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A new semiempirical scheme, referred to as NDDO-G, for calculating geometries and spectroscopic properties
of molecules, is described. The method is based on the NDDO (neglect of diatomic differential overlap)
approximation. It uses the point-charge model and the Mathlighimoto formula to evaluate two-center
two-electron integrals. The NDDO-G model has been parametrized for the elements H, C, N, and O. Molecular
geometries of organic molecules are well predicted by NDDO-G; for 60 molecules, the mean absolute error
of bond lengths is 0.014 A and that of bond angles i$.IT8e spectroscopic variant of the NDDO-G scheme
provides electronic excitations using configuration interaction of singly excited states (CIS). It has been applied
to calculate absorption spectra (vertical transitions) of several dozens organic molecules and photoelectron
spectra within Koopmans’ approximation. These NDDO-G results are compared with experimental results
and with results of high-level ab initio calculations. The mean absolute error of NDDO-G excitation energies
is 0.13 eV= 1050 cm (196 comparisons). First and several higher ionization potentials are reproduced
with a mean absolute error of 0.24 eV (123 comparisons). The proposed method may be used for studying
structures of large organic and biological molecules and for interpreting and predicting their absorption and
photoelectron spectra. As an example, we discuss the spectroscopy of free-base porphin.

Introduction excitation energies is provided by the SAC-CI (symmetry-

adapted cluster-configuration interaction) methbd.

for analyzing chemical and biochemical systems. However, the q Ho_\;vet\;]er, the t_)c?ttleglec_k due to r_noIeCI_Jllaglsae S0 f?_r remains

interpretation of electronic spectra of molecules has remained espite the considerablé increase in avariable computing power.
At best, a molecular system with up to-230 first-row atoms

a challenge for both experiment and thedr@urrently, two . o o -
approaches are used to calculate absorption spectra: high-leveﬁ:an be studied with high-level ab initio schemes, and in these

ab initio and semiempirical quantum chemical calculatibhs. cases only where there_ls high symmetry. Therefore, many
Although ab initio CIS theory (configuration interaction based important systems, especially those of biological importance that
on singly excited configurations) may be considered as an generally have no symmetry and even reasonable models of

affordable technique for calculating molecular electronic excita- sugh SYSte”ﬁ‘?- I|Ie far bczyond these approta<t:.hes.” h

tion energies, in general this approach is not accurate and reliable emieémpirical procedures are computationally much 1ess

enough; typical errors are greater than 1%€%6 improve this demanding than ab initio met7hod§, and the_refore_, the_y remain
situation, a more sophisticated treatment of electronic correlation very useful for large _systerﬁé. While theoretically inferior to .

is required. A few years ago the CASPT2 methodology high-level methods in the sense that there are no systematic

(complete active space method supplemented by a second-ordeffays to improve them, semiempirical approaches are able to
perturbation scheme) was proposed as a very promising high_reveal the main features and trends of a given class of systems,

level ab initio approach for calculating electronically excited comp_?rhablltla\lt[g)g/lgh-levr?l ?gthods bg.t ataS|g|n|f|cafnél¥rreduc;eld
statest5 This method accounts for correlation effects associated €0St: The metho (mter.me. late neglect of differentia
with different types of excitations in a balanced way. It has overlap/spectroscopic parametrization) parametrized at the_ CIS
been successfully applied to a number of small and medium- level of theo_ry has proven to be a useful tool for cgl_culatmg
size molecules (see refs 6 and 7 and references therein). spectroscop{:ngropertles of organic 3d and 4d transition metal
The coupled-cluster method also provides a reliable treatmentcompoundé' After gugmentatlon (.)f the I.NDO/S scheme by
of excited states and has been employed for a number of & treatment of the Sp@rb't Interaction, th's. madel has also
molecular system&-13 Recently, Bartlett and co-workers have been extended to excited states of lanthanide moleétiles.

presented a new variant of the method, STEOM-CC (similarity _ Since the NDDO approximatiéh (neglect of differential

transformed equation-of-motion couple-cluster), which allows gliatomic overlap) contains more of the two-electron integrals,

accurate and efficient calculations on excited stiteEhe it should be more accurate than the INDO scheme at small cost
performance of the approach was demonstrated by application'” computing time. Qne m_|ght ther_ef(_)re expect to gain more
to the electronic excitation spectrum of the free-base porfhin. reliable spectroscopic predictions within this scheme, especially

Another quite similar high-level ab initio scheme for calculating for transition metal compounds. .Further.m.ore, for o-metal
complexes the INDO/S approximation exhibits a fundamental

t Technische UniversitaMinchen. deficier_my; _it can be ;hoyvn that th(_e extra int_e_grals of _the NDDO
* University of Florida. approximation are quite important in determining the ligand field
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Ultraviolet and visible spectroscopy is a very important tool
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splitting. Nowadays semiempirical methods based on the NDDO TABLE 1: Optimized NDDO-G Parameters

approximation (MNDCG** AM1,2> PM326 and MNDO/d&729 H c N o
are widely applied to studies of the structure and thermochem- U (V) 1338 5074 7162 "02.23
istry of various molecular systerdHowever, these methods U, (eV) _3958 _58.87 ~79.94
fail to predict spectroscopic parameters accurately endlitihe @Sp(au) 1.20 1.70 235 3.50
purpose of the present work is to parametrize the NDDO model £, (au) 1.70 2.35 2.65
for spectroscopy and molecular geometry and to study its Bs(eV) —10.32 —20.20 —22.92 —36.00
performance. The resulting unified approach to ground-state /e (eV) —11.90 —27.78 —40.00
Bz (eV) —-10.19 —-27.28 —40.00

properties and excitation energies will be referred to as the
NDDO-G method (neglect of differential overlap, Garching

. . e coordinate system, the-resonance interaction is calculated
Gainesville parametrization).

using the parametergs and 5, while for the w-resonance
interaction an additional parametét, is employed. This
weighting ofr components is similar to that used in CNDO/S
For orthonormalized atomic orbitals (AO) the Fock equation and INDO/S? The overlap integral§,, are calculated using
of a closed-shell system can be written as Slater-type orbitals with exponents and &p.
FC=CE (5) Two-center two-electron repulsion integrads 1) are
o estimated using a scheme that ensures rotational invarfance.
The diagonal matribE contains the energy eigenvalues of the As established earlier for the INDO/S modeit was also found
molecular orbitals (MO) that can be used to estimate the for the NDDO-G scheme that the Matagilishimoto formulé*
ionization potentials according to Koopmans' theorem, at least for the two-electron repulsion integrals allows a more accurate
for the delocalized MOs of this study. The coefficients of each reproduction of excitation energies than the OhKtopman
molecular orbital are collected in columns of the square matrix formula, applied in MNDO-like method¥.The additive terms
C. The matrix elements of the Fock operaforare specified required for evaluating the integrals are chosen in such a way

Method and Parametrization

by3 as to reproduce the corresponding one-center two-electron
integrals atRag = 0 (see ref 27 for more details). .
Fu=U,+ Zvﬂ#aB + vav(gﬂv_llzhw) + intig;/;gél_rf#:cet;(opr;zs\;viirne tried for the cereore repulsion
ZZP”W'M) E2e= 7,Zy(S )1 + 4 expl-0pgRa)]
Fo= ZVW,B +Y,P,(3n,,~9,,) + ZZF’MW%M) with the adjustable bond-dependent paramefgrallowing the

most accurate reproduction of molecular geometries and there-

_ 1 fore was employed in the parametrization. For organic com-

Fﬂx—ﬂ,m_ /2ZPW1(/W!K’1) pounds composed of the H, C, N, and O compounds, 10

v parametersiag are needed, one parameter per each type of bond.

The indicesu and v in these expressions designate atomic NOte for comparison that the AM1 and PM3 schemes employ

orbitals of center A, while the indicasand/ belong to center ~ 40 and 28 parameters, respectively, to describe -ocoee
B. The following terms are included in the Fock matrix. repulsion of these four elements.

(1) The one-center one-electron enerdiés represent the ~ For each of the atoms C, N, and O, seven parameters were
sum of the kinetic energy of an electron in Mhnd its potential fitted using spectroscopic reference datq for selected organic
energy due to the attraction by the core. These energies may b&ompounds (Table 1): ‘the core energiels and Uy, the
derived from experimental valence state energies of the corre-€XPonentsis and ¢, required for estimating overlap integrals,

sponding atomic configurations or may be treated as optimized @d the resonance parame{@sss,, 5. For H, three parameters
parameters. were optimized: 4 &s, and s (Table 1). The NDDO-G

(2) In an sp basis set only two types of one-center two- parameters for H, C, N, and O were adjusted to best reproduce

electron integrals differ from zero: the Coulomb integrgls the experimental c_haracter_isti_cs using a Ieast-squar_es f_it to
= (uu,vv) and the exchange integrats, = (uv,uv). We use molecular geometries, excitation energies (also taking into
the spectroscopic values of these paraméfers. account .the. correspondlng oscillator strengths; Table 2), and

(3) The core-electron attraction termé,, s between the one- vertical ionization potentials of about 40 molecules (see

center electronic distributiomy of atom A and the core of atom ~ SUPPorting Information). The success of a semiempirical
B is evaluated using the corresponding two-center two-electron parametrization substqntlglly depends on the choice of molecules
integral: V5 = —Zs(uv,$s?) where § is an s orbital ands in the training set. Taking into account that the NDDO-G method

is the effective nuclear charge of center B. is intended for calculating rather extended organic molecules

(4) The two-center one-electron resonance integialsare and biologically relevant models, large molecules should be
obtained in the molecular coordinate system by a rotational Included in the parametrization set. On the other hand, Cl
transformation of the corresponding terms evaluated in a local Calculations of extended systems are time-consuming, and

coordinate system with one axis oriented along the AB therefore, the number of compounds in the training set has to
“diatomic” direction? The quantitiesf.. are taken to be be limited. Thus, several parametrization runs were carried out

proportional to the orbital overlag,: starting from different parameter values and using different
‘ training sets. The initial parametrizations employed about 20

Bu= B+ B S molecules and 100 reference properties. A nonlinear least-

squares method was used to optimize the semiempirical
where the parametefs andf, are chosen empirically to yield ~ parameters. The resulting optimized parameter set was tested
the best agreement with experimental data. In the local in extensive survey calculations in order to choose the set that
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TABLE 2: Calculated and Observed Excitation Energies (eV)

Molecule Exp.® NDDO-G INDO/S Molecule Exp.* NDDO-G INDO/S Molecule Exp." NDDO-G INDO/S
Ethylene 8.00° 796 834 Pyrene* 3.71 3.63 3.70 1,3-Diazine 3.85°¢ 4.15 4.06
= O‘ 455 467 474 @ 512¢ 526 503
N 670 645 639
1,3-trans-Butadiene ~ 5.92° 5.74 5.84 ‘O 3.14 5.10 520 \ 757¢ 764 733
NS 666° 669 656 632 610 619 ' ' '
. Naphthacene* 2.63 2.89 2.92 1,4-Diazine 3.83° 372 3.73
Benzene 4.76 4.58 4.69 OOOO 314 3.07 313 N 481° 503 4.65
@ 607 387 605 CocC 451 434 443 [N/j 638° 608 619
673 6. .
3 68 688 518 524 535 767° 783 761
Styrene 4.26° 4.30 440 547 345 5.59 1,3,5-Triazine 4.49° 4.56 4.33
CH=CH, 500° 492 5.5 38 607 621 A 459 466 449
[ c
@ Chrysen® 343 338 345 NN 176 800 753

Naphthal 390 382 390 OO 28 378 386 Indol 436 408 412
apht cne B R .
p m O ‘ 464 454 462 . igr 46l 4c8
0 e v ew . s ams0 Y e se e
: . ‘ 558 578 5.96 63 508 603
620 617 637
Biphenylene 3.11 3.08 3.13
643 641 6.55 Quinoline 395 395 397
345 361  3.63
O-O 500 511 527 a N 405 396 403
i . . 1,2-Benzantracene 322 327 3.34 | J 452 456 456

346 358 385 N

4.31 4.27 4.36
4.62 4.53 4.63

5.40 5.38 5.38
6.11 5.99 6.04

176 2.00 2.05
3.51 3.35 3.45

Azulene
4.43 4.17 4.27 Isoquinoline 391 3.95 3.93
ol Ay m o
2N 466 450 456
Acenaphtylene 3.00 3.05 3.07 543 5.54 5.66 5.74 5.62 5.68
_ 364 383 394 615 612 646
0.0 284 388397 Benzophenanthrene® 338 3.36 3.43 Preridine” . >0 2!
453 455 465 sgr 287 396 [Nﬁ 410 433 399
542 520 538 6 N 524 527 555
Q 441 43l 440 590 598 596
Acenaphtene 3.86 3.77 3.84 O 4.71 4.78 4.86
' 412 423 427 544 544 554 1,5-Naphthyridine® ~ 4.10 409  3.99
OO 542 537 529 552 561 575 B Ny 482 493 484
58 584 537 Triphenylene® 3.71 3.55 3.63 NN 601 582 585
Benz{flindene 336 360 368 ‘ 409 405 4.16 Phthalazine’ 419 415 411
412 413 417 436 425 434 =N 478 484 4T3
OO‘I 484 474 479 OO 481 468 678 ©C"ﬂ 576 579 583
513 520 523 O 520 513 569 Acridine 327 348 350
589 583 573 395 593 606 N 350 353 3.64
611 607 594 621 617 638 O / 366 365 371
646 635 616 666 656 674 " 498 48 494
Pyridine 459° 435 438 Furan 606 561 571
Anthracene 3.31 3.36 342 x 4.83° 487 479 o 7.80 764 7.83
OOO 3.66 348 353 IN/ 6.20° 6.07 617 \ /
492 479 488 7225 700 710
567 5.59 571 Phenol 4.46 4.33 4.37
Pyrrole 592 547 541 o 570 544 551
Phenanthrene 358 356 3.64 ®) 600 563 550 644 644 662
6 424 414 424 N 7.30 721 7.20
O O 495 484 494 Benzaldehyde 350 352 331
5.08 4.96 5.04 1,2-diazine 3.60° 3.94 3.72 CHO 431 4.42 455
563 549 562 ENJN 500° 517 498 508 537 559
572 565 575 Z 7.30¢ 7.35 7.37 620 625 643



4556 J. Phys. Chem. A, Vol. 103, No. 23, 1999 Voityuk et al.

TABLE 2: (Continued)

Molecule Exp.* NDDO-G INDO/S Molecule Exp.® NDDO-G INDO/S Molecule Exp.* NDDO-G INDO/S
p-Benzochinon 2.59 2.63 2.58 Anthrachinon’ 292 2.96 2.90 Thymine 5.10° 498 5.06
285 305 264 o 371 415 3.69 0 600° 593 609
H,C.
446 449 486 d 60° 6. :
o:©:o 457 506 420 \Elt't 6607 665 665
517 541 568 O‘]O N o
493 527 5.24 H
Indanon 373 341 328 © .
d Cytosine 4.60 4.45 4.37
o 432 4.39 445 1-Nitronaphthalene' 3.10 2.93 2.45 f
52 530 545 NH, 550° 574 563
: . : N, 3.22 3.20 3.38 N 630° 613 617
607 608 609 | P
OO 345 333 3.74 N0
- i . 4. 4, A
p-Naphthochinone 3.73 12 30 481 453 490
2 496 521 542 558 . sss Adenine 4608 455 427
505 542 567 : : ' NH, 480% 476 460
AR £ 582 587
J 2-Nitronaphthalene?  3.10 3.0 2.83 ¢ ) 6.00 8
N N 6308 6.18 6.13
1-Naphthaldehyde 335 342 321 N, 347 337 371 6805 650 739
cHo 377 377 386 409 390 420
399 411 425 477 459 485 Guanine 440 412 393
0 490 487  4.68
500 510 524 588 536 621 N
523 544 554 ¢7 )IN\ 570 550 498
Uracil 4.50° 4.66 4.02 N N7 ONH, 6.20 6.39 6.19
d
Fluorenone 3.14 3.02 2.90 o) 5.10° 518 531 6.60 677 6.47
0 379 353 3.69
fﬁ’t 6.00° 6.24 6.43 Mean error . -0.01 0.03
O‘O 413 408 420 o (196 comparisons)
485 505 524 H 6.60°  6.62 6.60 Mean absolute error 013 017
500 544 562 7.00° 734 7.40 Maximum deviation 049 072

a Reference 35 unless stated otherwisReference 13 Reference 12¢ Molecules not included in the training set of the parametrizafiteference
9. fReference 10¢ Reference 7.

yields the most balanced results. Molecules that had large TABLE 3: Mean Absolute Errors for the NDDO-G,
differences between calculated and experimental properties werdNDO/S, AM1, and PM3 Models

included in the training set and the parameters reoptimized. In M2 NP NDDO-G INDO/S AM1 PM3
this way, we used increasingly larger molecular sets _of_ Up 10 pond lengths, A 60 176 0.014 0.019 0.011
34 species and 180 reference values (see Table 2). This iterativeésond angles, deg 60 90 1.8 20 22
refinement procedure was repeated eight times. excitation energies, eV

CH compounds 18 83 0.10 0.12

The electronic spectra were calculated using configuration

. . . . . CHN compounds 13 48 0.15 0.15
interaction of selected singly excited states (CIS). The active  cpyno compounds 16 65  0.17 0.27
space was defined to include all orbitals from the lowest 47 196 0.13 0.17
occupiedr MO to the highest unoccupied MO; all possible lonization potential§eV 46 123  0.24 040 060 0.64

‘single” excitations that can be generated in this active space  aNymber of molecules? Number of comparisons Vertical ioniza-

were taken into account. Note that the lone pairs of N and O tion processes.

responsible for n— x* transitions are included in the active

space determined in this fashion. One may expect that usingnuclear repulsion energy is a constant under the Fra@ckdon

the same selection procedure for the CI space in both param-fixed-geometry approximation.

etrization and application will lead to the most accurate

NDDO-G predictions of spectroscopic properties. Vertical Results and Discussion

ionization potentials were calculated from the corresponding ) ]

orbital energies using the frozen orbital approximation as Molecular Geometnes Experimental structural parameters

suggested by Koopmans’ theorem. The calculations were carriedfor 60 molecules in the gas phase were taken from standard

out with the programs SIBI& and ZINDO33 complla?t|0n§4 and occ_asmnally from_prewous semiempirical
During the optimization, the orbital exponeriisand, of evaluationg* Comparison of experlmentall and calculgtgd

C and N converged to similar values and thus were set to beStructures showed that NDDO-G geometries are of similar

equal. The final parameters are listed in Table 1; the values @ccuracy as AM1 and PM3 data (for details, see Supporting

found by fitting were rounded off so that there is no effect on Information). The mean absolute error,

the accuracy of the method. The parametrization yielded the

following core—core repulsion parametesgg in (in A1) 2.24 1 N calc  exp

(H—H), 2.81 (H-C), 3.12 (H-N), 3.35 (H-0), 2.78 (C-C), N Z“:i F)

2.87 (C-N), 3.10 (C-0), 2.91 (N-N), 3.10 (N-0), and 3.18 =

(O—0). Note that theseing parameters are required only for estimated for 176 bond lengths amounts to 0.014 A in NDDO-

geometry optimizations; they do not directly affect the computa- G, 0.019 A in AM1, and 0.011 A in PM3 (Table 3). Bond angles

tion of vertical excitation or ionization processes, since the are reproduced with very similar accuracy; the mean absolute
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errors found for 90 bond angles are L.GNDDO-G), 2.0
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<3

® NDDO-G

(AM1), and 2.2 (PM3) (Table 3).

Because these three semiempirical methods provide rather
reliable structures close to experimental results, the vertical
transition energies as well as ionization potentials calculated
within NDDO-G are often not very sensitive to the method
employed for generating the molecular structure. However, from
a practical point of view it is convenient to use the same method
for estimating both geometric and spectroscopic parameters. In
some models using the experimental geometry yields the most ¥
accurate spectroscopic predictions, as the spectroscopy seems 12 8 4
more sensitive to geometry than is the total energy of the ground
state? On the other hand, in many systems of biological interest,
an accurate experimental geometry is not available. Thus, for
this study excitation energies and ionization potentials were
evaluated at the NDDO-G geometries.

Excitation Energies Table 2 lists excitation energies cal-
culated for 47 organic molecules together with available
experimental dat& In general, good agreement between
experimental values and those calculated with NDDO-G is
found. For 196 excitation energies the mean absolute error is L ‘ L
0.13 eV or 1050 cm! (Table 3). The INDO/S method exhibits T2 78 9 10
also very good performance with a mean absolute error of 0.17 Exp. (eV)
eV (Table 3). The most accurate estimates of excitation energiesFigure 1. Correlation between calculated and experimental excitation
may be obtained forr-hydrocarbon molecules; the values of energies for 47 molecules (in eV).
the mean absolute error for 18 molecules (83 comparisons) are
0.10 and 0.12 eV for NDDO-G and INDO/S, respectively (Table
3). For nitrogen-containing compounds both methods are equally
accurate; for 13 molecules the mean absolute error is estimated
to be about 0.15 eV based on 48 excitation energies. However,
the two semiempirical schemes differ substantially for oxygen-
containing molecules (CHO and CHNO compounds; Table 3).
On the bas.ls of 65 excitation energies of 16 molecules, the Figure 2. Two resonance€,, structures of porphin. ThBz, structure
corresponding mean absolute error of INDO/S, 0.27 eV, reducesis gptained by averaging.
to 0.17 eV for NDDO-G (Table 3). Thus, in the present study,
the main improvement by the NDDO-G scheme is found for ~ Actually, various quantum chemical methods yield signifi-
oxygen-containing molecules. The correlation between results cantly differing structures of free-base porphin with noticeable
calculated with NDDO-G and INDO/S and experimental excita- differences in the calculated excitation spectra. At the ab fAitio
tion energies (196 comparisons) is illustrated in Figure 1. and semiempirical AM¥ levels of theory it was found that

One of the most appropriate fields for applications of the the restricted HartreeFock approximation art|f|c_|ally favors a
NDDO-G model involves biological systems in which BV structure of free-base porphin with alternating bonds and

visible spectra are the only analytical tools available to follow relatively low symmetryﬁzq. This is at variance with expert-
activity. As shown in Table 2, NDDO-G reproduces the mental result® as well as with the results of quantum chemical

observed spectrum of indol well. This chromophore is a part of methods that take electron correlation into account, like MP2
the amino acid tryptophan that is responsible for the UV and the local density approximatid®which all yield structures

. ) . ; with almost equivalent €C bonds in the porphin ring that
absorption of proteins. Comparison of experimental and calcu- . .
features approximateéDy, structure. Even the unrestricted

lated spectra of nucleic bases uracil, thymine, cytosine, adenine’Hartre&Fock (UHF) method leads to such a structure with
and guanine reveals good agreement between observed angonjugated bond€# Unlike all other semiempirical ap-

predpted dfata (lT"f‘b'g 2)- Thedmeanfabsogutzzer\r;)_r o{ﬁéco'tf‘st'?n proaches, MNDO, AM1, and PM3, which predict bond alter-
ENErgies ol nucleic bases reduces from U.2o v in O ations of AR = 0.07-0.08 A, the spin-restricted NDDO-G

0.15 eV in NDDO-G. This good agreement suggests the usage
of the NDDO-G scheme to interpret and predict spectroscopic

properties of polynucleotides and related systems. A.42 A UHF procedure improves the geometry calculated with
Application to Porphin. To illustrate the performance of MNDO-like methods. However, the UHF method has the
NDDO-G for a system of biological relevance, we now turn to  distinct drawback of yielding a poorly defined mixture of spin
a discussion of free-base porphin (see Figure 2). For further states and an unphysical alternationooénd spin densities
assessment of the method some additional comparisons withat adjacent carbon centers of porphin.
high-level ab initio results on this system are presented. The The experimental spectrum of free-base porphin consists of
electronic spectrum of free-base porphin has attracted muchthree region: (1) four rather weak bands in the visiblg0Q
attention, since this molecule is a basic unit of porphy#$#§.3° 0), Q(1-0), Q(0-0), and Q(1-0), (2) the very intense peak
Because the geometry of porphin considerably affects its B (Soret band) with the shoulder N, and (3) the higher UV bands
spectroscopic properties, we start by discussing the molecularL and M. As suggested in the notation, the vibrational structure
structure. is quite apparant in the Q-bands, and our calculations refer only

- N W s U N ®©
T T
03

cdog b L b4y

1 I 1 l
3 4 5 6

method gives almost equivalent bond®} = 0.01—0.02 A, in
good agreement with the experimental valueAd® = 0.025
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TABLE 4: Calculated and Observed Absorption Spectrum of Free-Base Porphine (in eV)

band state expt NDDO-G INDO/S? STEOM-CCSD CASPT?2 SAC-Cl®

Q 11B3, 1.98 (0.01) 1.75 (0.0001) 1.72 (0.01) 1.75 (0.0007) 1.70 (0.001) 1.75 (0.0001)

Q 11By, 2.42 (0.06) 2.07 (0.02) 2.05 (0.04) 2.40 (0.013) 2.26 (0.016) 2.23 (0.0006)

B 21Bs, 3.33 (1.15) 3.25 (1.49) 3.27 (1.30) 3.47 (0.693) 2.91 (1.66) 3.56 (1.03)
2'By, 3.46 (2.51) 3.51 (2.29) 3.62 (1.20) 3.04 (1.54) 3.75 (1.73)

N 3'Ba, 3.65 (<0.1) 3.91 (1.43) 3.97 (1.47) 4.06 (0.93) 4.24 (0.98)

L 31B,, 4.25 (~0.1) 4.37 (0.25) 4.35(0.32) 4.35 (0.42) 4.52 (0.35)

L 4By, 4.67 (~0.1) 4.77 (0.10) 4.82(0.13) 5.00 (0.15) 5.31(0.28)
4By, 4.86 (0.12) 5.15 (0.08)

M 51Bs, 5.50 (~0.3) 5.09 (0.17) 5.07 (0.03) 1B,,5.17 (0.27) 5.45 (0.35)
5'B,, 5.20 (0.15) 5.16 (0.07) 18,,6.07 (0.18)

51B,,6.57 (0.04)

a QOscillator strengths given in parenthestReference 15 Reference 39 Present work® Reference 38.

to Amax from the Franck-Condon overlap, one for and one TABLE 5: Triplet Excitation Energies (in eV)

for Qy. Table 4 compares the experimental spectrum of porphin exptP NDDO-G NDDO-@
to calculated results of various methods. The molecule is placed ethylene 4.40 2.46 4.22
in thexy plane with the two internal hydrogen atoms along the  1,3+ransbutadiene 3.20 1.58 2.81
X axis; the structure has approximatddy, symmetry (Figure 4.95 2.92 4.77
2). benzene 3.95 222 3.80
, 4.76 3.68 5.17
Overall, we find good agreement between calculated ND- 5.60 4.68 6.06
DO-G and experimental excitation energies of free-base porphin naphthalene 2.98 1.63 2.81
(Table 4). As just mentioned, all methods, ab ifRtig?3°and - 3.82 2.68 4.21
semiempirical, predict the excitation energy for the @and, pyridine 4.1 2.45 4.08
which belongs to @B3, state, which is too low. The experi- furan %%)9 32'%75 435727
mental splitting Q@—Q, is well reproduced by the semiempirical 5 0% 317 484

methods and not by the ab initio methods. The NDDO-G and
INDO/S results for the B band are in very good agreement with
the observed spectrum. In accord with the STEOM-C&3ibd
CASPTZ8 calculations, the B band is assigned to the states
21B3, and 2B3,. While NDDO-G predicts the excited stattBg,

to be 0.26 eV higher than th i tal val fthe N k
o e ev mgner mhaf fne Sxperimental va'ue of the I pea, Limitations. There is an important limitation that NDDO-G

the assignment is identical to the traditional interpretation, which . S .
g b shares with INDO/S. Both methods predict triplet excited states

is also supported by the CCSD calculatiénAll methods L
correctly predict the ordering of the Q and B bands deduced _S|gn|f|cantly too low (Table 5). So far, we were not successful

from polarization experiment$.The first and second L peaks n developing a compu_tational _scr_]eme tha_t simultane_o_usly
may be assigned to statesB3, and 4By, respectively reproduces singlet and triplet excitation energies with sufficient

Although there is a difference of about 0.2 eV between the accuracy. Ridley and Zerner suggested using separate parameter
NDDO-G and CCSD results for the'Bs, excited state, we sets for singlets and triplet8 Within NDDO-G, the results for
u 1

assign this transition to the second L peak whereas Gwaltneyt”plet excitation energies can be considerably improved when
and Bartleft> suggest assignment to the M band (Table 4). The the parameterg; are enlarged by a factor of 1.35 (Table 5).
excitation energies for the state&B3, and 5B3, calculated )

semiempirically are in good agreement with the observed M Conclusions

band. On the basis of the NDDO approximation, we have presented

By use of the NDDO-G scheme, we found that theaRd a unified semiempirical model, termed NDDO-G, for calculating
Qy bands are very sensitive to small changes in the structure.structures and electronic spectra of molecules. The method was
In fact, for the PM3 structure with bond alternation, we parametrized for the elements H, C’ N, and O. Emp|oy|ng bond-
calculated the @nd Q, peaks at2.31and 2.47 eV, respectively; type parameters in the NDDO-G expression of the co@me
these transitions are 0.56 and 0.40 eV higher than thoserepulsion allows ground-state geometry optimizations. Molecular
calculated for the NDDO-G structure with approximaden structures are predicted with an accuracy comparable to that of
symmetry. Note that NDDO-G calculations withn, constraints ~ AM1 and PM3. Electronic absorption spectra are calculated via
result in excitation energies of 1.68 and 2.04 eV, which are configuration interaction of singly excited states. The main
very similar to the values obtained at optimized structure (see difference between the NDDO-G and INDO/S models is the
Table 4). On the basis of this finding, one may speculate whether treatment of two-center two-electron integrals. The more ac-
the consistent underestimation of the g@ak energy in high-  curate approach used in the NDDO-G procedure yields an
level approaches (Table 4) may in part be due to the idealizedjmproved performance for semiempirical calculations of excita-
Dan structure assumed in these ab initio calculatiti§:3° tion energies. Overall, the NDDO-G scheme seems to be

lonization Potentials. Predicted and observ&dionization accurate enough for a unified approach that simultaneously
potentials of 46 organic molecules agree satisfactorily (Table 3 allows structure determination of organic molecules as well as
and Supporting Information). For NDDO-G the agreement with conclusive assignments and semiquantitative predictions of
experimental results is noticeably better than for INDO/S; the vertical transitions in UV-vis and photoelectron spectra. There
mean absolute error of INDO/S, 0.40 eV, is reduced to 0.24 is an obvious direction for further workio incorporate other
eV in NDDO-G. The results obtained (see Supporting Informa- main-group elements and transition metals into the NDDO-G
tion) show that the both semiempirical schemes reproduce scheme.

aReferences 2, 6, 7, 8. Parameterg, multiplied by a factor of
1.35.

several higher ionization potentials with roughly the same
accuracy as the first ionization energies.



NDDO-G Parametrization

It may be remarked that the NDDO-G model discussed here

seems little more accurate than is the INDO/S model in its

J. Phys. Chem. A, Vol. 103, No. 23, 1994659

(10) Fuscher, M. P.; Roos, B. Q. Am. Chem. S0d.995 117, 2089.
(11) Stanton, J. F.; Bartlett, R. J. Chem. Phys1993 98, 7029.
(12) Del Bene, J. E.; Watts, J. D.; Bartlett, R.JJ.Chem. Phys1997,

predictions of electronic spectroscopy except for compounds 106 6051,

containing oxygen where the NDDO-G model shows significant

(13) Watts, J. D.; Gwaltney, S. R.; Bartlett, R.JJ.Chem. Phys1996

improvements. However, a recent reparametrization of oxygen 105 6979.

by Li, Cramer, and Truhld? improved the INDO/S results

considerably. We do, however, expect NDDO-G results to be

far superior in the case of ionic transition metal complexes,

where it can be shown that the extra integrals are quite important

in determining the ligand field. In addition, it should be

emphasized that NDDO-G is a model for both spectroscopy
and structure and as such has the potential to become a powerfu

(14) Nooijen, M.; Bartlett, R. JJ. Chem. Phys1997 106, 6441.
(15) Gwaltney, S. R.; Bartlett, R. J. Chem. Phys1998 108 6790.
(16) Nakatsuji, HChem. PhysLett 1979 67, 329.

(17) Thiel, W.Adv. Chem. Phys1996 93, 703.

(18) Ridley, J. E.; Zerner, M. CTheor. Chim. Actél973,32, 134.
(19) Bacon, A. D.; Zerner, M. CTheor. Chim. Actal979 53, 21.
(20) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mer-Westenhof,
. T.J. Am. Chem. Sod98Q 102 589.

(21) Anderson, W. P.; Edwards, W. D.; Zerner, M. I@org. Chem

tool in the study of photochemistry, whereas the present INDO/S 1986 25, 2728.

model cannot be used for calculating structures. One might

further remark in concluding, however, that the ability to

calculate the geometry from the NDDO-G model seems more g1

(22) Kotzian, M.; Rach, N.; Zerner, M. CTheor. Chim. Actal992

(23) .Pople, J. A.; Santry, D. P.; Segal, G. A.Chem. Physl965 43,
29.

a consequence of the scaling of the nuclear repulsion energy (24) Dewar, M. J. S.; Thiel, WJ. Am. Chem. S0d.977, 99, 4899.

than of the differences between the NDDO and INDO ap-

proximations themselves. This would be consistent with the

findings of Jug and co-workers in the application of their SINDO

model that claims an accuracy in geometry and thermochemistry

equal to that of the NDDO models AM1 and PN
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