ng four allowed trans1t1ons under]y1ng

he Soret band the hlghest in energy con51derab1y to the blue of the
ch]orophy]] a ‘Soret band MCD and fluorescence po]ar1zat1on data on
chlorophy11 g_wou]d:be useful. On the other hand,. the absence of éh’_'
intense n shou]der {h the‘eh1orophy11 h_ebsorption is in disagreement |
w1th his model. _. ' | | |

~Our. pred1cted‘enefgxes for bacter1ochlorophy11 "and: bacter1och1or1n
_vis1b1e bands agree reasonab]y well with exper1ment as do those of

~Otten.(46) The pred1cted gy 1ntens1t1es from the tran°1t10n dlpole

3formu]a are 2-3 t1mes too large; those from transition gradients (F1g 5)

are too smal] The Song pred]ct1on of x-y splittings in B and Q_bands

is very good infbbthﬂbacterioch1orophy1] and chlorophyll a. '
The.Sofet_bend of bactenioehiorophyll a resists definitive'assign-

ment."Our ea]culations and Otten's-predict an x—po]ariZed'Shoulderlon

the long'wave]enéth edée; the predicted intensity of which decreases

_ w1th 1ncreas1ng CI There is also a forbidden band on either side of

the gx. The ca]cu]at1on of Song predicts a very weak y-allowed band on

the lbng wave]ength_shou]der of the §X;’and an additional weak y-allowed
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transition between B, and'§y Neither of these predictions corresponds
exact]y to the spectrum observed (Fig. 7), but e1ther cou]d be made to
fit by ad hoc assumpt1ons regard1ng solvent—dependent vwbronlc inter-
act1ons Both exper1menta1 and theoret1ca] work are needed on the
so]vent effects | _ _ |

The Soret bandlof bacteriochlorophyll should be a sensitive probe
of its”enyironment but will probabiy be too complicated to interpret in
detail. DetaiTed'information regarding dimer structure can in principle
be extracted_from the_We]l~resd]ved.gx an_dgy transitions.(zg) Predicted .
polarizations of the B and Q bands are shown in Table II. The Q bands
of protOporphyr1n (not tabu]ated), chlorophyll a, “and bacter1ochlorophy1]
are nearly along the symmetry axes, in qua11tat1ve agreement with

fluorescence polarization experiments.

c. OthervTheoretfcaI‘ReSU1ts
a. Triplet States : |

Tab]e 1V shows the pred1cted energies of the four 1owes. tr1p1et
.conflgurat1ons relat1yevto the ground singlet. Group theory d1ctates
that these configurations‘not interact with each other'in square porphins.
An extensive CI ca]cu]at1on (6) indicates that interaction w1th h1gher

10a

states ls not serious 1n these compounds We assume that these propert1es

'carry over to the ch]orophy]ls. ‘

Predicted triplet energ1es change Tittle from porphin to chlorin;
the 1owest two tr1p1et conf1gurat1ons are much the same in ADJ-THP as
well. In OPP-THP and\bacterjochlorophyll the 1owest predlcted triplet .
is only 5500-7100 cm”!
mation by the SCMO-PPP method of the two-electron terms that spfit singlet

above the ground singlet. The habitual overesti-



=33-

and triplet conf1gurat1ons means that th1s pred1ct1on may be too low by
a few thousand wave numbers ~ Even so, the low-lying triplet should
prov1de a h1gh1y favorab]e route for rad1at1on1ess loss of excitation
energy that reaches the trlp]et manifold, and hence resu]t in a very
]ow phosphorescence y1e1d | . | :

Ava11ab]e data on the Jowest trlp]et energ1es of porphyr1ns related
to ch]orophy]l a_are dlsp]ayed in F1g. 8. To our,know]edge, no phosphores-
cence data-is avai]ab]e‘for'protoch]orophy]l, The Towest triplet of
chiorophyll a in po]arcg]asses emtts at 11_300 cm'], close to the pre-
dicted va]ue.(gg) The phosphorescence observed from chlorophyll a in
dry non-po]ar g]asses’(éljbonce attributed to ahln-n* trip]et; is probably
due to an aggregate (]6) | |

The pred1cted tr1p1et states of bacter1och10rophy1] are at very low
energies. The gap between the ]owest triplet T] and  the ground state is
not.much bigger thangthat between'Tj-and Tos andbis much smaller than .
that?between Té andvT3. ‘This raises the possibility that observed short-
Tived trip1et—trip1ethabsorption»spectra (82) may'derive from a triplet
state other than the Jowest. If the 1ongest lived triplet is actually T3
as is suggested by the energy va]ues, the observed T-T .spectrum should
depend on the wave]ength of the pump1ng light. To the author's knowledge,
no phOSphorescence has ever. been reported for bacteriochlorophyll.

Tr1p]et—tr1p]et absorptlon spectra of metal porph1n have been ca]cu-
v ]atedvu51ng "tradrt1ona1" parameters, and were in excellent qua11tat1ve,
agreement with experxment (6) The spectra are broad and relatively
structure]ess because of the presence of many ]ow—1y1ng transitions.

The e]ectron in one of the c]ose]y packed anti- -bonding .orbitals can be

further exc1ted to hlgher levels, while the "hole" in the equally closely
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packed bonding orbitals can be excited downward. A similar situation
obtains in porphyrin radiéal'anions and Cations,(gz}g§,§§) except that
theée spéciés haVe éftﬁer the hole of the.ahti-bondihg electron, but not
'vboth. Expefimenta] trip]et-trip]et absorption spectra have been measured
for Chlorophy11 a,(83) and'measurement bfythe absorption spectrum of the
Towest excited sing]et-étate of chlorophyll a should now be possible.(84)
No calculations have béen_feported on the trip]et—tripjetvor excited-singlet-
to—dédb]y-excited—sing]et sbeﬁtrum of any reduced pbrphyrin;

b. Transition Monopoles

Transition'mbnopo1es are a quantitative expression of the fact that
the osqillating chargéé ("transition density") associafed‘wifh a quantum
meéhanicé] trahﬁition are inadequate1y represented as avpoint dipole, and
really extend over the'entire‘mdlecule.(§§) The calculated transition
monopoles for the g;bénds,of bactérioch]orophy11 a are shown in Fig. 16,
as derived from a ca]ch]étfdn ofv2,6-ditafbony1-0PP-THP, VThese‘values
have been normalized to agree with'the experimenta1'value$(of the tran-
sition dipoles for u$é in the'calcu1atioh of ihtermolecular propertiéé.
'.The unusual solvent sensitivity of the»Qx {(orange) band of bacteriochfdro-
'phyll is probably connected with the high value of the normaiized transitfon
ﬁbndpo]efat_the Qg§g c&rbon and at the nitrogens of the reduced rings.
Transition.monopoles from our éa]cu]ations, togethér with certain
assumptions about the confofmation_of'ring substituents, have given
feasbnab]e‘values in coupled 6scillator calculations of the rotatory power' 
of the visible circular dichrdjém Spéctra of-protoch]brophy11 a, chloro-
phyll a, and bacterioth]orophyl] a.(86) Calculations usingvpoint tran-'
sition dipoles gréat]y underestimated these quantities; This,isvnot

necessari]y a tribute to the accuracy of our monopoles; it may be that
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even the crudest repreSentatiOn'of a transition density extended over
_the whole mo]ecu]e suff1ces to greatly improve the calculated 1nteract1on.
It would be worthwh11e to deve]op theoretical treatments of this prob]em,
and of the prob]em of ‘the spectroscopy of dimers of part1cu1ar mutual
orientation; using.transftion gradients instead of monopoles, in view of
their superlor pred1ct10n of osc111ator strength 6

¢, Ground State Propertles

Ground state charge den51t1es and bond orders for unsubstltuted
reduced porphyr1ns are discussed in ref. 6. Knop and Fuhrhop (§Z) per-
formed similar SCMO calculations and critically COmpared their calculated
n-electron dens1t1es, free valfnces, and frontier orbltal densities for
porph1n chlorin, bacterlochlor1n and phlorin, with the considerable |
chemical data that have_on]y recent]y become available. Earlier, Katz
EE.EI;(§§)'reported groond state Hlckel and SCMO calcuTations of chforo-
phy1l a, and compared predicted charge densities and e]ectrophi]ic and
'nucleOphilic ]oca]ization energies with rates of hydrogen exchange with
so]vent Agreement'was'not good |

The mo]ecu]ar d1agram of ch]orophyl] a in F1g 17 shows a bu1ld up
of e]ectron dens1ty on the meso carbon nearest the reduced rlng, in
agreement wlth exper1ment and with. prev1ous calculations.(6,51,89). This
| effect is 1ntens1f1ed in bacter1och]or1ns, in which each meso carbon is
vadJacent to two reduced ﬁ1ngs, aga1n in agreement with experiment. (88,90)
It-1s exper1menta1]y absent»from free base pheOphyt1ns (88) We a]so pre-
dict that the 8- carbons on the ha]f of the porphyrln ring towards the
reduced pyrro]e r1ng are strong]y e]ectroph111c, in agreement with
other calculations. (6, 51) |
The major effect of carbony] substitution is to shift electron den-

sity within the substituted pyrro]e"ring towards the carbon'bearing the
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substituent from the carbon adJacent to the substItuted carbon. Other
pyrrole rlngs are a]most unaffected Th1s would pred1ct that carbony]
subst1tuents favor nuc]eoph111c attack on the carbons adJacent to the
subst1tuted carbon, by analogy to the fam111ar directive effect of
aromatic carbony] subst1tuents _ |

Th1s effect is enormously greater in the Song ca]cu1at1ons (51) than
in ours 1nc1ud1ng ca]cu]at1g:s:$niended to exaggerate the effect of the
1socyc]1c r1ng Song, moreover, finds a similar sh1ft in electron den— |
sity within the v1ny1 substxtuted ring, and 2 strongly e]ectroph1]1c
g-carbon in ring 11 (the r1ng oppos1te ‘the reduced r1ng) both in
contrast with our resu]ts

'Electron dens1ty 1s Sh]fted in our ca]culatlons towards the carbonyl
) subst1tuted r1ng from al four of the centra] nltrogens. This is consis-
tent w1th the f1nd1ng of Caughey that the CO stretch1no frequency of
carbon monox1de 11gated to carbony] substituted hemes (ferrous porphyrins)
increases with carbony] substitution, while the b1nd1ng constant of
pyridine to nickel porphyrins decreases.(91) In each case, carbonyl -
bsubstitution withdraws,e]ectrons from the center of the ring. In the
first case, this,makes the iron a poorer pi donor and:weakens the metal-
€O bond. , This increases the triple bond character of the CO bond and
increases the CO stretching frequency In the latter case, e]ectron
,w1thdrawa] makes the n1ckeI a better a-acceptor and hence strengthens
the b1nd1ng between it and pyrldlne. ’v

The 1socyc11c rlng was predicted to lnduce a sma]l increase in
ielectron density at the s- p051t10n at the expense of the v. (See Tab]e I
for notation.) This distortion also produces a sma]] 1ncrease in electron

density at the center nitrogens, a fact wh1ch may exp]aln the relative ease

of protonation of chlorins containing an‘isocyclic ring.(16)
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" The bOndhohdehs‘bf'substituted reduced porphyrins predict substan-
tia]echanges_in bond Tehgths~as tombared to the parent porphyrin. Taking
as‘a rule of thumb that a change of 0.1 units of bond order'correepdnds
~to a change of 0.02 A in' bond ]ength (g) we estimate that the CC bond
1inking the meso carbon to the alpha carbon of the reduced pyrrole rlng
wil] be 0.04 R shorter than‘tts mirror image adJacent to the unreduced
ring, other things befng equal. In methy1 pheophorb{de, the only reduced
fporphyhih‘thSe structure has been determined by X-ray methods;(gg) the
distortiohs'due to the isocyclic ring are much more important than those
due to ring reductlon | | | |
‘The ground state p1 d1po]e moment of unsubstituted chlorin is pre-
~dicted to be 0.82.e]ectron-x in the direction towards the reduced ring.
In'chlorophy]i a, (2-Viny1-64carhony1 chlorin) the predicted dipole
momentfis"4 e]eetrbnéﬁit0ward the ring bearing the‘carbohy1 with a slight
tilt towérd the_redueed-kingt This is the rdugh resuTtant of the dipole
moment due to heductidn“ahd the moment due to displacement of electron density
- towards the carbony] group These va]ues are expected to be too h1gh
The g_exc1ted s1ng]et state of ch]orophy]] a is predicted to have a
dipole moment of 3.97_e]eetron—ﬁ, orlented at an angle of 5 degrees from
the permanent ghound:state dipo]e.' This is the lowest excited singlet
band of chlorophyll a, and is presdmab]y the photochemicalTy active ex-
cited-state in photosynthesfs.' Bactefioch]orophy]] is»predicted to have
no pi dipo]e'moment_in;either ghbund or excited states. None of these
“moments has beehvmeasufed; experimental values would be vefy,u;efu]}

d. Highest Occupied and Lowest Empty Orbitals

Eigi.18‘shdwskth§;S9¢fficiehts of the highest Qccupied and Jowest

empty'orbita1s (HOMO-and LEMO) of calculations representihg chlorophyll a
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and bacferiochlorophjj].a, ,These:and analogous data show that the vinyl
and cafbdny] groups p]a& ]ittle role in the excitation'corfespondingjto
_‘the Q bands of carbony] subst1tuted porphyr1ns. This means that these
trans1t1ons have ]1tt]e charge transfer character". Ca]cu]at1ons us1ng '
parameters that increase the conJugat1on of the oxygen with the r1ng
‘conflrm th1s conclusion. | | |

The Tow electron density on the a-carbon of the vinyl groun of
- chlorophy1] 9 in'the“]owest empty molecular drbfta] raises the”possibif'
]ity'that the ch1oropny]1 a radica1 anion witl have a'negative spin
density at this carbon. (2) The same might be true of complexes of pheo— -
phyt1n a with a paramagnetlc metal whose odd e]ectron can delocalize 1nto
a p1* orb1ta1, such’ as_Mn, Fevor Ni. Negative spin densities have already
beén.reported for fhe‘a-carbon of the vinyl grdupé of cyanoprotoporphyrin
IX iron (II1).(92) In.agreement with this 6bservation, dun calculations
of the lowest antibonding,orbital of'divinylfporphin,shon coefficients-on
‘tne a-carbons of the'twd‘v{nyl groUbs of only 4:0 026. |

e} Ion1zat1on Potent1a]s and E]ectron Aff1n1t1es'

Relative jonization potentlals (I.P.) and electron aff1n1t1es (E.A.)
“in vacuum were est1mated from the energ1es of the highest filled and
- Towest unfilled orb]tals, reSpectlvely. | | |
Chlorins are pred1cted to have I.P.. w1th1n 0 05 eV of those of por-
:ph1ns and 0.08-0.13 eV higher E.A. OPP-THP has 0.34 eV lower predicted
'I.P. than porphin and_0535 eV_hlgher predicted E.A.(_) ADJ-THP has 0.23 eV
Tower I.P. but 0.33;eV lower E.A. In other.words, hypochlorophy11 is pre-
"djcted_to'be”an.inferior”eléctron acceptor compared to bacteriochlorophyll.
_Each';arbonyl substftuént raises the nnedicted ionizafion'potential of a'

porphyrin or redUced porphyrin'by 0.10-0.1¢6 eV. It raises the electron
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,affihity by 0.10f0;25’ev.. 2,6- and 2,4- substitution have the same’

- effect. Vinyl subStitytion has no effect.

Experimentally, the midpoint potentials for one-electron oxidation

"~ of a series of metal octaethyl chlorins are about 300 mv lower than those
of the aha]ogods metal’pOrphins,(gg) SimiTar]y, bacteriochlorophyll has

‘a midpoint potential about 300 mv lower than chlorophyll a.(394) No data

is available for hypochlorophyll. Data on work functions of porphyrins (95)

are insufficient for this kind of comparison.

.

DISCUSSION
The thébhytbf porphyrih-sbéttravémerges from this defailed review as
a rather godd'qua]itative guide to the spectroscopy of chlorophyll gnd
related mo]etules. Starting from the thoroughly studied speétra.df the
QnsUbsfifuted’porphin'mo]ch1e;'it is possible to-fb1low systematfcél]y
the spectroscopic éhangés fo protdchlorophyll a, chlorophyll a, and

bacteriochlorophy1l, using as intermediate steps a large number of known

molecules with simi]ar substitueht patterns. These interpretations can

~ be backed up with- SCMO-PPPCI calculations.

One of the great conveniences of the porphyrin pi electron system has

been that the resd]ts of such elaborate calculations -can oftéen be under-

“stood from a much simpler model, the Timited CI pitture known as the

: Gouterman-foUr-drbitalzmodel. “Except for some quantitative discrepancies,

the visiblé spectra of'the th]orophy]ls‘do respond well to this simplified
approach. Sihcé_thesevaré the spectra most often studied, the four-orbital -

model will certainly continue to merit wide use.
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Our review shows that this is unfortunately not the general case.
In the Soret reg1on, the usefu]ness of the four-orb1ta] model seems to
be Timited to unsub$t1tuted,meta1 porph1n, chlorin, and tetrabenzporph1n.
More configurations‘musf be included in theoretical treatments of metal
phthalocyanines,(7) of free base porphyrins and pheophytins at all levels
of reduction (7,33). of bacter1och7orophy11 and other OPP- tetrahydroporphyr1ns,
-and of chlorophy1l der1vat1ves with 1socyc11c cyc1opentenone r1ngs

Close examinat1on of the experimental data on wh1ch the four-orb1ta1
mode] is based reveals 1mportant second-order dlscrepanc1es - Neither
the sum of the oscillator strengths of the B and Q transitions nor the
E;Q!energy splitting are accurately constant from molecule to mo]ecu]e,
contrary to the model. dfhe effects of a given substituent are not con-
stant from molecule to molecule. Finally, even the best SCMO treatments
predict a bokphyriﬁ geometny inferior to that.given by the simplest valence
_band treatment, badly overestimate two-electron repuTsion integrals, and
s]ight]yvdverestimate the center of gravity of B and g_states

On the exper1menta1 slde, a good many mo]ecu]es wou]d have to be
studled quant1tat1ve1y before our know]edge of substltuent effects on
absorption spectra of ch]orophy]1511ke'mo]ecu1es is complete. These in-
clude the metal derivatives (copper and magnesium wouid'be most useful
since they would best'cehp]ement existing work) of most of the free base
chlorins in Table I,.and‘those'of_ADJ— and OPP-tetrahydroporphyrin,
octamethy]-OPP-THP (or its spectroscopic equivaientll), the free bases bf
compounds'g, 17 and 18 of Table I, and bacteriochlorophyll derivatives
(with and withbut magnesium) ana]ogoue ‘to the sequence constructed in
that Table. A]]omerwzed bacterloch]0rophy]1s without the 1socyc11c ring

would also be useful. (The synthe§1s of unsubstituted OPP-
| \

B

:
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tetrahydroborphyrin (gg)'réisés the hope that the spectrum of this com-
pouﬁd,wi]1 560n be avéi]able;) It would also be useful to have the
substituted porphins analogous to cﬁ1orophy1] b ("protochlorophyl1l Qﬂ)
and to bacterioch]orophyll'gg Solvent effects on the Soret region -
.wouldvbg of great fﬁferest. | | |

A more important experimental goal would be to apply newer spectro-
scopic techniquesito a well-constructed sequence of‘thesevmo1ecu1e§. CD
andfMCD; especia]Ty at Jow fempekatures, wa] provide new information on
electronic andbvibrqnfc structures. Spectra of ch]orophy11 b, chTo;ophyll d,
and the Chlorobium éhTofophy]]g would be eSpécia]]y usefu1.from the point
of view of substituent effects. In fact, CD and especially MCD should be
routiné]y used in the éharactérization'of ahy new’porphyrin derivative.

Trfp]ét Stafe energies of cthfophyi]s and bacteriochlorophylls need
to be ]ocatéd,‘eépéciaily in view of the possible importance of these
‘states in photdsynthesis. Fig. 8 shows that chlorophyll g_is the only
-photosynthetié bigmehtvar Which the position of even the Jowest triplet
is'known, and even here there are unanswered experimental questions. |

Exci ted sfate SPéctroscopy - both tfip]et‘tfipiet and excited—sing]et—
to-exéited-sing]etf-ﬁis‘lacking for most of the molecules conéidered in
this reviéw. The latter measurement will be an important aid to the
differential absorptfdh}spectrosc0py of»ig_gi!g photosynthetic inter-_
mediates in the nanosecond and subnanosecond time range. |

| Another useful measuremeht-would be the direction and magnitude of

the dipole‘momehf of the excited state. This measurement would assist
the theofetfcian‘§n céfibrating his models. High resolution photoelectron
spectroscopy of é'sefies of reduced porphyrins wou]drmake,possible an

important direct test of the one-electron orbital energy sequences (Fig. 4)



deduced from thevépectra, and thus provide critical independent confir-
mation of the fpurfofbitalampdel;‘:Finally, SbéTlSkii.spectra of7appro— '
priate th]oidpﬁy]] dérivativeﬁ, along the lines of ref. 74, would assist
in 1ocatiﬁg n—n*_tfahsitions'hidden under the inténsejn-w* absorption.

| On_the theorefical side, it.should ultimately be possib]e to constrﬁct
a theory whi?h re@girs'ghe_qhantitative fai]ureszdf pi é]ectron théory.
Bettér treatment of'électron correlatidn; perhaps é]ong»the lines of
Gut%reund and'Little,(gZ) should improve the estimaté the §;Q;sp1itting.
Better parameters and QXpIicit‘considérétion of éaturated.substituents, of
small ‘changes in geométry;(gg) and of sigma electrons should fmprove bré— o
dictions of the effects of chemi cal pérturbétions Tike SubStithnts and
r‘ing.redt'u:tior'..]2 | | | | | :
| '.Ekfsting pi electron theory should be able to provide an adequate
explanation for excited sfafe'spécfra; 'ﬁdubly excited'configurations will
of course need to be included, so that new parameters will probably have
to be chosen. Programs for this kind of Calcu]ation.arg‘nqw réédf]yv
avai]abTe,'so'thét‘thiS“work might well be undertaken by experimenta]ists.

An electronic théony of the MCD-Qf unsymmetrical moTecd]es is needed

~ before much progreﬁs cén‘be héde on the MCD of the'chloroéhylls and pheo-
phytins. Thevchlorophylls and baéteriochlorophy1]$_requiré a theory of
vibronic jntéractionS fn the Sdret regiOn.iﬁ'both absérptionvénd MCD, in-
cluding ihe effecté of'énvifonment; The Jow temperatufe sbectra 6f' .
chlorophyll a - and no-doUbtfof ofher molecules as they come to be étudied -
reqﬁirg a.bettér modgl‘of vibronic interactions between Q and gy as we]j, '
one which will include the effects of ring reduction, substituent, and -
distortion due to the isocycTicvring. The origin of the solvent and

temper&ture effects on these spectra is not at a]],c]eaf.,'lt would be
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worthwh11e to 1nvestlgate theoret1ca]]y the effects of sma]] changes in
hequ111br1um geometry, and of the sma]] 11gands attached to the magnes1um.
The ma1n theoret1ca1 cha]]enges posed by chlorophy]] spectroscopy
lie in the area of s1gma pi, magnetlc and vibronic interactions. We do
not know the p051t10ns of n- n* states originating from the unpa1red
those of :
e]ectrons of e1ther carbony] oxygens of substituents orAaza n1trogens of
'the r1ng,(§§) or of the charge transfer states from ring to metal or
viceiversa.(jgxlf - - |
| ’Probab]ytthe most important use of these models of the chlorophyl]
and bacteriochlorophy11_soectrum Wi11 be to calcolate'the intérho]ecu]ar
interactions that determine energy transfer in concentrated solutions
and incthe photosyhthetic apparatus. These same interactions also
determine the spectrosCOpic changes in absorption and circular dichroism
in'dimers and higherraggregates'related.to the structure of ch1orophy11A
| 12.3139, One may;hooe_that these and more sophisticated theories, once’
adeqoatelysca]ihrated;>can be extended to.larger aggregates, to mono-
]ayefs, crysta]s, and- to the antenna and feaction cen.er chlorophylls
of photosynthetic bacteria, algae and green plants, and to their inter-

actions with primary electron donors and acceptors.
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FOOTNOTES
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A previous paper (34) concluded that SCMO-PPP calculations over-
estimated the B-Qsplitting in 18-annulene, and that this presumed
failure represented a genéraT defect in fhe method. Subsequent
‘measurements found a new state just where theory predicted it, so

~ that the_supposed overestimate was probably due to a misassignment
of expefimenta] spectra.(35) We must therefore )ook elsewhere for
an explanation of the B-Q overestimate in porphyrins.‘

We have abandoned the b, 92'55 ¢, orbital labeling used by Gouterman,
(4) and refer to all orbitals by their group theoretical labels in
the square Sthethy'of porphin whenever possible. OQrbitals were
traced from porphih to derivatives of lower symmetry by noting
“similarities ihvenergy and nodal distribution.

Deuteroporphyrin IX is 1,3,5,8-tetramethyl, 6,7-dipropionic acid
porphin.'i ' '

We are grateful to M. Goutermah for this suggestion.

It should be pointed out that i{f two positive Gadssiéns with nearby
. peaks are added, their appareht maxima are pushed.c1oser together.
': If a positivé aﬁd.a negative Gaussian are added, the maxima will

appear to be further apart than they really are.
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" A phorbin mb]etu]e is_a'ch16rophy1] a derivative with a magnesium

and_an isocyé]ic ring.(g)‘ By this definitioh, 9-desoxo-meso-
pyromethyl phedphorbide.g is a phorbin but does not have a
"rhorbin-type" spectrum. |

Gurinovitch.gg_gl,(lg) haVe-sdggested that this peak may be re-

-lated to the n-r* trahsition observed in'cyclopentanone.(gg)

We regard this as un]iké]y,’since n-#* bands have little intensity
and the 325 nm transition éppears in many porphyrins.(gg)

Since the completion df this manuscript, Knok'(zg) has done SCMO-Cf
calculations in excellent ag}eement'with our assignment.

Roos and Sundbom have, however, found second-order CI among ihese
configurations in copper porphins.(100)

vSince a]1va—saturated substituents seem to have identical effects
6n borphyrin spectra,'derivatives which differ pn]y in substituents
with saiurated carbons alpha to the ring are deemed spectroscopi-

caliy equiValent.

'See]y (gg)'has suggested that- the prediction of the spectrum of |

the "phase test intermediate" would be a good additional test for

an improved model.

1

s
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LEGENDS TO FIGURES

‘Structures of photosynthetic porphyrins.

Absorption spectrum of chlorophyll a and protochlorophyll in ether.

(10,11)

Absorption spectrum in acetone of bacteriochlorophyll a‘(as in Fig. 7)

éndUZ-desviny]-Z-acetyl chlorophy1l a.(12)

Molecular orbital energies in porphin, chlorin, OPP-THP, and ADJ-THP.

Orbitals are labeled by porphyrin symmetries.  The a orbital is part

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

Resu]ts of cohfiguration interaction calculations for porphin,
chlorin and OPP-tetrahydroporphin. Each line on the porphin diagram
represents a pair of degenerate transitions; the oscillator sfrength
is the sum of the two. Solid lines represent “ipole allowed states;
dotted lineé represent dipole forbidden transiiiohs. Predicted

oscillator strengths calculated from transition gradients (7) are

. given in parentheses. The axes used here are the same as those used

in previous work. (The labels @ and Q, of Table 1V of Ref. 6 were

reversed through a typographical error.)

(0-0) Experimental absorption levels in matched series of metal por-

phyrins.' Note that the vertical scale is sma]]er than that of Fig. 5.
A1l spectra in benzene except as noted. Numbers above state are |
oscillator strengths. Numbers in parentheses below state are extinction

coefficients in thousands. Numbers followed by " /2" are the summed



Fig. 9.

Fig. 10.
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va]ues of two degenerate transitions.

a) Magnesium tetraphenyl porphin, (36) tetraphenyl ch]oriﬁ,(gg)

and tetrapheny] OPP-THP. (37)

| b) Copper ch]orwn (38) porph1n (36) octamethy1 porphin (in chloro-

benzene) (39) deuteroporphyr1n (in CHC13) (40) octaethyl ch]or1n,
(39) octaethyl ADJ-THP (41) The shape of the Soret band of
octaethyl ADJ THP is not in the literature.

c) Zinc tetraphenyl porph1n (42) tetrapheny] chlorin,(43) and
tetrapheny] ADJ-THP . (42)

Absorption spectrum of bacteriochlorophyll a in different solvents.(45)

(O-O)_Experimental-absorption levels in a matched series of metal
porphyrins related to chlorophyll a and bacteriqchlorophyl] a.
Magnesium etioporﬁhyrin (in EPA),(48) protochlorophyll g,(lg)'
ch]orqphyi]»g_(both in ether),(ll)_2—desviny1—2-acety1 chlorophyll a
(in acetone),(12) batterioch]orophy]] (in acetone),(§§) and hypo-
ehlerophyll;(EZ) N band and oscillator strengths in first column
arevforng deuteroporphyrin in Chlorofo}m.(ﬁg). Other notes as in
Fig. 6. | | |
Absorption, circuTar dichroism and-magnetic circu]er dichroism
sbectra of protochlorophyll a.(11) A small negative MCD et 440 nm
does not appear in the drawing.(49) Optical path 1 cm, except 1 mm

~in (*) region (400-500 nm) in absorption spectrum, and 1 mm for MCD
at A > 500 nm.

SCMO-PPP-CI results for carbony] porphin. Experimental energies are

those of Fig. 9. Song calculation is for protocﬁ]orophy]l g,(§g)
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