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Abstract: The QCFF/PI method is extended to conjugated heteroatomic molecules. The extension is based on a new formalism
for o—r separability which starts from the all-valence-electron Hamiltonian, fixes the o-electron charge distribution, and introduces
it as an effective potential in the Hamiltonian of the o electrons. The semiempirical parameters are obtained by fitting calculated
and observed atomization energies, ionization energies, excitation energies, equilibrium geometries, dipole moments, and vibrational
frequencies of nitrogen- and oxygen-containing conjugated molecules. The method provides a useful tool for calculating equilibrium
conformations, electronic spectra, and resonance Raman spectra of large biological chromophores and for studying the effect

of solvent or protein environments on such properties.

1. Introduction

Conjugated molecules containing nitrogen and oxygen
“heteroatoms™ are important parts of most biological chromo-
phores, including such molecules as porphyrins, chlorophylls,
nucleic acids, retinal, and flavins. Detailed theoretical studies of
such systems might help in understanding more deeply the
mechanism of important biological processes. Thus, for example,
there is currently significant interest in interpretation of resonance
Raman (RR) spectra of biological molecules,! in the effect of
proteins on the absorption spectra of their prosthetic groups,**
and in the factors that control electron transfer in proteins.”s
Studies of such problems require methods capable of reliable
evaluation of ground- and excited-state equilibrium geometries
and vibrational frequencies. Such methods should be flexible
enough to allow incorporation of the effects of solvent and/or
protein environment. While ab initio quantum mechanical ap-
proaches can treat small heteroatom molecules, they are too
expensive to be used for detailed studies of large conjugated
molecules. It is possible to use all-valence-electron semiempirical
approaches (e.g., extended Hiickel,” CNDO,'>2INDO,!? PCIL-
0, PRDDO,"" and MINDO),  However, although very
promising and very useful in many cases, these methods have not
been developed to the degree of reliability and efficiency needed
for calculations of ground- and excited-state equilibrium geom-
etries and vibrational frequencies of large molecules. The other
possibility is to assume o-w separability and represent the ¢
potential surface by empirical potential functions and the =-
electron potential surfaces by a semiempirical approach. Many
calculations of these types have been performed (see, for example,
ref 17 and 18) and considerable success has been achieved in
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evaluation of electronic properties of rigid molecules. In general,
the potential surfaces provided by these methods do not allow
detailed conformational and vibrational studies.

A possible approach for detailed studies of large conjugated
molecules is the quantum mechanical extension of the consistent
force field to conjugated molecules (QCFF/PI).!*2 This method
is based on a formal separation of ¢ and = electrons, with the
former represented by analytical empirical potential functions and
the latter by a second-order analytical representation of a
semiempirical model of the Pariser—Parr—Pople type corrected for
orbital overlap. The method provides both ground- and excit-
ed-state potential surfaces for large conjugated molecules, allowing
one to evaluate many molecular properties including equilibrium
geometries, vibrational frequencies, and resonance Raman in-
tensities.? In view of the previous success of the QCFF/PI method
in treating conjugated hydrocarbons, it seems quite natural to
extend this method to conjugated heteroatomic molecules. The
basic problem is that in heteroatom systems the g-electron core
is no longer constant; the changes in the ¢ charges strongly in-
fluence the local potentials of the 7 electrons. Thus, in order to
retain the advantages of the QCFF/PI approximation one must
reformulate the o— separability approach. This is done here using
a new approach based on a formal all-valence-electron treatment
in which the o-electron densities are evaluated empirically and
constitute the core potential for the w-electron calculations, while
the back polarization of the o electrons by the = electrons is
neglected.

Section II describes the reformulation of the o—r separability
approximation, Section III considers the refinement of the energy
parameters for heteroatomic molecules and compares the final
refined set of calculated properties with observed properties.
Section IV describes several applications of the method including
calculations of resonance Raman spectra of porphyrins and en-
vironmental effects on absorption spectra of chromophores in
proteins.

II. Theoretical Approach

(a) Reformulation of the s—v Separability Approximation. In
the case of conjugated hydrocarbons the QCFF/PI potentials
surface of the Nth electronic state is given by

(1) = V,0(r) + Vo) + AV, () (1)

where r is the Cartesian coordinate vector, ¥,%(r) + V,%(r) is the
sum of the o- and w-electron energies for the gound state, and
AV, M(r) is the w-electron® excited energy. The surface V,(r) is
represented by empirical potential functions. The evaluation of
the 7 surface is based on a SCF-MO CI method.? In this method
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QCFF/PI Calculations for Conjugated Heteroatomic Molecules

it is assumed that the g-electron distribution is identical for all
carbon atoms. Conjugated molecules with O and N heteroatoms
require a more sophisticated approach since the ¢ electrons may
be strongly polarized and this will alter the corresponding -
electron core potentials. In order to extend the QCFF/PI approach
to heteroatom systems, we reformulated the =-electron treatment
to include the interaction with the ¢ electrons while retaining the
o—7 separability assumption. Our treatment is based on con-
sidering the all-valence-electron Hamiltonian, fixing the o-electron
distribution, and constructing an effective =-electron Hamiltonian.
The starting LCAO wave function is given by

QI! = Zuvnytx;" + Zuvnvatva (2)

where the x,™’s are 2p, Slater atomic orbitals, and the #,”s are
sp? hybrid ¢ orbitals. Following ref 19 we actually work with
Lowdin orbitals. (The index A is omitted for simplicity.) It is
assumed formally that the ¢” and x* orbitals are orthogonal. The
coefficients v,* and v, are obtained by solving the all-valence-
electron SCF equation.

Fy, = ¢,¥, 3)
The appropriate F matrix is of the following form:

Fﬂ’ FTT-O’

FT0 FO 4)

The assumption of ¢—= orthogonality implies that F*° = 0 and
yields two sets of solutions to the SCF equation, v,* = (v,~, 0) and
v,,” = (0, v,°) (all the v, are zero for ®," and all the v,,* are
zero for ®,%).

Assuming that the complete F matrix is treated with a
CNDO-type all-valence-electron approximation, we obtain (in the
notation of ref 11):

= —1
Fuu = Uuu + (PA /ZPuu)'YAA +
atoms with atoms with only
x electrons a electrons

2 (Ppyap~ Vap) + Y (Pcyac— Vao) (5)
BeA C=A

Fuv =0Ou 1/2Puv7AB (6)
where the uth orbital is attached to the Ath atom, U is the res-
onance integral, v is the two-electron repulsive integral, Vis the
penetration integral, P is the bond order, and

all o orbitals
on A

Pya=( X P,)+Py =P+ P, N

Next, we modify F,," to a form similar to the one used in
m-electron calculations. This is done by the following: (i) defining
for each atom a total core charge Z = Z* + Z° as the number
of valence electrons where Z~ is taken arbitrarily as 1 for C, O,
and pyridine nitrogen and 2 for pyrrole-type nitrogen; (ii) defining
the net o and « charges by Q,° = (Z," — P,°) and Q" = (Z,*
— P,*), assuming Q° is constant (as implied by solving Fo° first
and then keeping the resulting = bond order constant); (iii) using
the usual approximation Vg = Zyyap, and defining W, = (U,,
+ Z,%vaa). The diagonal element of F* becomes

™ = [W, = Qa"vaal + [(Pa™ 4P, )Yan —

atoms with atoms with atoms with
« electrons ~ electrons o electrons

%' Os™vas] - [ %’ Os"vap + % Oc’vacl (3)

The off-diagonal elements of F* are not modified.

Three different components are present in the final F,,: (i)
the “‘effective” core of a m electron on atom A which includes the
Q° charge contribution, (ii) the usual 7—r electron interaction
term, and (iii) the contribution arising from the interaction be-
tween a w electron on atom A and the electric field generated by
the “g-core” charges of the surrounding atoms. Defining the
“effective” core (W,) as U,, + Z,"vax is particularly useful for
determining the parameters of different states of the same atomic
species. For example, the nitrogen atom in pyrrole (Z* = 2) and
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pyridine (Z* = 1) compounds will have the same U,,, but their

core will differ by 4,4 because their values for Z° differ (Z° =
4 for pyridine; Z° = 3 for pyrrole).

In the present approximation the total energy can be expressed
as:

E=TEp+ T Eu 9)
where E, and E,p are given by:
Ep = PA" (W, — 20a"van) + Va(Pa™) van + E4° (10)
Exp = %;[ZPW'@W = Yo(Pu) 8] +
(@A™ + Qa)(Qp" + O8")vaB t Eap’

wand v are on atoms A and B, respectively, and the terms E,°
and Ep° are defined as

o orbitals o orbitals
onA . on A ) )
EAU = Z P#u”Uuu + /2 Z Z(PuuUvaa - /Z(Puva) )'YAA
I3 I3 v
o orbitals o orbitals an
on A on B

EABU = Z Z (2Puv06uv - 1/2(Puva)27AB)

These terms represent the energy due to the g- electron interaction.
This energy is absorbed in the empirical potential functions of
the ¢- potential surface.

(b) QCFF/PI Calculations for Heteroatom Systems. Using the
formulation of the previous section, we perform the w-electron
calculation by assigning a set of fixed o charges (that depend only
on the bonding topology) and solving the SCF equation:

Frv* = & (12)
The F* matrix elements (eq 6 and 8) are given as

F,*=W,+ (P~ %P, )van - §,QB'YAB

Fuv' =6uv - 1/2Puv7;w

where W, = W, — K¥Qs"yaa, O = 0* + Q°, B runs over all atoms,
and O is zero for atoms without 7 electrons. +4p for interaction
of m atoms with ¢ atoms is taken as e?/r. K" in W, is a screening
parameter (K% < 1) needed for simultaneous fitting of dipole
moments and ionization potentials (see below). The functional
form of the integrals W,, 8, and v are the same used in ref 19.

The r-electron ground-state potential surface is given by eq
9 and 10, which can be rewritten as:

Vo) = %[PA'(W;‘ ~120a"van) + Ya(Pa®)?vas] +
AgBZZ[ZPuvtﬁuv - VZ(PMV')Z'YAB] + AgBQAQB'YAB +
AZC[QAQC"]ez/’AC (14)

(13)

where A and B run over = atoms and C runs over ¢ atoms. The
last term represents the electrostatic interaction between atoms
with 7 electrons (A) and atoms without = electrons (C). the bond
orders, P,", and the w charges, Q%, are evaluated by solving eq
12.

The g-electron potential surface is given by:

VA(r) = ZM(b) + hX[Kq(a; - ag)* + 2D;] + HhXKy(6; -
60 + LLF(qi ~ q0)* + LK, cos ¢ + LTK,D cos 24
+ l/2¥Kx(Xi - x0)? + g}f(’xj) + EI(QkUQIU)eZ/"kI (15)

where M is a Morse potential function, b; are bond lengths between
atoms with 7 electrons, and the g; are bond lengths between pairs
of atoms which include at least one atom without = electrons. 6,
¢,, and x; are respectively bond angles, torsion angles, and out-
of-plane angles (see ref 20), g; are the 1-3 nonbonded distances,
while r,;are nonbonded distances between atoms separated by more
than one atom. The nonbonded function f(r;) is the exp-6 function
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Table I. Parameters for n-Electron Integrals®

Warshel and Lappicirella

Table II. Parameters for the o Potential Functions®

Aw
atom We, eV g,ev VA4 zZ0 Kv
N -31.60 0.10 2 3 1.0
NP -17.39 0.20 1 4 0.8
0 -18.88 0.20 1 5 0.8
cP -10.47 0.20 1 3 1.0
g
atom
pairs 8%eV  ug At Kg AT €7 bt A
CPN -2.400 1.954 0.1039 -0.20 1.397
CPNP 2465 1.728 0.8884 -020 1.397
cPo -2.450 2.700  2.8000 0.0 1.230
N NP -2400 1.700 04054 -0.20 1.397
NPNP 2400 1.700 0.4054 -0.20 1.397
Ay
atom pairs  (I-A),eV G, eV Gg eV By A7
CPN 12.70 11.00 0.3 0.45
CP NP 12.70 11.68 0.6 0.07
cPo 13.50 8.00 0.6 0.43
NN 16.00 11.0 0.6 0.24
00 17.64 10.0 0.0 0.35

¢ The functional form of the integrals W, 8, and y as well as the
notation of their dlfferent parameters is the same as in ref 20.
The parameters for CP CP are given in ref 20. I-A is taken as the
average of the I-A of the correspondi Pg isolated atoms. Un-
saturated carbons are designated by C pyrrole-hke nitrogen
(-NH-) by N, pyridine-like nitrogen (-N -) by NP. k% is the
screening parameter in W (W= W - K¥Q A% A p)-

used in ref 20. The last term represents the electrostatic interaction
between all pairs of atoms which have no = electrons (these include
bonded atoms). The term E, of eq 10 is not included as an atomic
constant since it is effectively absorbed in the corresponding Morse
potentials.

The treatment of excited « potential surfaces is identical with
that for hydrocarbon molecules,'® where the excitation energy
AV, M(r) (eq 1) is obtained by the standard SCF-CI treatment
using the modified F* matrix of eq 13. Note that the present
treatment does not evaluate n — =* transitions.

The applications of the QCFF /PI potential surfaces to calcu-
lations of ground- and excited-state equilibrium geometries and
vibrational frequencies are described in detail elsewhere.'*? Here
we apply the same procedure to the potential surfaces of conju-
gated heteroatomic molecules.

(¢) Potential Parameters. The parameters of the w-electron
integrals and the ¢-potential functions are given in Tables I and
II, respectively. These parameters were obtained by extensive
least-squares fits of different calculated and observed properties
(see next section). In addition to the above parameters the present
treatment requires the ¢ core charges (Q°). These charges can
be evaluated by an all-valence-electron approach. Here we
evaluate the o charges by the method proposed by Del Re.?? In
this method the net o-charge on atom A is given by

Oa = %‘IA(B) (16)
where B runs on all atoms connected to A and g,® is the charge

on atom A resulting from an A-B covalent bond. g,® is defined
by

ga® = D, BY(1 + (D, ®)H)-1/2 (17
where
DB = (65 - 84)/(2¢a8)

The 6,’s are computed by solving the following set of linear
equations (for all atoms in the molecule)

ba = 00 + %53'7,\3 (18)

(22) G. Del Re, Theor. Chim. Acta, 1, 188 (1963).

bond D a 1Ky B,
CP-N 65.0 2.10 1.340
C-N 88.0 88.0 1.450
CP-NP 65.0 2.00 1.255
N-H 93.0 414.0 1.000
N-NP 40.0 2.90 1.309
NP-NP 35.0 2.67 1.360
cP-0 75.0 1.80 1.235

bond angle Y,Kp 6, Y,F 4o
CcPCPN 58.3 2.094 32.4 2.56
CPNCP 58.3 2.094 32.4 2.56
CPNH 24.0 2.094 29.5 2.18
NCPH 24.0 2.094 29.5 2.18
NPcPH 24.0 2.094 29.5 2.18
NPCPCP 52.8 2.094 29.5 2.56
CPNPCP 52.8 2.094 29.5 2.56
NCPNP 52.8 2.094 32.4 2.74

NPCPNP 52.8 2.094 324 274
CPNENP 52.8 2.094 32.4 2.56

torsion 2K torsion :Kg
X-CP-N-X 7.80 X-N-NP-X 6.50
X-CP-NP-X 5.73 X-NP_-NP-X 5.73
out of plane 2Ky
N 3.0
nonbonded? A B m
HN 41579 117 4.25
HO 12786 79 4.19
CN 1189937 718 431
co 395 890 573 4.28
NO 399408 562 4.28

@ Units used are: energies in kcal/mol, lengths in angstroms,
angles to radians; force constants are expressed correspondmgly

b The nonbonded potential functions used are 4 exp(—ur) — B¢
the C-C and C-H parameters are as in ref 20. The nonbonded
parameters for N and NF are assumed to be equal.

Table III. Parameters for ¢ Charges®
C CcF H N NP 0
84° 0.07 0.12 0.00 0.40 0.30 0.40

YAB
B
A C cF H N NP 0
0.1 0.1 0.4 0.1 0.1 0.1
cP 0.1 0.1 0.4 0.1 0.1 0.1
H 0.3 0.3 0.1 0.3 0.3 0.3
N 0.1 0.1 0.4 0.1 0.1 0.1
NP 0.1 0.1 0.4 0.1 0.1 0.1
0 0.1 0.1 0.4 0.1 0.1 0.1
€A-B
A C cP H N NP
C 1.0
cP 0.320

H 1.000 1.00

N 1.000 0.750 0.690

NP 1.000 0.700 0.450 0.500

0O 0.950 1.050 0.450 0.950 0.950

@ Notation for atoms as in Table I.

The parameters 8,°, 745, and e are given in Table III. These
parameters were refined, together with all other energy parameters,
by the least-squares fitting procedure.

(d) Possible Simplifications. The approach described in the
previous sections, and used in the calculations reported in this
paper, requires substantial modifications of the original QCFF/PI
method. A less rigorous (and less reliable) treatment can be used
in order to avoid modifications. It is possible to assign o charges
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Table IV. Parameter Set for Simplified Calculations?®

atom 1 VA Q°
N -15.1 0.90 -0.15
NFH -28.6 1.80 -0.20
0 -17.3 0.90 -0.10
cP -9.97 1.0 + Q¢° QcNH®

¢ All other parameters are taken without change from Tables I
and II. ® The ¢ charge of the carbon atoms is evaluated by taking
—Q9 of the corresponding heteroatom and distributing it over the
nearest neighboring carbon atoms. For example, in pyrrole the ¢
charge of C; and C, is (0.2)/2 = 0.1.

only on the basis of atom type, regardless of the bonding ar-
rangement. In this case, the diagonal SCF matrix element are
approximated by

Wu = Wu - QAU'YAA Q#t = (Zut - PA’) (19)

—“I' = Z“t + QAU

This simplified treatment can be incorporated directly into the
orginal QCFF/PI program.?! The corresponding parameters are
given in Table IV,

The w-electron energy surface in the simplified approach is given
by:

Vto(r) o~ ZP““[W“ + 1/4Puu7AA] + 2§Pw¢6uv -
g [1/2Puv2 - Qu'Qvt]'Yuv + ZCQ;&'QC ez/rMC (20)

This energy expression which (excluding the last term) is the one
used in the original QCFF/PI program gives reasonable equi-
librium energies and relative energies, but unreliable atomization
energies for heteroatom systems.

In general the simplified approach is recommended for qual-
itative studies while the nonsimplified approach (which was used
in all the studies reported here) is recommended for quantitative
studies.

III. Determination of Semiempirical Parameters

Section IT describes a procedure for calculating the total energy
surface V¥(r) (relative to the separated atoms) of a conjugated
heteroatomic molecule in the Nth electronic state. Since the
expression ¥(r) involves a mixture of semiempirical concepts
implemented in terms of rather complicated functions that depend
on many parameters, the results can be regarded as meaningful
only if they apply to a significant number of independent properties
for a variety of molecules. Here we determine the parameters
by the CFF least-squares procedure.®?* This method determines
a set of parameters which yield satisfactory agreement between
the calculated and experimental properties depending on the
zeroth, first, and second derivative terms in a Taylor expansion
of the potential energy surfaces of various molecules. The ef-
fectiveness of the procedure is based on the availability of analytic
expressions for the potential energy and its first and second de-
rivatives with respect to the atomic Cartesian coordinates (see
ref 20 for more details). A large number of experimental data
were employed in the fitting procedure. They include: ionization
energies, excitation energies, atomization energies, dipole moments,
equilibrium conformations, and vibrational frequencies of con-
jugated molecules containing nitrogen and/or C==0 groups. The
molecules included in this data base are shown in Figure 1. The
next sections give additional information about the properties
included in the least squares.

The nonbonded interaction parameters were determined by an
independent procedure because the data included above are not
sufficiently sensitive to these interactions. For C-H and C-C
interactions we used the previous QCFF/PI parameters.?’ For
interactions involving N and O we employ a modified form of the
potential functions of ref 37; that is, these potentials were fitted
by exp-6 potentials over a series of distances and orientations. This

(23) S. Lifson, and A. Warshel, J. Chem. Phys., 49, 5116 (1968).
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Figure 1. Molecular diagrams of the molecules included in the QCFF/PI
refinement procedure.

fitting involves a decrease of 0.1 A in all the r* of ref 37 to account
for the difference between unit cell parameters at room tem-
perature and at 0 K.

(a) Ionization Energies. The calculated ionization energies
(obtained in the last iteration of the least-squares procedure) and
the corresponding experimental results are given in Table V. The
agreement between the calculated and observed values is good,
and all the deviations are smaller than 0.6 eV. In some cases (e.g.,
the first ionization of pyridine) there is a large range of experi-
mental values for a given property. In such cases we assign a low
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Table V. Calculated and Observed Ionization Energies (in V) Included in the Optimization of the QCFF/PF Parameters

compound calcd obsd compound caled obsd
pyridine 974  9.00,°9.28,29.31,29.70,9 9.80% cinnoline 9.22 8.51 87 8.95!
10.12  10.45,£10.5,%10.5¢ 978  9.03&h

12.93  12.30,f12.6¢
quinoline 8.73 8.62,48.67, 8904
9.23  9.00," 9.07%
10.67 10.63,™ 10.642
11.60  11.37, 11.428
1322 13.07%
isoquinoline 8.66 8.53, 8.548
9.24  9.16,M 9.24%
10.52  10.32,™ 10.50%
11.73  11.43,7 11.60¢
13.20  13.26%
pyrimidine 1024  9.3529.4259.479914
10.46 10.39,10.39%
1337 13.60,513.62%
pyridazine 10.23 8.71,9 8.90, 8.91,% 9.86,4 10.15¢
10.79 10.53,510.55%
13.85 13.59,513.63¢

quinazoline 9.73 9.02¢

10.99  10.72¢

12.01  12.02¢

13.61 13.78¢
quinoxaline 9.67 9.02¢

11.25 10.72¢

1190 11.58¢

13.56 13.98¢%
phthalazine 897  8.68,18.68¢

9.99 9.17,h9.17¢
1090 10.77,7 9.68¢
12.37  12.07,h10.778
13.84 14.09,7 12.07¢
pyrazine 10.19  9.27,69.29,9¢ 9.16,£ 9.62, 10.01¢
1079  10.11,% 10.15,£10.169
13.23  13.10,%13.13,2 13.60'

11.05 10.83,%79.758
1231  12.04,8710.83¢
14.00 13.85%712.048

aniline 7.9 7718
9.1 8.95%
10.9 10.49%

formaldehyde 12.9 13.99,% 14.09%

acetaldehyde 12.6 12.75,2 13.90%
acetone 12.3 12.16, 14.15%
acrolein 10.6 10.82,% 10.93%

13.0 13.19,2 13.20%
glyoxal 12.6 12.19

14.1 13.85%
p-benzoquinone  10.4 10.49%

11.2 11.25%

13.2 1343%
benzaldehyde 9.7 9.46,}9.51%

9.9 _

122 1148

formamide 10.6 10.13%

pyrrole 8.57 8.20,2 8.22,2 8.2328.90,4 8.97¢
9.62 9.03,2 9.220
1450 12.38,214.70°

imidazole 9.06 8.78°
10.44 10.3°
1464 14.7°
pyrazole 9.09 9.15¢
9.67 9.88°
14.88 14.70°
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(1973). ? D. W. Turner, Adv. P}fiys' Org. Chem., 4, 31 (1966). € M. N. Pisanias, L. G. Christophorou, J. G. Carter, and D. L. McCorkle, J.

Chem. Phys., 58, 2110 (1973).

R. P. Blaunstein and L. G. Christophorou, Radiat. Res. Rev., 3,69 (1971). ¢ J. E. Parkin and K. K. Innes,

J. Mol. Spectrosc., 15,407 (1965). fJ.H.D.Eland, Int. J. Mass Spectrom. Ion Phys., 2,471 (1969). # M. J. S. Dewar and S. C. Worley, J.
Chem. Phys., 51, 263 (1969). " M. Sundbom, Acta Chem. Scand., 25, 487 (1971). ! K. Watanabe, J. Chem. Phys., 25, 542 (1957). 7S.
Cradock, R. H. Findlay, and M. H. Palmer, Tetrahedron, 29, 2173 (1973). k D.W. Turner, “Molecular Photoelectron Spectroscopy”’, Wiely,
New York, 1970. !J.H.D.Eland and C. J. Danby, Z. Naturforsch., Teil A, 23, 335 (1968). ™ A.J. Yencha and M. A. El-Sayed, J. Chem.

Phys., 48, 3469 (1968).

weight (P in eq 12 of ref 20) for the particular observable in the
least-squares refinement procedure. In the case of cinnoline and
phthalazine the calculations support the assignment of Sundbom!®
rather than that of Dewar and Worley.?*

It appears that the high ionization potentials, which correspond
to orbitals with major components on nitrogen atoms, are very
useful in providing information about the corresponding W and
v. In order to obtain a reasonable fit of the calculated and
observed values of these ionization energies, while retaining a
reasonable agreement between the calculated and observed dipole
moments, we had to introduce the screening parameter K% (see
Table I) for oxygen and pyridine nitrogen. This might reflect the
effect of the lone-pair electrons.

It is encouraging to note that the carbony! compounds reproduce
nicely the experimental trend of the ionization potentials in
formaldehyde, acetaldehyde, and acetone where the decrease in
the energy of the occupied orbitals was reached by means of a
purely o charge effect. This effect is due to the o charge donation
from the methyl groups that make the unsatuated carbon pro-
gressively more negative, and therefore decrease its affinity to the
« electrons.

(b) Excitation Energies. The refined calculated excitation
energies and the corresponding observed values are given in Table
VI. The table also compares the calculated and observed oscillator
stengths. The agreement between the calculated and observed
results for the nitrogen compound is quite satisfactory. The

(24) M. 1. S. Dewar, and S. D. Worley, J. Chem. Phys., 51, 263 (1969).

refinement procedure for the oxygen-containing compounds in-
volved a large statistical weight for molecules with a single non-
conjugated C==0 bond. This resulted in a significant discrepancy
between the calculated and observed excitation energies of glyoxal.
This inconsistency cannot be resolved in the present level of ap-
proximations.

(c) Atomization Energies. The calculated atomization energy
is given by the difference between the molecular energy of eq 10
and the energies of the isolated atoms. The energy of an isolated
atom does not include the term E,° of eq 10 since this term is
incorporated in the Morse potential.

The refined set of atomization energies and the corresponding
observed values are given in Table VII. The atomization energies
depend strongly on the diagonal = bond orders which are very
sensitive to the ¢ charges. As the ¢ charges are also important
for the dipole moment and ionization energies, our fitting pro-
cedure represents a compromise. However, it should be noted that
the present agreement between the calculated and observed
atomization energies is similar to that obtained in all-valence-
electron calculations.'!

(d) Dipole Moments. The final set of calculated dipole moments
and the corresponding observed values are given in Table VIIIL.
A negative correlation was found between the calculated mag-
nitude of the dipole moments and the calculated ionization en-
ergies. A similar but less pronounced behavior appears in the
correlation between the calculated dipole moments and the cal-
culated atomization and excitation energies. Thus, it appears that
good calculated dipole moment could be obtained only at the
expense of poorer agreement in other properties. Since our main
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Table VI. Calculated and Observed Excitation Energies (in eV) Included in the Refinement of the QCFF/PI Parameters (Oscillator

Strength in Parentheses)

compound caled obsd compound caled obsd
pyridine 4.91 (0.02)  4.75-4.97 (0.04)®b! carbazole 4.58 (0.02) 3.71-4.24%
593(0.22) 6.17-6.37 (0.18) 4.85 (0.33) 4.27-4.85
6.54 (1.03)  6.70-7.13 (0.66) 5.31(0.51) 4.81-5.29
6.93 (0.80) 7.10 5.65(1.23) 5.29-5.88
quinoline 4.20 (0.04)  3.95 (0.02)"bp 5.73(0.84)  5.95-6.15
4.60(0.18) 4.46-4.62 (0.12) 6.03 (0.02)
5.66 (1.71)  5.35-5.50 (0.54) imidazole 5.94 (0.36)  5.90% .
5.82(0.46) 6.08-6.11 (0.93 aniline 4.6 (0.05) 4.4 (0.33)%%¢
isoquinoline 4.26 (0.03)  3.86-4.03 (0.02)»%a! 5.5(0.18)  5.4(0.14)
4.52(0.26) 4.58-4.66 (0.11) 6.2(0.86) 6.3 (0.51)
5.64 (0.56)  5.35-5.39 6.3(1.05)  6.8(0.57)
576 (1.13)  5.70-5.75 (1.02) 7.8 (0.68)
5.92(0.69) 5.86-6.32 (s) purine 432(0.17) 4.71bbcc
pyrimidine 4.83 (0.00)  5.00-526 (0.05)®d:bm 5.31 (0.33) 5.10
6.12 (0.56)  6.45-6.71 (0.16) 6.08 (1.00) 6.10
6.81 (1.04)  6.89-7.44 (0.43) 6.24 (0.51)  6.60
6.99 (0.42)  7.25-7.68 formaldehyde 8.04 (047) 7.97%
pyrazine 5.30 (0.02) 4.49-4.93 (0.10)3bm acetaldehyde 8.03 (0.47) 7.52%¢0ff
ggg ((1).(2)3; g(l)g g 23 EO )14) acetone 8.08 (0.47) 8. ogzahh
.87 (1. Vs acrolein 579 (0.67) 5.89%
pyridazine 5.14 (0.00)  4.90-5.13 (0.02)%d:m glyoxal 6.41 (0.86)  7.44Y
5.01 (0.33) 6.15-6.67 (0.01) benzaldehyde 4.53(0.02) 4.52 (0.02)4d
7.03 (0.41)  7.10-7.33 (1.0) 5.15(0.44)  5.35(0.26)
phthalazine 4.39 (0.00) 4.06-4.27 (0.01)»@:"s 5.90 (0.55)  6.35(1.7)
4.79 (0.20)  4.64-4.78 (0.10) 6.22 (0.84) 6.68 (1.7
6.05 (1.56)  5.78-5.86 (1.18) 6.37 (0.18) 6.97 (1.7
cinnoline 431 (0.01) 3.91-3.93bt% 7.12(0.30)  7.50 (1.7)
4.33(0.35) 4.37-4.65 p-benzoquinone 3.7 (0.00)  4.28 (0.01)"
g.g; (1.37; 2.;9-5.65 46 (0.80)  5.17 (0.15’3
42 (0.25 . b i ) . 3(0.
quinazoline 4,20 Eo.oz) 3.93-4.05 (0.03)h groensoquinone ?33 8;; i; Eggg;
4.67 (0.27) 4.56-4.65 (0.09) 6.5 (0.9) 6.2 (s)
5.66 (1.60)  5.58-5.66 (0.86) uracyl 5.25 (0.45)  4.70°¢
5.84 (0.06) 6.28 (0.84) . 6.14 (0.20)  5.10
quinoxaline 4.34 (0.02)  3.90-3.95 (0.13)»/J 6.34 (0.35) 6.10
4.74 (0.17)  4.20-4.34 (0.13) 6.81 (0.36)  6.80
ggg Eég;; g gg g gg (0.30) cytosine 4.43(0.17)  4.50°
) ) 5.32(0.07) 5.20
6.31 (0.10)  %.36 (0.61) 6.16 (1.32)  6.10
sym-triazine 5.65 (0.40) 5.45-5.70ben 6.68(0.23) 6.70
tetrazine ggi Egg;; 5_.2%0’"’”’ guanine 4.23(0.54)  4.50°¢
) ) 6. 5.02(0.33) 5.20
pyrrole 5.73(0.36)  5.70% 6.01 50.09; 6.00
gg; Eg-gg; 5;-?8 ‘ 6.18 (0.00) 6.6000
indole 450 (0.05) ¢.21-4.270 adenine 2:32 ES:%SZ oo
5.00 (0.29)  4.40-5.71 5.69 (0.96) 6.70
5.76 (0.84)  5.55-5.78
6.17 (0.81)  5.69
6.16 (0.12)  6.44

a K. K. Innes, J. P. Byrne, and I. G. Ross, J. Mol. Spectrosc., 22,125 (1967). ? H. Baba and I. Yamazaki, J. Mol. Spectrosc., 44,118
(1972). ¢J.E.Ridley and M. C. Zerner, J. Mol. Spectrosc., 50, 457 (1974). d J. E. Parkin and K. K. Innes, J. Mol. Spectrosc., 15, 407
(1965). € 1J.S. Brinen, R. C. Hirt, and R. G. Schmitt, Spectrochim. Acta, 18, 863 (1962). fR.W. Glass, L. C. Robertson and J. A. Merritt,
J. Chem. Phys., 53,3857 (1970). £ W. C. Price and A. D. Walsh, Proc. R. Soc. London, Sci. A, 179, 201 (1941). h L. Horner and H. Long,
Chem. Ber., 89, 2768 (1965). I L. W. Pickett, M. E. Corning, G. M. Wieder, D. A. Semenow, J. M. Buckley, J. Am. Chem. Soc., 75,1618
(1953). "H V. Schutt and H. Zimmerman, Ber. Bunsenges. Phys. Chem., 67, 54 (1963). k K. Kimuraand S. Nagakura, Mol. Phys 9,117
(1965). ! G. Favini and L. R, Bellobono, Rend. Ist. Lomb. Sci. Lett. A, 99 380 (1965). ™ M. N. Pisanias, L. G. Christophorou, J. G. Carter,
D. L. McCorkle, J. Chem. Phys., 58,2110 (1973). " R.C. Hirt, F. Halverson, and R, G. Schmitt, J. Chem. Phys., 22, 1148 (1954). ° G. H.

Spencer, P. C. Cross, and K. B. Wiberg, J. Chem. Phys., 35,1925 (1962).
@ R. M. Hochstrasser and C. Marzzacco, J. Chem. Phys., 48, 4079 (1968).
574 (1956). * R. Muller and F. Dorr, Z. Elektrochem., 63, 1150 (1956).

P N. Mataga, and S. Tsuno, Bull. Chem. Soc. Jpn., 30, 368 (1957).

’R C. Hirt, F. T. King, and J. C. Cavagnoi, J. Chem. Phys., 25,
tg. C. Wait and F. M. Grogan, J. Mol. Spectrosc., 24, 383 (1967).

¥ G. A. Spencer, P. Cross, and K. B. Wiberg, J. Chem. Phys., 35,1925 (1961). Y A. R. Osborn, K. Schofield, and L. N. Short, J. Chem. Soc.
4191 (1956). ¥ M. Gelus and J. M. Bonnier, J. Chem. Phys. 64, 1602 (1967). * H. B. Klevens and J. R. Platt, J. Chem. Phys., 17,470
(1949). Y A. D. Walsh, Trans Faraday Soc., 42, 66 (1946). # A. D. Walsh, Trans. Faraday Soc., 41, 498 (1945). 94 P, E. Stevenson, J. Mol.
Spectrosc., 17,58 (1965). % H. H. Chen and L. B. Clark, J. Chem. Phys., 51,1862 (1969). ¢ L. B. Clark and I. Tinoco, J. Am. Chem.
Soc., 87, 11 (1965). 94 K. Kimura and S. Nagakura, Theor. Chim. Acta, 3,164 (1965). 22 A. D. Walsh, Proc. R. Soc. London, Scr. A, 185,
176 (1948). f7J.S. Lake and A.J. Harrison, J. Chem. Phys., 30, 361 (1959). #¢ W, F. Forbes and 1. R. Leckie, Can. J. Chem., 36, 1371
(1958). "P W. F. Forbes and R. Shilton, J. 4m. Chem. Soc., 81, 786 (1959).

concern is in obtaining reliable potential surfaces, we gave a
relatively small weight to the dipole moments in the least-squares
fitting procedure. Yet, the agreement is similar to that obtained
in all-valence-electron calculations.'¢

(e) Equilibrium Geometries. The refined calculated equilibrium
geometries and the corresponding observed geometries are given

in Table IX. The table includes only representative samples from
each class of molecules. In general, the agreement is reasonable.

(f) Vibrationa! Frequencies. The least-squares refinement
procedure includes the vibrational frequencies of pyridine and
pyrrole. The refined calculated frequencies and the corresponding
observed results are given in Table X. We will mention here
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Table VII. Calculated and Observed Automization Energies (in
keal/mol) Included in the Optimization of the
QCFF/PI Parameters*

compound caled obsd
pyridine 11976 1194.39
quinoline 1965.1 1964.30
pyrimidine 1070.3 1071.0¢
pyrazine 1072.0 1070.9¢
pyridazine 1061.0 1051.3¢
sym-triazine 970.1 965.7"
pyrrole 1027.0 1031.24
carbazole 2584.0 2580.0¢
indole 1803.0 1800.14
imidazole 908.0 914.6¢
pyrazole 902.3 905.3¢
aniline 151.7 1481.0%
formaldehyde 369.3 364.6%
actaldehyde 641.0 649.4 £ 695.37
acetone 914.1 936.7¢
acrolein 793.4 805.97
glvoxal 620.1 615.1#
p-benzoquinone 1375.5 1382.2%
benzaldehyde 1569.7 15743
formamide 520.0 54427 561.3f

@ ].D. Cox, A. R. Challoner, and A, R, Meetham, J. Chem. Soc.,
265 (1954). ® G. W. Wheland, “Resonance in Organic
Chemistry”, Wiley, New York, 1955. ¢ J. Tjebbes, Acta Chem.
Scand., 16, 916 (1962). ¢ H. Zimmerman and H. Geisenfender,
Z. Elektrochem., 65,368 (1961). € Based on heat of combustion
given by Zimmerman and Geisenfender, footnoted.  Based on
heat of formation at 25 °C given by G. C. Sinke, “The Chemical
Thermodynamics of Organic Compounds”, Wiley, New York,
1969. # Based on the selected values of heat formation at 25 °C
given by J. D. Cox and G. Pilcher, “Thermochemistry of Organic
and Organometallic Compounds”, Academic Press, New York,
1970. "'S. W. Benson, J. Chem. Educ., 42, 502 (1965). ! All the
values reported are in kcal/mol and the calculated values were cor-
rected for the vibrational enthalpies at 25 °C.

several points about the assignment: the vibrational spectra of
pyridine was assigned previously by Corrsin et al.,?’ Kline and
Turkevich,?® Wilmshurt and Bernstein,”” and McCullough et al.28
For some frequencies the assignments are strikingly different. The
QCFF/PI offers a possibility to reach more unique assignments
since (a) the force constants are consistent with many properties
and not only vibrational spectra, and (b) the calculation involves
evaluation of infrared intensities.?® This allows one to assign
frequencies not only on the basis of symmetry but also on the basis
of the agreement between the calculated and observed intensities.
For the A, class the present assignment is consistent with that
of Corrsin et al. except the line at 1139 cm™ which is taken from
Kline and Turkevich.26 The assignment of this line is based on
both the calculated frequency and the calculated intensity. The
assignement of the B, and A, classes is the same as that of Corrsin
et al. In the B, class the assignment of Corrsin et al. was modified
where the 1043-cm™ frequency (observed in the Raman spectrum
of ref 25) was assigned as the highest frequency in this class. The
very weak line at 675 cm™ which is assigned by Corrsin et al. as
a B, line might be a hot band (1375 - 703 = 672 cm™), since
no weak intensity B, line is calculated for this region.

The vibrational spectrum of pyrrole was assigned by Lord and
Miller,?® Stern,® and Mirone.! There is significant descrepancy
between the different assignments. Our assignment (based on
calculated intensities, calculated frequencies, and examination of
the deuterium effect) is somwhat different from that of ref 29.

(25)) L. Corrsin, B. J. Fox, and R. C. Lord, J. Chem. Phys., 21, 1170

(1953).
(26) C. H. Kline, and J. Turkevich, J. Chem. Phys., 12, 300 (1944).
(27) J. K. Wilmshurt and H. J. Bernstein, Can. J. Chem., 35, 1183 (1957).
(28) J. P. McCullough, D. R. Douslin, J. F. Messerly, 1. A. Hossenlopp,

T. C. Kincheloe, and G. Waddington, J. Am. Chem. Soc., 79, 4289 (1957).
(29) R. C. Lord and F. A. Miller, J. Chem. Phys., 10, 328 (1942).
(30) A. Stern and K. Thalmayer, Z. Phys. Chem. Abt. B, 31, 403 (1936).
(31) P. Mirone, Gazz Chim. Ital., 86, 165 (1956).

Warshel and Lappicirella

Table VIII. Calculated and Observed Dipole Moments (in Debye)
Included in the Optimization of the QCFF/PI Parameters

compound caled obsd
pyridine 1.90 2,258
quinoline 1.86 2.31¢
isoquinoline .2.16 2.57%
pyrimidine 1.76 2.44¢
pyridazine 3.82 3.97%
pyrrole 1.81 1.844
indole 1.74 2.05¢
carbazole 1.21 2.11¢
imidazole 3.88 3.80/
pyrazole 2.64 2.214
formaldehyde 2.95 2.344
acetaldehyde 3.00 2.69¢
acetone 3.60 2.90¢
acrolein 3.51 3.11F
o-benzoquinone 5.41 5.1k
uracyl 4.47 5.18%
adenine 1.63 2.8
benzaldehyde 3.55 3.09
aniline 1.73 1.53¢
purine 54 432}
cytosine 7.7 8.0m

% A. L. McClellan, in “Tables of Experimental Dipole Moments”,
W. H. Freeman, San Francisco, 1963. ® W. C. Schneider, J. Am.
Chem. Soc., 70,627 (1948). ° E. G. Cowley and J. R, Partington,
J. Chem. Soc., 47 (1936). d 3. N. Shoolery and A. H. Sharbaugh,
Phys. Rev., 82,95 (1951). ¢ R.Kilb, C.C. Lin, and E. B. Wilson,
J. Chem. Phys. 26,1695 (1957). T R. Wagner, J. Fine, J. W.
Simmons, and J. H. Goldstein, J. Chem. Phys., 26, 634 (1957).
#].D. Swalen and C. C. Costain, J. Chem. Phys., 31,1562 (1959).
h'S, Nagakura and A. Kuboyama, J. 4m. Chem. Soc., 76,1003
(1954). ' C. W.N. Cumper, R. F. A. Ginman, D. G. Redford, and
A. L. Vogel, J. Chem. Soc., 1731 (1963). ' K. Hoffmann in
“Imidazole and Its Derivatives”, Part I, Interscience, New York,
1953. *P. Mauret and J. P. Fayet, C. R. Acad. Sci., Ser. C, 264,
2081 (1967). 'E.D. Bergmann and F. Weiler in “The Purines
Theory and Experiment”, Vol. 4, Eds., E. D. Bergmann and B.
Pulimann. The Jerusalem Symposia on Quantum Chemistry and
Biochemistry, p 21. ™ H. DeVoe and I. Tinoco, (estimated from
the dipoles of the corresponding methylated compounds), J. Mol.
Biol,, 4,500 (1962).

The 1146-cm™ mode, assigned in ref 29 to both A, and B, classes,
is not included in the A, class. The very weak Raman line at 1237
cm™!, assigned by ref 29 as an A, mode, is not included in the A,
class in view of its uncertain polarization. The previous assignment
of the strong line at 1146 cm™ as a B, N-H bending mode? was
found to be inconsistent with comparison of the calculated and
observed frequency shift upon deuteration of the pyrrole nitrogen.
The B, N-H was calculated in this work as a very weak line at
1364 cm™! which cannot be assigned to the strong line at 1146

cm™L

IV. Applications

The method presented in this paper was used extensively in the
past few years. Here we list several types of studies where the
method was found to be particularly useful.

(a) Calculations of Resonance Raman (RR) Spectra. The
calculation of ground- and excited-state equlibrium geometries
and vibrational normal modes provides a powerful tool for
evaluation of RR spectra of biological chromophores.® This was
demonstrated in calculations of the RR spectrum of retinal and
related molecules? and in analysis of the relation between “the
spin state marker” frequencies and the heme geometry in me-
talloporphyrins.> In order to demonstrate the method we present

(32) A. Warshel, and P. Dauber, J. Chem. Phys., 66, 5477 (1977).

(33) A. L. Verma and H. J. Bernstein, J. Chem. Phys., 61, 2560 (1974).

(34) T. G. Spiro, and T. C. Strekas, J. Am. Chem. Soc., 96, 338 (1974).

(35) T. G. Spiro and T. C. Strekas, Proc. Natl. Acad. Sci. US.A., 69, 2622
(1972).

(36) H. Ogoshi, Y. Saito, and K. Nakamoto, J. Chem. Phys., §7, 4194
(1972).
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Table X. Experimental and Calculated Vibrational Frequencies

Used in the Optimization of the Energy Parameters

bond caled exptl angle caled exptl
‘ N,-C, 1335 1.340¢ C,-N,-C, 120.8 116.9
O ,-C, 1.419 1.354 N,-C,-C, 121.2 1239
PN ,~C, 1409 1.394 C,-C,-C, 119.7 118.5
- C,-C,-C, 117.1 118.3
pyridine
N N,-C, 1.360 1.355¢ C,-N,-C, 119.1 115.1
O C,-C, 1.425 1395 N,-C,-N, 123.9 128.5
N N,-C, 1.339 1.335 C,-C,~C, 120.2 116.3
pyrimidine N,-C,-C, 118.3 122.6
/g N,-C, 1.335 1.334¢ C,-N,-C, 119.4 115.8
d j ,-C, 1423 1378 N,-C,-C, 120.2 122.7
& !\‘A 2
pyrazine
z—i N,-C, 1.344 13707 C,-N,-C, 110.1 109.8
AP C,-C, 1.385 1380 N,-C,-C, 108.9 107.1
I C,-C, 1.433 1.410 C,-C,-C, 106.1 107.4
pyrrole
P N,-C, 1.320 1.343¢ (,-N,-C, 108.1 107.2
LN C,-N. 1331 1326 N,-C.-N, 106.3 111.2
T‘ N,-C, 1.351 1378 C,-N,-C, 107.6 105.3
o C,-C, 1.396 1.358 N,-C,-C, 106.6 109.8
imidazole  N,-C, 1.328 1.369 C,-C,-N, 107.0 106.3
— N,-N, 1.333 1.3327% N,-N,-C, 110.5 111.7
q,\ N,-C, 1.331 1.323 N,-N,-C, 103.5 104.3
! C,-C, 1420 1.391 N,-C,-C, 107.1 111.7
pyrazole  C,-C, 1.403 1.369 C,-C,-C, 104.8 104.0
N,-C, 1.311 1.339 C,-C,-N, 107.5 107.5
=g C,-0, 1.229 12120 H-C,-0, 120.0 121.8
formaldehyde
S C,-0, 1.230 1.216/ C,-C,-0, 122.0 123.5
’ -C, 1.492 1.501
acetaldehyde
e C,-0, 1.233 1.222% C,-C,-0, 120.9 121.2
acetone ~C, 1.499 1.507
NN C,-0, 1.234 1.222' C,-C,-0, 121.1 121.1
; C,-C, 1.488 1477 C,~C,-C, 121.0 121.1
NS, C,-C, 1.348 1322 C,-C,-C, 117.6 117.1
p-benzoquinone
ok, C,-0, 1.231 1.219™ C,-C,-0, 121.8 123.1
>R OO0l 1473 1470 Co-CoeC. 1224 1195
acrolein C,-C, 1339 1.345

@ All bond lengths in A. ? All angles in degrees. ¢ B. Bak, L.
Hansen-Nygaard, and J. Rastrup-Anderson, J, Mol. Spectrosc., 2,
361 (1958). @ P.S. Wheatley, Acta Crystallogr. 13, 80 (1960).
€ P. S. Wheatley, Acta Crystallogr., 10,182 (1957). fD. H. Sutter
and W, H. Flygare, J. Am. Chem. Soc., 91, 6895 (1969). #S.
Martinez-Carrera, Acta Crystallogr., 20, 783 (1966).
Larsen, M. 8. Lehmann, I. Sotofte, and S. E. Rasmussen, Acta
Chem. Scand., 84, 3248 (1970). ' K. Takagi and T. Oka, J. Phys.

h§ . Krebs

Pyridine
obsd® caled
A, 3054 3093 (vw)
3054 (s) 3090 (vw)
3036 (vs) 3088 (vs)
1580 (vs) 1555 (s)
1482 (vs) 1440 (s)
1139 (vww)? 1140 (vvw)
1068 (s) 1047 (m)
1029 (vs) 1041 (s)
992 (vs) 994 (vs)
605 (s) 660 (m)
B, 3083 (vs) 3090 (vs)
3054 3087 (s)
1572 (vs) 1545 (w)
1439 (vs) 1439 (vs)
1375 (m) 1331 (w)
1217 1219 (s)
1148 (s) 1142 (m)
1068 1045 (w)
652 (w) 666 (w)
A, 981 (1) 1017
886 (1) 848
375 (1) 417
B, 1043 (vww)° 1049 (vww)
942 (vww) 915 (vww)
749 (vvs) 738 (vvs)
703 (vvw) 727 (vvs)
403 (s) 462 (m)
Pyrrole
obsdd calcd
A, 3400 3370 (vs)
3133 3104 (m)
3100 3103 (vs)
1467 1470 (m)
1418 (s) 1461 (vs)
1123 (vww)
1076 (vs) 1086 (w)
1015 (vs) 979 (m)
711 (vs) 802 (vw)
B, 3133 3108 (w)
3111 3101 (vvs)
1530 (vs) 1565 (s)
1384 (m) 1396 (m)
1364 (vww)
1146 (s) 1153 (w)
1046 (vs) 1065 (s)
768 (s) 782 (m)
A, 1091 (1) 1126 (1)
868 (1) 896 (1)
510 (0f 523 (1)
B, 1046 (m) 1117 (w)
880 (w) 931 (w)
647 (m) 676 (vvs)
565 (w) 524 (w)

1

, intensity notation vs, s, m, w, vw, 1

Soc. Jpn., 18,1174 (1963). ’ R.Kilb, C. C. Lin, and E. B. Wilson,
J. Chem. Phys., 26,1695 (1957). * R. Nelson and L. Pierce, J,
Mol. Spectrosc., 18, 344 (1965). ' J. Trotter, Acta Crystallogr.,
13, 86 (1960). ™ E. A. Cherniak and C. C. Costain, J. Chem.
Phys., 45, 104 (1966).

in Table XI a complete normal mode analysis of a metallo-
porphyrin (where the metal is represented as an effective o charge)
and compare the calculated and observed RR intensities in Figure
2. This study provides the first analysis of the out-of-plane
vibrations of porphyrins. Such an analysis could not have been
accomplished by conventional normal mode approaches because
of the complexity of the problem and the uncertainty about the
proper force constants. The RR intensities calculations were found
to be of great help in the assignment of the heme vibrations.

(b) Environmental Effects. The present method allows for a
convenient evaluation of environmental effects on spectroscopic

¢ All frequencies in cm™
for very strong, strong, medium, weak, very weak, and only Raman
active, respectively. The observed frequencies are taken from ref
25 except when indicated otherwise (also see text). b Taken from
ref 26. © See discussion in text. ¢ The observed frequencies are
taken from ref 29 except when indicated; otherwise for discussion
of the assignment, see text. ¢ Taken from ref 30. / Estimated in
ref 29 with the help of the product rule.

properties of conjugated molecules. The electrostatic potential
from the charges and dipoles of the given environment is incor-
porated into the w-electron Hamiltonian in the same way as the
electrostatic potential from the ¢ charge. That is, the diagonal
SCF matrix element of the isolated molecule (F,,*)° is modified
by:

F,*=(F,)" - %chz/’Ac + %MDTAD/’AD3 (21

where the »th 7 orbital is located on atom A, and Q and u are
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Table XI. Normal Mode Analysis of a Metalloporphyrin®

Warshel and Lappicirella

caled obsd® description caled obsd? description
Ay 3106 C-H 373 XC
3105 C-H 172 Xm
1600 1562} b-b, m-a 130 XN
1395 1370 (1425)? a-b, § (CH) Ey 3106 30764 C-H
1363 1336 § (CH), a-m 3103 30624 C-H
1106 998! 5§ (CH) 3082 3062¢ C-H
698 732! §(ma) 1652 1690¢ m-a, a-b
619 6742 a-N, & (ring) 1575 15504 b-b, m-a
316 368! N-M 1446 1520° a-b, § (CH)
Ag 3103 C-H 1400 13894 a-N, a-m, § (CH)
1610 1587 a-m 1340 13024 8§ (CH),a-N
1409 14207 §(CH), a-m 1310 §(CH), a-b
1360 1322! 5§ (CH), a-N 1180 1155* & (CH), a-b
1180 1143! §(CH), a-b 1103 9934 8(CH)
820 802! 8 (ring) 833 8434 8 (ring)
695 6043 8 (ring) Ey 770 7404 a-N, 8 (ma)
363 §(Na), & (ring) 645 a-N, 8 (Na)
B.g 3082 C-H 631 7034 a-N, §(ring)
1677 1631 a-m 460 3854 N-M
1545 15477 (1498) b-b 330 348° 8 (ring)
1334 1352 8(CH), a-N 226 2024 8(Na)
1207 1180 §(CH), a-b Ay 852 860 XH(m)
1096 1059* 8(CH) 855 XH
780 7602 5 (ring) 788 760 Xc
559 5(Na) 581 699* XC
238 206" N-M 278 Xm
B.g 3107 C-H 153 1674 XM
3082 C-H 54 XM
1470 1498 a-b Ay 579 XC
1422 1380! a~-N, a-m 290 Xc
1243 1288! 8(CH), a-m, a-b Biu 1063 XH
858 853! 8 (ring) 788 XH
650 a-N, &(ring) 594 Xc
426 426! 5(ring) 414 Xm
107 §(aN) 77
Eg 1064 XH B,y 1062 XH
787 XH 146 XN
% < * -
Xc

¢ The assignment is based on comparing calculated and observed RR and IR intensities. Frequencies in cm™'; the atom types a, b, m, N,
and M designate respectively the carbon atoms bound to nitrogen, the pyrrole carbon atoms which are not bound to N, the meso atoms, the
nitrogen atoms, and the metal atom. X-Y designate stretching frequency of an X-Y bond. & designates bending frequency, & (ring) desig-
nates bending of the whole porphyrin ring. x, designates out of plane deformation around atom y. b The observed frequencies are taken
from ref 33, 34, 35, and 36 which are indicated here as 1, 2, 3, and 4, respectively.

the partial charges and induced dipoles of the atoms of the en-
vironment molecules.’”*® If the environment molecules are
represented by permanent dipoles (rather than point charges), they
are included in the last term of this equation. The practical
evaluation of the solvent dipoles for polar and nonpolar solvents
was described in detail previously.’”%

As a demonstration of evaluation of environmental effects, we
describe here calculations of the spectral shifts in hemoglobin upon
allosteric transition; the hemoglobin molecule is characterized by
two tertiary structures: high oxygen affinity form, (r) and low
oxygen affinity form (t). Transition of the ligated hemoglobin
from r to t shifts the absorption spectrum of the Q and Soret(s)
bands to the red by 40-5 cm™.3* In order to calculate the
spectral shifts we evaluate the electrostatic potential from the
protein at the heme atoms using the X-ray structures of met-
hemoglobin and deoxyhemoglobin as representing the r and t states

(37) A. Warshel and M. Levitt, J. Mol. Biol., 103, 227 (1976).

(38) A. Warshel, J. Phys. Chem., 83, 1640 (1979).

(39) M. F. Perutz, E. J. Heidner, J. E. Ladner, J. G. Beetlestone, C. Ho,
and E. F. Slade, Biochemistry, 13, 2187 (1974).

(40) The spectral shifts upon the r — t transition in hemoglobin are caused
by two opposing contributions: the interaction with the protein is expected
to lead to a red shift and the displacement of the iron from the heme plane
is expected to cause a blue shift. Spectral shifts in five-ligand systems are
affected by the motion of the iron, and only in ligated systems, where the iron
position is relatively fixed, do we expect the observed shift to reflect the change
in interaction with the protein upon the r — t transition.

Table XII. Calculated Shifts of the Q and S Bands of the
Porphyrins upon r — t Transition in Hemoglobin

protein electrostatic
potential at the heme band AFE,cm’! f

potential from the t state Q 15533 0.226
S 28333 3.040
potential from the r state Q 15566 0.403
S 28370 3.057

% AE and f are the transition energy and oscillator strength of
the indicated electronic transitions. The degenerate S and Q
transitions are split by the protein electric field and the AE pre-
sented here correspond to the average value of the split transition
energies.

(see ref 41 for more details). The potentials from the protein
tertiary structures, which are presented in Figure 4 of ref 41, were
introduced into the SCF w-electron Hamiltonian of the heme
atoms using eq 21. The calculated spectral shifts are compared
to the observed one in Table XII. As seen from the table, the
calculation reproduces red shifts of the same order as the observed
shifts.

(c) Protonation Effects. Many biological processes involve
protonated chromophores. These include protonated Schiff bases
of retinal in rhodopsin and bacteriorhodepsin.® Calculations of

(41) A. Warshel and R. M. Weiss, J. Am. Chem. Soc., 103, 446 (1981).
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Figure 2. Calculated and observed® perpendicular and parallel contri-
butions to the RR spectrum of the Q band of a typical porphyrin: (a)
the calculated contribution of the A term to Jj; (b) the calculated B term
contribution to J; of the By, and A;; modes ethe calculated intensities of
the Byg modes are much smaller); zc) the observed Jjj of Cu—porphine®
(the line at 1498 cm™ is much weaker in other porpLyrins where other
strong By lines appear at ~1550 cm™); (d) the observed 7, for Cu—
porphine; (¢) the calculated B term contribution to 7 .

the effect of protonation on absorption and resonance Raman
spectra are straightforward. The proton charge is distributed as
a o charge between the proton and the atoms at the protonation
site (the ¢ charge distribution can be determined by all-va-
lence-electron calculations). This ¢ charge is treated simply as
any other ¢ charge by eq 13, inctuding the modifications of W,
by adding the Q,%va4 term associated with the new o charge. This
type of calculation was used extensively in studying the effect of
prot}grizzition on the spectrum of protonated Schiff bases of reti-
nal,?®

(42) A, Warshel, Nature (London), 260, 679 (1976).

V. Concluding Remarks

This paper presents an extension of the QCFF/PI method to
heteroatom-containing conjugated molecules. The extension in-
volves incorporation of the ¢ charges into the n-electron Ham-
iltonian by treating formally the SCF equation as an all-va-
lence-electron problem, assuming zero o—w overlap, and then fixing
the g-electron bond orders. The resulting submatrix of the «
orbitals is the one used for the w-electron calculations. The
incorporation of the potential from the ¢ atom of a given molecule
in its w-electron Hamiltonian is generalized to incorporate potential
from charges and induced dipoles of neighboring molecules (eq
21). This offers a simple and reliable way of incorporating en-
vironmental effects in calculations of spectroscopical properties
of biological chromophores. This can be applied in detailed studies
of spectral shifts of substrates or prosthetic groups in active sites
of proteins with known X-ray structure. Such a study is dem-
onstrated here for the spectral shift of hemoglobin upon r —t
transition. Other related studies are now underway in our lab-
oratory.

Incorporation of external potentials from neighboring molecules
in m-electron calculations might be crucial for consistent study
of the important class of charge-transfer crystals of TCNQ and
related molecules.*? In such cases, the present method can be
implemented in the Molecular Crystal Analysis (MCA) pro-
gram. 4

The extension of the QCFF/PI method to conjugated molecules
allows for interpretation of RR spectra of most biological chro-
mophores. This is demonstrated here by the normal mode analysis
of a porphyrin. Other studies are reported in ref 3. The present
approach also offers the possibility of studying environmental
effects on RR spectrum of biological chrmophores. Such studies
may be done by simply using eq 21 in calculating RR spectrum
of chromophores in protein active sites.
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Study of Additivity of Correlation and Polarization Effects in

Relative Energies

Michael L. McKee and William N. Lipscomb*

Contribution from the Gibbs Laboratory, Department of Chemistry, Harvard University,
Cambridge, Massachusetts 02138. Received December 2, 1980

Abstract: Calculations are reported at the 6-31G and 6-31G** level with and without inclusion of all double excitations
(CID/6-31G and CID/6-31G**). The relative effects of polarization or correlation are compared with calculations involving
polarization and correlation. The error in additivity is ~2 kcal/mol for systems involving simple geometric changes and ~4
keal/mol for systems involving dimerization and molecular combination. These results are especially interesting in electron-deficient
systems involving relatively large corrections due to differences in classical vs. nonclassical bonding. We emphasize that additivity

in total energies is neither expected nor observed.

As computers become more efficient and computer methods
more effective, the problem of correlation is becoming more
tractable. Several prominent groups in theoretical chemistry have
recently’? solved the problem of determining analytical gradients

(1) Brooks, B. R.; Laidig, W. D.; Saxe, P., Goddard, J. D.; Yamaguchi,
Y.; Schaefer, H. F., II1 J. Chem. Phys. 1980, 72, 4652.

0002-7863/81/1503-4673801.25/0

from correlated wave functions. Other groups are concerned with
ClI effects and geometries® notably Kutzelnigg*® and Meyer.!%!!

(2) Krishnan, R.; Schlegel, H. B.; Pople, J. A. J. Chem. Phys. 1980, 72,
4654,

(3) De Frees, D. J.; Levi, B. A,; Pollack, S. K.; Hehre, W. J.; Binkley, J.
S., Pople, J. A. J. Am. Chem. Soc. 1979, 101, 4085; 1980, 102, 2513.
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