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During the first eight months of the second contract: period substantial
progress was ﬁade oﬁ a number of the projects proposed. For example, ab initio
configuration interaction calculations on magnesium porphine, porphine, magnesium
chlorin, and ch]ofin have been completed, and the electronic structure and
properties (g;g; transition energies and oscillator sprengths) of their low-lying -
singlet and triplet states have been analyzed. Preliminary results from similar
calculations on ethyl pheophorbide a and ethyl chTorophyllide a have also been
obtained; and a detailéd analysis of these results is currently in progress.

In order to investigate the geometric aspects of monomeric and aggregated
ch]orophyll systems, extensive characterization and development of empirical
potential functlons was undertaken. A set of potential functions suitable for the
study of chlorophyll-type systems has been obtained, and initial studies on the
geometry of ethyl ch]orobhyllide E;have been completed with excellent results.
Currently, conformational analysis of chlorophyllide macrocyc}e substituents is
being carried out to assess the presence of energetically important conformational
states, which will be used in the study of dimeric éhlorophyl] systems.

Methodology assessment,‘deve]opment,'and implementaﬁion was also continﬁed
during the second contract period. Of particular importance in this regard is the
implementation of an N5 algorithm for transforminé atomic into molecular two-electron
integrals. This procedure was crucial to thg chlorophyl]ide studies, and will
greatly extend the size of molecu]és that can be investigated in the future (g;g;
chlorophyll dimers). Work has continued on basis set development, and dbuble-zeta

quality basis sets are now available for carbon, nitrogen, and oxygen. Development
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of comparable singie-zeta basis sets and inclusion of polarization’functions in the
double-zeta.basis sets are currently being investigated. Studies aimed at

developing suitable computation procedures for calculating optical activity are

also being continued.
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. Introduction

During the period January 1 to September 30, 1977, many of the projects
proposed for 1977 were either totally or substantially completedl The main
emphasis centered on four principal areas of research: (1) chgracterization
of low-lying singjet and triplet states of porphines, chlorins and chlorophyll
analogs (e.g., ethyl chlorophyllide a), (2) characterization and development
of suitable empirical potential functions for chlorophyll monomer and dimer

} geometric studies, (3) application of empirical potential functions for
conformational analysis of macrocycle substituents and dimer.structures of
ethyl chlorophyllide a and éelated molecules, and (4) continued effort on,basis
set generalization, and development'of other theoretical techniques
(ORDZCD spectral calculations).

Several important findings have emerged from these investigations which
will have long term implications in our future photosynthesis research. Of
major importance in this regard is the implementation of a new N5 algorithm
for transforming étomic into molecular two-electroh integrals, a procedure
which will greatly extend thg size of mole;ules and.the range of Cl calcula-
tions we can handle. Furthermore, extensive characterization studies of
electrostatic point charge] and Scheraga-type2 empirical potential functions
have led us to adopt a more flexible and accurate set of empirical potential
functions for our geometry studies. lInitial geometry calculations on
prototype systems with these potenfials are very promising, and because of

this- we intend to extend our range of geometry studies.

'
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Il. Work Completed

A. Electronic Spectral Studies on Ethyl Ch]orophyllide‘g_and
Related Systems.
1. Free Base and Magnesium Porphine

Extensive self-consistent field molecular orbital configuration

interaction (SCF-MO-CI) calculations, using techniques described in previous

.progress reports, have been completed for all the low-lying singlet and triplet

excited states of these molecules (manuscript submitted). These mark the

~first ab initio Cl calculations on molecular systems of this size and, more

importantly, these calcu]ations provide the most complete picture of the
state structure of the low energy singlet and triplet manifolds available to
date. The calculated transition energies of the major singlet-singlet absorp-
tion bands and phosphoréscence emission bands are found to be related linearly to
their corresponding experimental transition energies. PolarizationsAand
relativg'oscillator strengths are also in excellent agreement with experiment.
The linear relationship'is then used to scale the state energies (relatiye
to the ground state) of all calculated singlet and triplet states. The
predicted state energies thus obfained have provided an excellent basis for '
further analysis of the photophysics of these moleculés.
Analysis of the charge distributions of the lowest singlet and triplet

excited states has also been carried out, and the implications of the charge

distributions to the physico-chemical properties of these states have been

discussed.
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Finally, an analysis of the configurationél parentage of the states
showed strong four-orbital configuration mixing in the:lower singlet
states and more single configuration character in magnesium porphine triplets.
in the low-lying free base triplets, however, considerable four-orbital
configurational mixing was observed. The apparent divergence of.this
result with earlier semi-empirical calcuations and with séveral experimental
observations is discussed'fn detail. A copy of the manuscript describing
thfs work has been submitted earlier.

2. Free Base and Magnesium Chlorin.

Analogous to the porphine studies, SCF-MO-CI calculations have been
completed for all the low-lying singlet and triplet states 6f free base and
magngsium chlorin. Again, this rep}esents the first EE initio ClI
calculation on these molecules. Singe the macrocyclic rings constitute the
basic structures from which the photosynthetic pigments chlorophyll and
pheophytin are derived, an understanding of their detailed excited state
structure is of great importance to our studies on ethyl chlorophyllide a
and ethyl pheophorbide a.

Us}ng the linear relationship derived for free base and magnesium
prophiné, the predicted transition energies are found to be in good agreement
with available experimental data. . Calculated polarizations and relative
oscillator'strengths are also well described.

‘Analyses similar to those carried out on the porphines were also

carried out in this case. Of interest is the finding that, contrary to
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the observation in porphine, the configurational pargntage of the low-lying
chlorin triplet states is essentially described by single four-orbital
configurations. A copy of the manuscript describing this work is enclosed.

B. Methodology Development and Assessment

1. CI Tgchniques
a. N5 algorithm for integral transformations.

One of the main problems coﬁfronting any large scale Cl calculation
is the two-electron integral transformation from integrals over basis functions
(floating spherical Gaussian orbitals-FSGO-in our case) to integrals over
MO's. Under most circumstanceé the integral transformétion is or ts close
to the rate limiting step in such a calculation. Furthermore, for molecules
of the size treated in the current gtudies (e.g., ethyl pheophorbide 3),
integral transformation times are greater than 10 hours, based on anvN
algorithm and the IBM 370/195 at Argonne National Laboratory. ThereFore,
implementation of a feasible N5 algorithm would have substantial benefits botH
in computing time and in the size and number of large molecular systems that
we can investigate. Most of the usual N5 algorithms'had core and/or

other mass storage requirements which rendered them unusable for our

calculations. Fortunately, an NS algoerithm developed by_Shavitt3 combines

-both the advantage of speed and minimum core and tape requirements. This

algorithm has now been implemented, and thus we are able to carry out the
necessary integral transformations for ethyl pheophorbide a and ethyl

chlorophyllide a in approximately one-half hour in each cése, a’substan;ial
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.saving in computation time.
b. Pyrazine Characterization.

In order-to evaluate the adequacy of the molecular fraément
FSGO basis for CI spectral calculations, several studies on experimentally
and theoretically well characterized molecules were undertaken. Of particular
interest to our studies on porphyrins and chlorophylls is the study of pyrazine
excited singlet and triplet states.

Comparisbn with experimentally derived singlet and triplet state energies
(relative to the singlet ground state) shows an excellent linear correlation

between the values calculated in the current study and experiment. Of

particular importance in this regard is the fact that the linear relationship

f
U

includes I(n,n*), 3(n,n"), and l(n,n"") states. Hence, even (n,n")-type
states,which are difficult to observe ;pectroscépicallybby traditional methods
and which are of different electronic character than (m,n*) states, adhere

to the same linear relationship as (w,n*) states. Furthermore, as discussed

by a number of authors,l+ the more "ionic' 1(n,n*) states are generally expected
to be less well described than the more ''covalent" ?(n;n*) states in é minimum -
basis set Cl calculation. Contrary to this observation, our rather simple
basis appears to produce !(w,n”) and 3(m,n") states of about comparable accu}acy.
Thus, scaling via the linear relationship of state energies of difficult

to observe states e.g., 1°3(n ™) and 3(m,n*) in related molecular systems

is éxpected to be quite useful for characterization of excited states. This

finding has important implications for our photosynthesis studies, and its
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general validity is being continually assessed. A copy of the manuscript

describing this work has been submitted earlier.

['ti. Work in Progress and Probable Efforts for the Remainder of 1977.

A. Electronic Spectral Studies on Ethyl Chlorophyllide a and Ethyl
Pheophorbide a.

Ab Initio SCF-MO-C! calculations on the low-lying singIet and triplet
states of ethyl chlorophy]lide g_ana ethyl pheophorbide a have been substan-
tially completed, and pre]iminary analysis of the results will be presented at
tﬁe Midwest Regional American Chemical Societ; Meeting in November.
Implementation of the N5 algorithm discussed earlier has allowed the use of
a substantial MO basis set in the Cl calculations (e.g., 20 occupied and 9
viftgal MO's for ethyl ch]orophyllfde a). / |

Preliminary analysis on ethyl pheophorbide indicates the presenée of
two low-lying ! (m,n%) states in the visible region of the spectrum, as expected
from our studies on chlorin. Thé Soret regién exhibits a number of closely
spaced ! (n,7¥) states, with two 1(n,n¥) states appearing to the high
energy side of the Soret band. Large scale CI studies and oscillator strength
calculations are now underway, to quantify further these and other pre-
liminary observations on pheophorbide, and to complete the studies on ethyl
chlorophyllide.

't is anticipated that the data analysis will be completed by the end of

the year, and at that time a manuscript will be submitted for publication.
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B. Potential Function Techniques
1. Point Charge Model

As described in thg original proposal, purely electrostatic interactions
between Ch] molecules can be effectively treated using a point charge model
derived from the electronic ground state wavefunction after the method of
Shipman.1 Earlier studies (Oie, Maggiora, and Christoffersen)5 showed that the
Shipman point charge model provided an adequate description of the(molécu]ar
electrostatic potential of porphyrins in the region beyond the Van der Waals
radii of the various atoms. Hence, it might be expected that, if two inter-
acting molecules do not get '‘too close', the current point charge model should
provide an adequate means for ca];ulating the long range intermclecular inter-
actions encrgy.

Using this technique, the long range electrostatic interaction energy
between two ethyl chlorophyllide a molecules was investigated. . Calcdla;ions
were carried out for fixed values of the inter-macrocylic ring separation
(measured with respect to the two Mg atoms). The remaining five rigid-body
rotational degrees-of-freedom between the two molecules were '‘scanned" in a
sequential fashion to locate.the relevant local minima. After carrying out
numerous calculations in this manner it became obvious that, due to the considerable
spatial extension.of the macrocyclic chlorin ring and its substituent groups,
even for inter-ring separations of more than 10 A, close contacts (within
the Van der Waals radii) between atoms are not uncommon. Since static electro-

static terms do not contain proper account of repulsive interactions (among
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other things) at shoft range, the point charge model produced a number of
chemically unreasonable stable structures.

Furthermore, due to the number of terms required in each summation of
the intermolecular interaction energy, it was decided to investigate the
possible use of empirical potential functions.

2. Empirical Potential Functions (EPF)

EPF have provided one.suitable means for reliably studying the conforma-

tions and molecular dynamics of molecular systems for a number of years. More

" recently, EPF have been developed wﬁich allow similar studieg to be carried
out on molecular systems as large as proteins§ Although a numBer of different
types of EPF are available, their ability to provide a satisfactory basis for
studying chlorophyll and related systems must be carefully assessed.

| Wifh this thought in mind, several types of EPF were examined for
their ability to predict the conformational energetics of macrocyclic
substituent grons of Chl-1like molecules, and to predict intermolecular
interactions energies of aggregated Chl-1like systems (initially dimeric
systems).

Initially our investigations centered on the EPF developed by Scheraga
and his students.2 A variety of factors, such as barriers-to-rotation and
intermolecular separations of stable noncovalent dimers and oligome?s, were
studied. While a number of features were satisfactorily treated, a number
were poorly described (e.g., barriers-to-rotation in ethyl acetate and

butadiene--models for important substituents in Chl). Furthermore,



Technical Rregrass Report
Christoffersen/Maggiora

Contraet No, EY-77-S-02- 2837 *000
Page 9 of 14

Scheraga's potentials do not account for bond length andAbond angle variations.

After attempting a number of refinements of these EPF's, we decided to
test a set developed by D. Duchamp at Upjohn Laboratorles 7 These EPF's were
tested extens:vely in a similar fashion to those developed by Scheraga,

_E__L,] and the results were very encouraging. Several modifications, additions,
gnd adjustments'Have been made, but in general the Duéhamp potentials are
superior to Scheraga's for short and medium range interactions, the regions

of the molecular configuration space of greatest interest to us. Very long
range- interactions (e.g., beyond Van der Waals minima) which depend mofe

heavily on electrostatic forces are']ess well described, due to the lack of
explicit inclusion of atomic partial charges (although ""formal" atom}c charges
are included). This deficiency, hdwever, should not cause serious problems

in oﬁr studies.

It is also of interest to note that Duchamp's EPF allow bond length and
bond angle variations as.well. In fact, Duchamp has applied his EPF's as an
aid to x-ray structural analysis of molecular crystals with excellent
results. These findings provide.additipnal supportlfor the efficacy of his
EPF's for our work. |

Use of Duchamp's EPF's required fhe development'ban set of EPF's for
magnesium. The development has recently been completed, and the EPF's are
currently being used in our monomer and dimer geometry studies. Analysis of the
adequacy of this potential will continue throughout the remainder of this

year. Finally, it is of interest to note that the Duchamp EPF program
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currently used at KU has recently been implemented at ANL. This should greatly
éxpedite our dimer studies of ethyl ch]orophyllidé a and related molecules.
3. Geometry Studies of Ethyl Chlorophyllide a and Model Dimers.

A number of computational studies based on the modified Duchamp EPF's
are currently being carried out in our laboratory. These studies are designed
to characterize the potentials as to their adéquacy for studies of ethyl
chlorophyllide a and ethyl pheophorbide a dimers.  For example, starting with the
x-ray crystal structure of ethyl chlorophyllide a, we have carried out an
extensive calculation to find the energy-optimized structure of this molecule.
More than 120 degrees-of-freedom were considered in the search for minimum
energy structures, including essentially all the substituent groups as well
as a‘number of macrocylic ring atoﬁs. The structure obtained waé, as might be
expected, quite close to that determined by x-ray metﬁods.

Studies currently in progress are designed to investigate the conforma-
tional energetics of various substituent groups using the "adiabatic mapping'
technique developed by Warshel.9 Results of these studies will play an important
role in the dimer studies by providing "'energetic guidelines' to
likely (or unlikely) substituent conformations, thus expediting the search
for reasonable dimer structures by restricting the regions of molecular
configuration space that must be searched.

It is anticipated that the monomer geometry studies on ethyl chlorophyllide

a should be substantially complete by the end of this year.

Aslo, with regard to providing energetic guidelines for dimer studies,
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model studies are currently underway designed to assess regions of the

~ mulecular configuration space which are strongly affected by ring-ring
interactions. These studies involve searches of thé inter-ring configuration
space of dimers of magnesium porphine, magnesium chlorin, and their free bases.
Completion of these studies, which are in their very preliminary phase, is not
expected until well into 1978.

C. Basis Set Generalization Studies

During 1976 a theoretical analysis dealing with extension of FSGO basis
sets to higher accuracy and flexibility was pre'sented.]O During the current
year, computational studies have begun which quantify the numerical aspects
of the basis set generalization scheme, provide high-accuracy reference calculations
for compérison with new basis sets to be developed, and begin the actual develop-
ment.of new basis sets. This is a particularly importanp effort, for
systematic extension of basis sets to provide higher accuracy'and error -
estimates is very important for systéms like chlorophyll, where no other
ab initio studies are available for comparison.

During the current year, a‘variety of studies have been completed. These
include: 1) implementation of an “HS” algorithm fbr transformation of
integrals over FSGOs (''n" Being the number of primitive or contracted FSGOs
being transformed) to atomic component integrals, 2) analysis and examination
of computer accuracy requirements and numerical differencing effects that will
occur in the integral transformation mentioned in 1) above, 3) test calculations

on CHM and the Ne atom to assess the actual amount of rotational variance

that will be encountered as a function of placing FSGOs at a distance of 6=R/p
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from a nucleus, 10 aﬁd L) completion of calculations on the C atom, CHh’
C2H6’ Csz, and C2H2 using large FSGO basis sets, to provide.a set of reference
calculations for comparison of energies and other properties when new basis sets
are developed. Since only s and p-type FSGO basis sets are being developed in.
these initial studies, no polarization functions (e.g., d-type functions obtained
from FSGO arranged at the corners of icosahedrons) have been inéluded.

The results obtained thus far in these studies continue to indicate that
the approach has considerable promise. For example, in the Ne atom, a rather
~wide range of § values can be used (0.003<6<0.04) and still produce integral
values (on the HIS! 66/60 computer) that are accurate to | x 10-9. Also, use
of 3?0.003—0.005 in CHM produces a.worst case rotational variance of only
&2 kcal/mole. Hence, both internal accuracy and rotational variance requirements
can be Satisfactorily dealt with using ¢ 2’0.003_0.00q.

In the case of the reference calculations, the following results have been

obtained.

Energy (Hartees)

CH),: : _ -40.195714
‘ C,Hg (Staggered) : -79.22463

C,Hys -78.0318]

C,H,: -76.82157

In each of these céses, the basis set has been chosen as the FSGO analog
(using s-functions and tetrahedrally-arranged FSGO) of the Husinaga (11s, 7p)

basis for carbon and 6s basis for hydrOgen.]] The above energies and associated
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molecular orbital energies and structure represent the best abailahle calcula-
Lions to date on these systems using a non-polarized basis, and hence make an
excellent basis for comparison in the basis set development studies described

below. Double-zeta quality basis sets for nitrogen and oxygen have recently been

completed, and additional testing is being carried out to further assess their

adequacy.

Work currently. underway involves constfuctién of the FSGO analog of a
single zeta basis set. Since energetic characteristics are not sufficient
by themselves to use for construction of small basis sets (e.g., inner shell
descriptions would be emphasized at the expense of valence orbital descriptions) ,

the following function is being used

- _ 2
f = wkE “’2,2,5,.
b, 1]

where w, and w

, are arbitrary weighting factors, and Sij is the overlap

integral between a given reference orbital (from the reference calculations
described above) and the orbital being determined. By maximizing such a
function, both energetic and ''shape'' characteristics of these functions can be
détgrmined to match the reference calculations as clése]y as possible. Studies
aré current]y being carried'but on the C, N, 0, and H atoms using this pro~ .
cedure, in order to obtain analogs of the correpsonding single-zeta (ST0-2G and
ST0-3G) basis sets of Pople and co-workers. This work will continue through-
out the remainder of the current year, including testing of these basis sets
on prototype molecular systems. Additional aspects of this project are described
in the work proposed for 1978.

D. ORD/CD Studies

All of the initial ORD/CD studies proposed for this year have been
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completed, and several additional studies Have been undertaken. Specifically,
all programs have been written and cliecked out, and a prototype calculation on
twisted ethylene has been completed. The results indicate essentially
complete agreement with available data.

in addition, studies have begun on 3-methylcyclobutene, to asseés several
additional characteristics of this system and the procedures used. First, since
no ab initio Cl calculations of ORD/CD spectra of any kind are available for
molecular systems larger than ethylene, a series of calculations using a variety
of (systematically more flexible) basis sets has been undertaken on this system.
“Initial SCF-MO plus Cl studies using 25 basis functions (27 FSGO)_have been
completedg with 6 filled and 5 unfilled MOs having variable occupancy. In
addition, rotational strength calculations have been comp]eted. Substantial
additional studies are needed to complete tle necessary systematics, and they
will be carried out during the remainder of‘this year and next year. Details
of these studies are given in the proposed studies for next year, but include
basis set extension (including the effect of diffuse basis orbital addition),
assessing the effect of geometric variations on the caléylated spectra; and

assessing the adequacy of the molecular fragment basis for larger systems.
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V. Principal Investigators' Efforts

During the first eight months of the 1977 contract, the effort devoted
to this project by the princiﬁal investigators (R. E. Christoffersen and
G. M. Maggiora)‘has been at least that indicated in the contract (10% for
nine-month academic year for REC and GMM, and 100% for one summer month
| for REC and 100% for two summer months for GMM). During the remainder of .

the contract period for this ‘year, the effort devoted by each of the
~principal investigators is expected to continue at least that indicated

in the contract.
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