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Effects of R1ng Geometry on Triplet and Smglet Energ:.es of the
 Metal Mesoporphyrms*
* MARK S, FISGERT AND CHARLES wmss, JR. #

- Laboratory of Chemcal Blodynamcs, Lawrence Rad1at1on Laboratory,

and the Department of Chemstry, Un1vers1ty of Cahforma, Berkeley,
" California 94720 o

| Correlations were found between the hole size of ten
metallopoxi)hyrins, ‘determined by X-ray crystallogréphy, and
the ionic radius of the oentrai metal étont,' derived from a
'newacanpiiation of jonic radii as a function of coordination
 mumber, spin state, and valence. These oonw.elavtions were
used to defme representative porphyrin geometnes for each
the use of 3
of three d1fferent hole sizes. We recomnend/these geometnes
for future molecular. o’rb1ta1 calculatlons.. o | |
Molecular: orbltal calculations based on these )

porphyrin geanetnes predJ,ct "a decrease m the phosphorescence

*Work.pierfo.med_ with-<fthg financial supportl of the FU. S. Atbmic Energy
Commission, - | | | ,

1'Present address: Department of Phy51olog1ca1 Chemlstry, Umvers:.ty
of W1sconsm Medical School Madlson, W1sconsm 53706,

NIH Postdoctoral Fellow, April ‘1967-Apr11 1969, Present address:
IBM Watson Laboratory at Columbia University, 612 W, 115th St., New
York, N. Y. 10025, o |



energy as the hole size 1ncreases, a predlctlon in agreement
vwn:h data in the literature on metal mesoporphynns. Expermental excita- "’
tlon energy of the smglet Soret (but not the v151b1e) band
also decreases with' mcreasmg hole sue, a result not ngen
by calculatlons usmg e1ther four orb1t31 or extensnre con-
f1gurat10n mteractlon models. Electronegauv:lty has a
stat15t1ca11y sigmf:.cant effect on. the lowest exczted smglet |
‘ and to a lesser extent, the lowest tr1p1et energy. Changes in
hole size produce 11tt1e ‘change in- calculated bond order,
_1nd1cat1ng that structural changes mduced by increased hole
size are due to stram,-}hnc}gced in sipma bonds " There is no corre-
lation = between either singlet or triplet energy and the
charge density of the central metal atom as -decerniined by previous
moiecuiar orbital calculations. Thus, the pr1mary effect of changmg o
_ metals on the lowest triplet state of metal porphynns is |
due. to  effects on the pi electrons of the geometnc dis-
tortlon of the. porphyrin ring imposed by the steric requn'e- -
| ments of the central/ail:an. The effect o?/fentral mtal_ on

the singlet energies remams to be fully explamed
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'I‘he electroruc absorption spectra of metalloporphyrms vary

depending on the central metal ion, Gouterman! showed that the

- oscillator Strength of the 0-0 absorption band of"t.he relatively weak

visibie (_q) ‘transition Could-_be correlated with the energies of both

the Q band itself and the extremely intense Soret (B) transition in

the blue or near-pltravioiet. He tried .with_t_he 'iimited dafa then available to
establish a correlation between these three ’quantities ahd

the elec'tronegativitj of the central metal.A Becker mea;ured the

spectra ‘of fthe mesoporphyrin derivatives of ninéteen different metals

and found that they "cannot be related in a smple way wzth electro-

negat1v1ty "2

In th1s paper, we present a statistical correlation between

spectroscopic energy levels and the structures of metal porphyrins

as determined by X-ray crystallography, To do this, we first needed

a way of expressing differences in porphyrin structure in temms of

a single controlling parameter, mmugﬁ aﬁalysis of the results of
ten published crystal structures of porphyrin def;ivatives (as listed
in Table I), we found that the molecular bond distances and angles
vary in a _systmﬁic way with hole size, The hole size of a porph)?rin

1M, Gouterman, J. Chem. Phys. 30, 1139 (1959)
a) R. S. Becker and J. S. Allison, J. Phys. Chem 67 2663 (1963);
b) J. B, Allzson and R. S. Becker, 1b1d 67 . 2667 (1963). c) R. S,

Becker and J. B, Alhson, ibid, 67, 2675 (1963).



can be defmed3 as half the average dxstance ‘between dzagonally
oppos1te n1trogen atoms.

There are four independent bond- distances and 51x 1ndependent
bond angles in a square planar (D4h) porphyrln rlng. we detenn1ned
each of these for each of the ten porphyrins by averagxng ‘the experi-
mentally determlned values accord1ng to Dy symmetry. we then used
the method of least squares to obtain the best lxnear relatlonshlp
vbetween hole size ‘and bond angle or bond d1stance. Each experimental
value was weighted by 1/02, where o is the‘latger:of tno‘nnmbers'
the r.m,s, difference from the average value and the average standard
deV1at1on of the individual measurements. ‘ |

These linear correlat1ons between hole 51ze and molecular
parameters (bond angles and bond dlstances) made it p0551b1e to
establish a- standard geometry correspond1ng to a metalloporphyrln
W1th a "large" and a "small" hole, For thls purpose, we used hole
sizes of 2 062 R and 1. 960 R respectxvely the largest and smallest
.measured holes for metalloporphyrins, We also_calculated a 'med;um"
geometry for a hole size of 2. 011 R. The molecular parameters corres-
ponding to the largest and smallest hole sizes are 118t€d in Table II,

along w1th the linear correlat1on coeff1c1ent}s r, which is a measure

3. L.vHoard, injstructural Chemistry and Molecular Biology, A. Rich'

and N, Davidson, Eds,.(W. H. Freeman and Co., San Francisco, Calif.,
1968) pp. 573-594, | | |
13y, c. Hmn11ton, Statlstics 1n Phys sical Sciences (Ronald Press Co..

New York, N. Y., 1964) p. 31.
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of the COfrelation between parameters, es yell as th'e_r‘.r'n.s.. diffei‘enc-e
between the observed and the calculated bond kparameters. ' We recommend
the useﬁ»-o'f one of’_‘.‘ these geometries--of one determined in a similar way
from future crystallogrephic studjes--in future molecular orbital cal-
culations on porphyrins,* |

The ninnbveringv'scheme and the general 'cheng'e's‘ produced by enblarging}
the hole size are shown m Figure 1, which is av .thi-eefoid :exa_ggera.t_ion, ,
_"of the change from small to large hole size. As the hole size |
increases, the mtrogens are fomced farther from the geometric. center
of the rmg. the a-N-o angle increases and the a-N d1stance decreases.
The a carbons are forced outward, lenpthenmg the a-m distance and
increasing the angle a-m-a, ’ . |

The molecular orb1tals for a general metalloporphyrm were cal-
culated usmg the self-consistent moleqxlar orbital method of Pariser,

. the
Parr and Pople (S(M)-PPP)I"Sand/"trad1t1ona1" parameters of Weiss,

*After the completlon of this work, ‘Hoard4 announced a new, very

precise structure of the "large hole" ccmpound a,B,v,6< tetre(4-pyridy1)
-porphinatomonopyridine zinc(II). The bond distances and bond angles

of this compound agree with our large hole geometry w1th1n our -

standard deviation, - ,

M, M, Collins and J, L. Hoard, J. Aner. Chem. Soc., in press (Feb, 1969).
15, Pariser and R. G. Parr, J. Chem. Phys, 21, 466, 467 (1953); J. A.
Pople, 'I‘rans. Faraday Soc 49, 1365 (1953), R. G, Parr, Ouantum 'I‘heory
of Molecular Electronic Stmcture M. A, ijami.n, New York N, Yoo 1964).
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Kobayasbi, and Goutermanl® The calculations use th_e input geometry
to calculate repulsmn and 'resonance integrals. Since these parameters |
were ongmally choserdb to minimize the effects of the geometry, any
dependence of a calculated quant:.ty on the mput geometry should be
s1gmficant. - Both four-orbital and extended conflguratxom interaction
(to 150 nm) basis sets were used for the smglet calculatlons, for the
| tnplets, only the four-orbital model was used The calculatmns
pred1ct that the bond orders and the lowest two (B and g) exc1ted
smglet energles should be mvariant to changes in the input geometry,
but that ‘the lowest exc1ted tr1p1ets should show a measurable dependence
on the ho_le s1ze, Four-orbxtal ‘model calculatmns usmg the interpola-
tion formula for interatomic electron repulsxon of - Pariser |
and li'arx15 gave the same quahtatwe pred1ctwn. T}us fonm.tla is the
one used by Sundbom"m her recent molecular orbital Calculatmn on
porphyrins. : | . o
The lowest triplet energles of a vanety of metalloporphyrms

have been measured by Becker.2 Many of these data. relate to compounds
‘whose hole sizes have not been accurately determmed We . _there-
fore developed a method of estimating the hole sizes of metallopor-

phyrms from ionic radii determmed frun X-ray measurements of

‘ morgamc crystals.

16c, We1ss, H. Kobayaslu and M, Gouternnn, J. Nbl. Spectr. 16 415
(1965). _ _ '
17y, Sundbom Acta Chem Scand 22, 1317 (1968)._ o



v

7.
This undertakmgwascmnphcated by the demonstratlon by Shannon .

and Premtt18 that the effective ionic radlus m metal fluondes and

. oxides depends not only on  ionic charge but also on .' coordi-

nation number and electronic spin state, Using their data, we
estimated the effective ionic radius of tetracoordinated Ni(II),
r(VNi(I1)), from fonic radii of VINi(II), Ou(I) and In(11) by using
the relationship: r(IWi(II)) = r(VINN(ID) + 1/2[r(DVou(11)) |

- rVIou(in) + r(Vzn(ID) - r(V1zn(11))). (Cu and IZn are adjacent

to Ni on the periodic table.) "The ionic radius of the vanadiun atom

was estimated from the vanadium oxygen distances of ”va‘na.dyl bisacetyl-
acetonat:e.»19 The "effective radius" of ~the 6Xyge’n atoms of the
acetylacetonate group was found by subtractmg the effecuve ionic
radii of ViMn(111), ViZn(11), VINi (1D), VICr(m), and VIFe(I11) “from
the metal oxygen dxstances of ‘their respectwe acetylacetonates.zo 24
The other three values of ionic radius were obtamed dn'ectly from

Shannon and Premtt18 Fxgure 2 shows a good correlatmn between the

18R. D. Shannon and C. T. Prewitt, Acta Crystallogr. 25, 925 (1969),
1%, P, Dodge, D. H. Templeton and A. Zalkm, J. Chem Phys. 35, 55
(1961). : o

ZQB. Morosin and J. R, Brat}mvde, Acta Crystallogr. 17, 705 (1964)

_213H. Montgomery and E. C. ngafelter, ibid, 16, 748 (1964).
vZZH. Montgomery and E, C, Lingafelter, ibid. 17, 1481 (1964).

238, Morosin, ibid, ‘19, 131-(1965).

28R, B, Roof, ibid, 9, 781 (1956).

:
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ionic. radius as determined by these methods and the expenmental hole

~size in the f1ve metallo;)orphynns for whlch both data are ava1lab1e.5 6,11, 26

The ex1stence of correlatmns between the ionic radlus and hole size .

and between hole size and porphyrin geometry 1mp11es that there should be -
a correlation between the 1on1c radlus and’ porphyrin geometry. Our
mole_cular orbital caleulatmns therefore predlct_ that the ionic radius
should be correlated with the phosphorescence enérgy and the singlet-
triplet separation. Figure 3 :s}’xcms the experimental p}bs:p'hoi'escence_' :
energy '(3EQ). and the excitation energies of the vis’ible (IEO) »and Soret
. (II:B) singlet bands,* as functmns of the ionic size denved from the
data of Shannon and Prewitt. for the exght metalloporphyrins for which

the necessary data ‘are available, 'Ihe data clearly pomt to correlations

be tween iomc radius and 3EQ and IBB' As ‘the metal gets blgger, the phos-

phorescence drops in energy and the singlet~tnp1et sphttmg mcreases--
in agreement with the theoretical predzctmn also shown in Figure 3,

~ The solid line in Figure 3 shows the dependence of the energy of
the lowest tnplet as calculated w).th "tradltxmal" 'parameters for the
geometry corresponding to the ionic radms_ shown, - The calculated energies
are too low by same 2600 en"l, and the slope agrees with e;cpe_riment quite

*The Soret band of manganic porphyrm is spht into three bands covering
a region of 5700 c:m‘1 27 presumably by mixing thh a charge transfer band
from the rmg to the metal, ‘For this reason, IEB for mmgamc mesopor- '
phyrin is omi tted from Figure 3. B |

26g, C. Pettersen, Acta Crystallogr., in press,

27p. A, Loach and M, Calvin, Biochemistry 2, 361 (1963).

!
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- well, The. 'singlet-triplet“ splitting incréa‘seé since the singlet

energy is nearly stationary, again in agreement with theory.
Calcul‘ated values for the second lowest tripléf energy increase

from 1.’581}0__-cm"1 for "small" hole to 14340 am-l for “large" hole. A

plot of VIEQ vs. electronegativity is found in Figure 2 of reference

2c,' olxr.Figure 4 shows the dependené:é of the pliqéphorescence energy
3FQ,on eléctronégativity; ‘In both the scatter'is considetabl;é.

The Smwet (B) band also decreases in energy as the hole size

| mcmases. as is shown in our Fxgure 3.9 This means that the energy

s |

*This correlation was sugggsted»';o us by Dr. M. Zerner.,

R
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' sp11t between B and Q decreeses with mcreasmg hole size. Since the

osc1llator strength of the B band is known?? to increase with increasing

- B-Q sphttmg, this too should decrease with increasing hole size. These

'effects are not predlcted by the calculatxons.' Because of the rela-

tively small number of data and the narrow range of ionic radii--a
problem common to all studies of bond length--we excluded the hypothesis
of random correlations by appmpmate statmsucal tests,

Table IIT lxsts several posmble correlatlons, the llnear correla-
tion coefficient for each and its associated prwob:e\bﬂ.lty.28 The most
significant experimental correlation is between the tr1p1ef energy and
the ionic radius of the central metal atom (Fm_gure 3). For triplets,
the d1rect geometnc effect of the sigma stram due to mcreased ionic
size is enough to explam the tnplet dependence on 1omc radius,

For smglets statnstxcal analysis of the data shows that F‘Q
varies in a s1gn1f1.cant way with the metal's electronegatz.va.ty. 29 The.
correlation is masked however, by a strong dependence on some other
vanable. In statistical temminology, 28 the h.near correlat:.on is
51gmf1cant but accounts for only r2 s 50% of the variation, 'I'he

singlet g dependence on 1onic radius is not chxe to' a dn'ect geornetnc

| _effect, at least according to our calculatwns but must be due to some

Omattpns.

2%, Gouterman and C. Weiss, unpublished woi'k

28, w, Smillie, An Intmductlon to Regre551on and Correlatmn (Acadauc
Press, New York, 1966). | L

294, F. Clifford, J. Phys, Chem, 63, 1227 (1959).
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other unknowm factor. In an attempt to pin down this unknown variable,
we looked for a correlatlon between exper:mental singlet and triplet
energy and. the metallic charge as calculated by Zemer and Gouterman 30
| No correlatlon was found in elther case, | |

The bond orders predicted by these calculations are independent
of hole size. This suggests that_ the changes in thev » system induced
by changes in hole size are small, and hence that the geometric effects
vof increased hole eize are due .t.o*ystrain in the sigma bond system,

| At hole sizes largef than 2,01 R an increase in metal ionic radius

correlates not only with n.ng expansmn, but also mth an equxhbrmn
'pos1t10n of the metal out of the plane of the nng. The hole sizes of
2,03 R and 2,11 & for two diacid porphyrms suggest that the maximum
possible hole sxze is about 2,0-2,1 R “The hole sizes of mercury and
‘cadmium porphyrins are t_herefore much smaller than-.then'_ 1o_n1c radii
would indicate from a simple lineai' extrapolatim. Thxs may explain
why the Cd and Hg points of Figure 3 fall to the nght of the best line
through the other points. |

The validit_v of‘ our statistical analyses ;loes notfdepend on the

assumption that the correlation between‘hole size and ionic radius is .
linear beyond the range of the data of Fxgure 2 We need assume only
a monotonic relatmnslup between the two vanables, and a corresponding

_ correlation between the ionic radius and the other observables we have

304, zerner and M. Gouterman, Theoret. Chim, Acta 4, 44 (1966);
M. Zemer and M, Gouterman, Inorg. Chem, 5, 1699 (1966).
31, sm and E. n. Fleischer, J. Awer. Chem. Soc, 90, 2735 (1968).

) ""'
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the 1on1c radlus of Pd+2 m the _Square planar arrangement lS

©0.64 X 18 ® but the ionic radius increases to 0.86 R * 18  when the Pd"z

- phosphorescence energy by as much as 1800 cm™%.

":J., .",'.. -
-11-

stud1ed Add1t1ona1 crystallographm data would make possxble a
more elaborate correlation treatment.

We. conclude that changes in the rmg geometry of metalloporphy'rms
produce small but significant changes in the electronic propertles of

these molecules , as far as can be judged fmm the small sample of data

avaxlable. The correlanons between hole size and phosp}mrescence

energy and Soret band energy should be confirmed and extended by addx-

tional spectroscopic and crystallograph:lc measurements on memlloporphyrms

~ This means that differences in ground state geometry should be taken

into account in detailed theoretlcal explanations of porphyrm spectra,
and that the coordination mumber of the central metal atom should be
specified. R | |

No satlsfactory general theory for the effect of llgands on por-
phyrin spectra exlsts (see, however, ref. 32) From ‘the present study
we conclude that the coordmatlon nunber may have a small but signifi-
cant effect on metalloporphyrin absorption energy levels smply by
virtue of the change in ionic radius of the central ‘metal, For example,

increases its coordination to sucfold. From Flgure 3 we estimate that

~ the increased hole sigcleynﬁould be enough to red shift the phosphores-

cence energy by as much as 1800 can~1 when the number of ligands of the
Pd*Z is increased from four to six. A smilar change in the coordi-

nation number of Mg*? from four to six shot_xld_ also red sh1f_t the
-1 ‘ '

3%, L., Ake and_M."{_" ':V\Gotvatenm‘n, Theoret. Chim. Acta, in press.
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If these predictions are confimmed, it may._be‘_'pOSSible to use
experimental measurements of the phosplwrescence.énérgies of other

metalloporphyrins together with published values of the ionic radius

of the cations themselves to determine the coordination number of the

. metals in the metalloporphyrins in varied chemical environments, If
the overall cbrrelation of _phbsphorescence enefgy' with hole size is
confimé"d“,' it may be possible to use plmsplbréscence energy as a '
'vspectros_éopic ruler" of hole size witinnt”the ne¢essity of }gat'hering
X-ray data. | | | e

2
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TABLE I, Porphyrin structures used in the énalys_is' of hole size,

Porphyrin o - ) | Refgrence o
N1cke1(II) 2 4-diacety1deuteropomhyrm dl.methyl ester 4
Copper(II) tetraphenylporphm ' [
Chlorohemm (Chlormron(III) protoporphyrm-IX) 6
Palladlum(II) tetraphenylporphm : - | 5
Chlomxron(III) tetraphenylpomhin | o . 7
Methoxy1ron(III) meso;:orphyrm-lx dmethyl ester 8
Aquozmc(II) tetraphenylporphm 9
Porphin =~ - - | - 10
TetraphényipOi'phin in tetragonal crystalé" o | 1
3 Tetmpheﬁyiporphin in triclinic crystals | _ 12

4T, A, Hamor, W. S. Caughey and J, L, Hoand J. Amer. Chem. Soc. 87,
2305 (1965). .

5, B, Flelscher, C. K. Miller and L. E. Webb, 1b1d 86 2342 (1964).

0. F. Koenig, Acta Crystallogr. 18, 663 (1965) -

. 73, L. Hoard, G, H, Cohen, and M. D, Glick, J, Amer. Chem. Soc. 89,
1992 (1967). | | | |

8. L. Voard, M. J. Hamor, T, A. Hanor and W. S. Caughey, ibid. 87,
2312 (1965),

%, D, Glick, G. H. Oohen, nd J, ‘L. Hoard, ibid, 89, 1996 (1967)
10, E. webb and E. B, Flelschér, ibid, 87, 667 (1965).

1M, J. Hamor, T. A. Hamor, and J. L. Hoard, ibid, ae 1938 (1964).
1%, J, Silvers and A, Tulinsky, ibid, 89, 331 (1967),
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" Table 11, porphyrin gemmetry as a function of :t:he.haie'Si_z_e'; '

a-m-a

123,74

126,19

Bond pareheger ‘.‘Small hole Large :hqle' o : _1:_3 .' - ab -
Hole size 1.960 & 2.062% | .
N-a 1.394 1363 -0.62  o.010 R
a-8 147 1439 -0.33 0,010
8-8 1.351 ﬁ1,3$d‘ ‘?f-o.ozA,"_o.ois
a-m L7 1304 0.33 0,011

a-N-a 104,71° .y, |, 108.31° 0.75 = 1.15°

Ne-a-B 110,24 ' 108.96 _' -0.40 0,91

Nea-m 125,36 125,69 0,18 0,53

B-a-m 124,53 125,48 041 - 0,57

a~B=B | 107.20 107,21 0,01 0.44
' | 0.58

0.66

2 Jinear correlat:.on coeffu:xent.

b R.m.s. d1fference between observed and calculated parameter. '
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Fig. 10

Fig., 2.

Fizn 3_0'\
| "_of ionic radius of the eehtml metal a,tom;. Spectra of VO and
Mn*3- mesoporphyrins are in ethanol and‘dim_ethyi formamide,

~ geometry, three times exaggerated, as derived from X-ray

-16-

FIGURE CAP'I‘IONS

Effect of expansion of the hole size on the porphynn

it

data. The solid lines correspond to a porphyrin with hole .
sxze of 1,858 R the dashed lmes to a porphyrm thh hole

| size of 2.164 R ,(Z‘hgepe are not the values used in the
calculations,) |

"Me‘tauopofphyrin hole size derived from X-ray data as a func-

tion of the ionic radius of the central metal in ﬂuorxdes

- and oxides 18 |

1 Spectrosc_:cspic energies of'met_a_l n:esopofph)frins- as a function

- respectively, and are from R. S. Beckeij (personal commmication

to M, Gouterman), Other s;iectra are from ref, i. Solid line

- shows calculated energy of lowest triplet,

Fi.g‘ 4'0' _

Phosphoresceme energy of metalloporphyrins as a functxon of

- the electmnegativity of the metal atun A11 metals are

dxvalent unless otherwise indicated
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-

» fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report..

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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