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An INDO model Hamiltonian, incorporating screening within the n-system 
and parametrized particularly to describe dynamical properties (photoemission 
and optical spectra), is applied to TCNQ and its mono- and dianion. The 
description of the photoelectron spectrum, the optical excitation spectra with 
their oscillator strengths, and the charge distributions, ground state as well as 
excited state, turn out reasonably well, although some difficulties are en- 
countered with the highly charged species. A correlation between bond order 
changes and the frequency changes of vibrational normal modes as observed 
by resonance Raman spectroscopy is attempted. 
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1. Introduction 

Our aim in developing the present INDO/S model was to follow the general 
NDO procedure [1, 2], but, if possible, to produce a model Hamiltonian which is 
applicable to a wide range of problems, minimally including optical and photo- 
electron spectra, multiplet splittings, oscillator strengths, and excited state charge 
and bond order matrices; further ground state information, if reliable, was to be a 
secondary benefit. There is good reason to assume that photoelectron spectra 
(PES) and optical spectra (UV-Vis) should be describable by the same para- 
metrized semiempirical model, since both occur on timescales (<~ 10-15 sec) short 
compared to vibrational times. Thermochemical, polarographic redox potential 
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as well as magnetic resonance measurements, on the other hand, are obtained on 
slower timescales. These slow phenomena, then, are essentially adiabatic processes, 
both with respect to the relaxation of the electronic wavefunction and equilibra- 
tion of the nuclei. Conversely, the PES and UV-Vis results are essentially sudden 
perturbations with respect to vibrations and are rapid even with respect to elec- 
tronic reorganization; these facts are responsible for the applicability of the 
Franck-Condon principle [-3] and Koopmans' theorem [4], respectively. The 
resulting need for different parameters is for example clearly shown in the widely 
varying "best" values of the fl parameter in the Hiickel model [5] ([//[=2.71 eV 
for UV-Vis, but I//I = 2.27 eV for polarography, 0.69 eV for delocalization energy). 

In Sect. 2 of the present paper we describe the procedures used to calculate the 
ground and excited state properties as well as the actual parametrization of the 
Hamiltonian. Section 3 presents applications to tetracyanoquinodimethane and 
its anions, and Sect. 4 contains some concluding remarks. 

2. The Model  and Its Parametrization 

We write the electronic Hamiltonian within the INDO model in the following way 

HONDO)=  Z hr, a~a,+ Z flrsa~Aas, +0"5 Z (rr[ss)a~a,(a;as-6,s) 
r r , $  r , s  

A r  

-o.5 Z (r+r)aJ  aJas (1) 
r ,  S 

o n  A 
r ~ s  

* a (destroys) an Here, a,A ( r~)  creates electron in valence orbital r on atom A, and 
3~ is the Kronecker delta. When recipes have been devised for the evaluation of 
the integrals hr,, fl,~, (rrlss), and (rslsr), solution of the Hartree-Fock equations 
for the electronic ground state will provide a set of orthonormal molecular 
orbitals and corresponding eigenvalues to be used also as input for the calculations 
on the excited states. In accord with Koopmans' theorem we can attempt to 
correlate the transitions 'in the experimental photoelectron spectrum to specific 
SCF molecular orbitals. 

The molecular electronic excitation energies and the associated oscillator strengths 
are calculated from two schemes, the singly excited configuration interaction 
(SECI) approximation and the time-dependent Hartree-Fock (TDHF) approxima- 
tion. Full details on these methods have been given, e.g., in the series of articles by 
Linderberg, Ohrn, and Jorgensen [-3, 6]. To construct and diagonalize the energy 
matrices we take advantage of molecular symmetry, leading to considerable 
reduction in computer time. We utilize the Linderberg relation [-7] to calculate 
oscillator strengths in both the dipole length and velocity approximations (fL,fV) 
when only (n, n*) configurations are included. The molecular transition moments 
in the general case are obtained from the dipole length operator only, including 
the crucial intraatomic terms between 2s and 2p orbitals. 
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Systems with open shell configurations as ground states will be calculated in the 
Grand Canonical Hartree-Fock (GCHF) approximation [8]. The modifications 
to the SECI and TDHF equations for the transition energies and moments are 
given by Jorgensen [9]. 

Since the calculations for the excited states are carried out at the fixed ground state 
geometry, the parametrization should, in order to be consistent with the Born- 
Oppenheimer separation [10], describe the vertical Franck-Condon peak, and 
not, as in CNDO/S [11], the adiabatic 0--~ 0 peak. Following the proposal by 
Pariser [12], the one-center Coulomb integrals are approximated by 

(r A r a ] Sa Sa )= Ia-- Ea=TaA (2) 

I a and E a representing a properly chosen valence state ionization potential and 
electron affinity of atom A; we use here the average valence shell values given by 
Sichel and Whitehead [13] and evaluate then the two-center integrals 
(r A rA[S B S B ) = ]lAB by means of the M ataga-Nishimoto interpolation formula [14]. 

The one-electron atomic parameters are expanded as 

h,.,,., = U, . , .  - ,Y__, ZB; ' ,B  (3) 
B ~ A  

where Z B is the core charge of atom B, and U,, , ,  is the matrix element over the 
local core-Hamiltonian and contains (IA+EA), 7AA, and the Slater-Condon 
parameters F 2 and GA ~. The one-center exchange integrals (rASAISArA), differen- 
tiating INDO from CNDO, are also expressed in terms of the Slater-Condon 
parameters and since these were already fitted to experimental atomic energy 
splittings in the Pople parametrized INDO version, they are carried over to 
INDO/S unchanged; the exact expressions and values can be found in Ref. [1]. 
The important distinction between excited and ground state parametrizations of 
NDO models lies really in the handling of the two-center resonance terms firs. 
Local screening in the strength of the re-type interactions can, as originally pro- 
posed by Del Bene and Jaff6 in their CNDO/S model [11], be effectuated through 
a reduction of the ~-component of the overlap~integral Srs 

flr~=O.5(fl~ + fl~ + kS,~) (4) 

Ridley and Zerner have performed INDO calculations with such screening plus 
enhanced a interactions [15], and Lipari and Duke obtain a similar effect by the 
choice of different flo values for s- and p-orbitals together with large Slater 
exponents [16]. We prefer to treat k as a parameter kAB dependent on the two 
atoms in question. The splitting of the overlap integral is performed in a local 
diatomic coordinate system defined by the "bond" between A and B, so rotational 
invariance is still preserved [17]. Standard Slater exponents are used for the 
calculation of Srs together with the reparametrized CNDO/S values for the atomic 
parameters flo [18]. 

Numerous calculations with the choice of parameters described above were 
carried out on the test molecules benzene, formaldehyde, benzonitrile, and the 
benzonitrile anion to find kaB values, which in a SECI calculation would optimally 
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describe the vertical UV-spectra [19]. The resulting values are kcc = 0.57, kco = 
0.75, and in the closed-shell cyano group containing molecules a kcN value of 
0.585; for open-shell systems a value of 0.50 was to be preferred. No calculations 
were done to obtain an optimal kNN value, the value to be used here is 0.585, 
unchanged from CNDO/S. These calculations have given satisfactory agreement 
with experiment for both the UV and PES spectra of the test molecules and for 
ground state properties resulting from the charge distribution, e.g. the dipole 
moments [20]. A slightly different parameter set has produced successful results 
for the optical spectra, singlet-triplet splittings, and photochemical properties of 
cyclic dienones as well [21]. The transition energies are normally slightly too 
small in TDHF due to the introduction of correlation in the excited states, but the 
improvement in the calculated oscillator strengths has been clearly demonstrated; 
in benzene, for example, the obtained values for the allowed Ag ~ El,  transition 
are 1.06 in SECI and 0.73 in TDHF, while the experimental value is 0.69 [22]. 

3. TCNQ ~ TCNQ-,  and TCNQ 2- 

To demonstrate some strengths and weaknesses of INDO/S, we present in this 
section results for static and dynamic properties of the neutral tetracyanoquino- 
dimethane (TCNQ) molecule and its singly and doubly charged anion. Ground 
state results using the original INDO parameters of Pople et al. [1] will also be 
given in some cases for comparison purposes. Several ground state calculations on 
TCNQ have been published, ranging from ab initio [23, 24] to X~ [25] and semi- 
empirical methods [26]; the UV-accessible states have mostly been treated in a 
~-electron-only framework [27, 28]. Recently, however, Lipari et al. [29] extended 
their CNDO/S2 model to the calculation of the PES and UV spectra of the neutral 
TCNQ molecule, specifically adjusting the nitrogen parameters so as to obtain 
agreement with the ab initio calculations for the symmetries and splittings of the 
four highest MO's. 

The geometries of TCNQ ~ and TCNQ- were taken from the X-ray crystallo- 
graphy studies of Trueblood [30] and Fritchie [31], respectively. Two geometries 
were constructed for TCNQ z-, the first as an extrapolation of the TCNQ ~ 
TCNQ- geometries based on monotonic changes upon reduction, the second 
based on the zc bond-order-bond-length formula for carbon-carbon bonds 

Rc=c = 1.51 A-0 .17  Api (5) 

H(-b/ r\ 7K~ 3 K,, \ 

H ]y H 
i x  

Fig. 1. Coordinate axes, atom libelling 
system, and internal symmetry coordinate 
notation (K, H) in the TCNQ species 
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with Pl, Rc___N, and Rc_ n at the values from the first geometry. This last geometry 
shows considerably longer carbon-carbon distances, except for the C/-C 3 
distance which is slightly shortened; see Fig. 1 for the numbering convention and 
the coordinate axes. D2h symmetry was imposed, so only states for which the 
symmetry product with the ground state is bl,(z), bzu(y), or b3u(x ) can be reached 
in a dipole-allowed electronic transition. 

3.1. Ground State Results 

The ordering and energies of the higher occupied and lower unoccupied molecular 
orbitals in TCNQ ~ calculated with the present INDO/S model are shown in 
Table 1, along with INDO, CNDO/S2 [29], ab initio [-23], and experimental [32] 
results. The PES spectra (gas phase [32] and polarization energy corrected solid 
state [29]) show a sharp peak at 9.61 eV and a somewhat broader peak centered 
around 11.3 eV, a very large, structured, and broad peak between 12.3 eV and 
13.8 eV, as well as smaller peaks centered around 14.5 eV and 15.8 eV. The overall 
agreement between these ionization potentials and the INDO/S orbital energies is 
satisfactory, when an empirical scaling correction has been applied to bring the 
energy of the HOMO to coincide with the first experimentally observed IP. The 
second peak at 11.3 eV is assigned to contain two transitions from rc z orbitals, 
calculated at too large an energy, about 0.8 eV, as found also in the CNDO/S2 
calculation. Only the higher-lying b30(rc~) MO is correlated with this peak in the 
ab initio calculations [23, 24], however, the experimental intensities of the first 
and second peak seem to fit better with the present interpretation. Altogether eight 
transitions correspond to the large peak in the 12-14 eV area, the calculated width 
(~  1.3 eV) and the experimental width (~  1.5 eV) agree quite favorably. After the 
scaling and still invoking Koopmans' theorem, a closer comparison to the maxima 
identified in the gas phase spectrum reveals these MO's to be about 0.44).5 eV too 
bound. A tentative assignment would then be an in-plane rc~, y orbital from the 
C ~ N  bonds to each one of the peaks at 12.41 eV and 12.68 eV, the two remaining 
~,y orbitals at 12.90 eV, and the next four orbitals to the peak around 13.4 eV. 
Four ~ MO's are then assigned as being responsible for the peak at 14.5 eV. Our 
INDO results and the CNDO/2 results of Ikemoto et al. [-32] are seen to be quite 
quite contrary to the above. The rc molecular orbitals are too binding with these 
ground state parametrizations as seen previously for example in the case o f  
benzene [20] and plunge incorrectly far down in the ~ manifold, neither agreeing 
with ab initio results nor rendering detailed PES assignments possible. 

A comparison of the orbital ordering in the INDO/S and ab initio calculations 
shows complete agreement with the affinity level, which is the b20(~* ) MO posi- 
tioned far lower than the remaining unoccupied orbitals, and the five highest 
occupied MO's (the three 7c z and two rc,y orbitals). Overall, the ordering of the 
occupied ~ orbitals is exactly the same and the a levels only need two interchanges 
within the first fifteen orbitals to exhibit the same ordering. The bl,(~)-b2o(rc*) 
separation is 5.06 eV in TCNQ ~ but reduces to 3.08 eV in TCNQ- and 1.63 eV in 
TCNQ 2-. PES experiments on Cs/(TCNQ) 3 by Schechtman et al. indicate that 



288 

Table 1. MO ordering and energies e(eV) in TCNQ ~ 
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INDO/S Exptl. b CNDO/S2 ~ I N D O  Ab initio d 

- e  IP ~ IP - e  - e  - e  

bl,,(n* ) 0.46 bl,,(n* ) - 4.00 a,,(n*) - 1.89 
bzg(n* ) 2.79 b2a(n* ) 0.80 b2g(n* ) 1.98 
bl,,(n ) 7.85 9.61 9.61 bl,,(n ) 9.54 bl,,(n ) 9.65 bl,,(n ) 9.52 
b3g(n ) 10.32 12.08 11-12 bag(z ) 11.80 blg(n ) 13.28 bag(z ) 12.06 
b2g(n ) 10.51 12.27 b2g(n ) 11.88 ag 14.14 bzg(n ) 12.53 
bxg 11.12 12.88 12.41 big 13.03 bzu 14.49 big 14.11 
b2, 11.33 13.09 12.68 ag 13.40 b2g(n ) 14.95 b2u 14.14 
bau 11.52 13.28 12.90 bau 14.99 au(n ) 14.50 
a o 11.52 13.28 bag(z ) 15.47 bar(z ) 14.51 
b2u 12.01 13.77 13.30 big 15.76 bau 14.53 
big 12.12 13.88 13.38 ag 16.49 a s 14.68 
a~(n) 12.38 14.14 13.53 ba~ 16.99 b~(n) 15.02 
bag(z ) 12.38 14.14 b2u 17.15 bar 15.36 
a s 12.82 14.58 big 17.31 bzu 16.13 
big 12.82 14.58 14-15 a,,(n) 17.89 big 16.24 
bau 13.00 14.76 b3g(n ) 17.91 ag 16.28 
blu 13.07 14.81 ag 18.03 bau 16.33 

a Scaled to match H O M O  to first exptl. IP. b Gas phase spectrum of Ref. [32]. 
c Ref. [29]. d Ref. [23]. 

this level separation is at least 3 eV in TCNQ ~ and is reduced by at least 2 eV upon 
formation of the mono-anion [33]. The orderings for TCNQ- and TCNQ 2- are 
essentially identical to the one presented for TCNQ ~ a couple of n orbitals 
(a,,, bag ) are shifted up in front of two a orbitals in TCNQ-, but the ordering 
within the zr- and a-systems is unchanged. 

The calculated net charges and n bond orders are shown in Tables 2 and 3. The 
INDO parametrizations fail in assigning any polarity to C-H bonds, while ab 
initio methods predict the hydrogens to carry a considerable positive charge 1-23, 
24]. INDO/S tends to give more polar bonds than INDO, which is normally con- 
sidered to produce decent charge distributions; the differences are fairly small 
(~0.05 e-) and the bond order matrices look quite similar. In general, INDO/S 
seems to perform better in describing the ground state electronic distribution than 
CNDO/S, probably partly because of the fit to vertical transitions, which corre- 
spond to the ground state equilibrium geometries. The added electrons occupy the 
bzo(n ) orbital, which is quite delocalized over the whole molecule, e.g., the atomic 
orbital coefficients for this orbital in TCNQ 2- are 0.45 on C 4, 0.30 on N, 0.25 on 
C 2 and C 3 , and 0.08 on C 5 . Rearrangements in the lower-lying MO's lead to more 
moderate increases in charge on C 4 than could be expected from these coefficients, 
about 0.12 e- go on each methide carbon and about 0.11 e- on each nitrogen for 
every electron added to TCNQ ~ The charge changes in both calculations com- 
pared in Table 2 are similar and parallel the corresponding ab initio changes 1-23, 
24]. The magnitude of the charges varies drastically between the semiempirical 
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Table 2. Ground state net charges in TCNQ ~ TCNQ-,  and TCNQ 2- 
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TCNQ ~ TCNQ - TCNQ 2 - 

Atoms INDO/S INDO INDO/S INDO INDO/S a INDO" 

H 0.03 0.01 0.00 -0.03 -0.03 (-0.04) -0.07 (-0.10) 
C 2 0.00 0.01 -0.03 -0.02 -0.06 (-0.02) -0.04 (-0.05) 
C a 0.07 0.07 0.05 0.07 0.02 (0.08)  0.06 (0.09) 
C 4 0.06 0.01 -0.06 -0.14 -0.19 (-0.21) -0.28 (-0.30) 
C 5 0.18 0.13 0.16 0.15 0.15 (0.17) 0.16 (0.18) 
N -0.27 -0.19 -0.38 -0.31 -0.49 (-0.46) -0.44 (-0.42) 

a Values obtained with the bond order-bond length geometry are in parentheses. 

Table 3. Ground state n bond orders in TCNQ ~ TCNQ-, and TCNQ 2- 

TCNQ ~ TCNQ- TCNQ 2- 

Bond INDO/S INDO INDO/S INDO INDO/S a INDO a 

CI-C 2 0.876 0.879 0.784 0.786 0.707 (0.687) 0.706 (0.685) 
C2-C 3 0.367 0.363 0.491 0.484 0.586 (0.610) 0.585 (0.605) 
Ca-C 4 0.781 0.782 0.575 0.590 0.403 (0.359) 0.405 (0.375) 
C4-C 5 0.294 0.302 0.396 0.372 0.447 (0.450) 0.438 (0.434) 
Cs-N 0.950 0.950 0.899 0.915 0.868 (0.870) 0.875 (0.878) 

a Results with the bond. order-bond length geometry in parentheses. 

and the ab initio calculations, but the sign for some of the larger net charges differ 
even between the two ab initio calculations, illustrating the danger in placing too 
much emphasis on the size of the charges; relative changes are clearly more apt 
for interpretation. 

The potential energy distribution for the totally symmetric normal modes (Fig. 1) 
in TCNQ has been published 1-34] and may serve as weighting factors in computing 
relevant n bond order changes for the process TCNQ~ e- --~ TCNQ- to be 
used in a comparison with the frequency changes for stretching modes as observed 
in the resonance Raman spectroscopy experiments by Jeanmaire and Van Duyne 
1,353 (Table 4). In so doing, one makes the tacit assumption that the normal mode 
scheme for the ion is the same as that for the neutral parent. This assumption is, in 
general, incorrect, and will result in some errors in the transition from bond order 
changes to normal mode changes. The alternative, however, entails performing 
another normal mode analysis for the ion. We therefore use the normal mode 
assignment both for the ions and, later, for the excited states. Angle bending 
coordinates are assigned a weight of zero, based on the very small frequency 
changes observed for nearly pure bending modes 1,-353. With the exception of the 
highly mixed v 3 mode for which the energy distribution might also be poorly 
determined, the sign of the frequency changes and their relative positions are 
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Table 4. Frequency and weighted n bond order changes for reduction of TCNQ 

Normal Pot. en? 
mode dist.(X ) ~_,KiAp~ Avlcm -lb ~_,KiAp~ ~ Y~KIAp~ 't Av~cm -lb 

v 2 K5(87) -0.044 - 31 - 0.026 - 0.025 - 90 
v 3 H3(20), K1(46), K2(25), K3(22) - 0.057 + 10 - 0.050 - 0.064 + 1 
v 4 Kl(30), K3(59) -0.149 -64 -0.125 -0.166 -89 
v 6 K2(45), K4(21) 0.077 + 28 0.054 0.073 
v 7 K2(32), K4(17) 0.057 + I7 0.040 0.054 
v 8 K4(23), H6(43), H7(18) 0.024 + 14 0.012 0.018 

aSee Fig. 1 for the internal symmetry coordinate notation (K, H) and Ref. [34] for the potential 
energy distribution. Ap~=pl (TCNQ-)-pI(TCNQ), Ap~ =pf(TCNQ 2-) -PI(TCNQ-). 
b Ref. [35]. 
c Extrapolated TCNQ-TCNQ- geometry used for TCNQ 2-. 
Bond order-bond length TCNQ 2- geometry. 

correct for both positive and negative changes; no apparent quantitative relation- 
ship between the bond order changes and the observed frequency changes seems 
to exist, neither in INDO/S or INDO.  

The use of  overlap populations calculated by a Mulliken type of  analysis [36] does 
not change this picture, no matter whether rc overlap populations or total overlap 
populations between the atoms are considered. The rc bonding in the classical 
double and triple bonds is weakened in the anions, drastically so for the C3-C 4 
bonds and more moderately for the C~-C 2 and Cs -N bonds; the formal single 
bonds C2--C 3 and C ~ C  s gain n bonding, so much that the n character of  these 
bonds in TCNQ 2- is actually larger than that of  C3-C 4 (Table 3). The ring skeleton 
takes on a more benzenoid shape as the C1-C 2 and C2-C 3 bond lengths approach 
each other. That the C1-C 2 distance remains essentially constant, or maybe even 
contracts as the X-ray structures indicate, upon anion formation despite the loss of  
n bonding must be the result of  reorganization in the bonding MO's  of  the ring, 
strengthening the a bonding. 

The weighted bond order changes for the processes T C N Q -  + e-  --~ TCNQ 2- are 
also in Table 4, and on this basis we would expect the same sign for the frequency 
changes as in the formation of  the monoanion. The absolute magnitude of  the 
frequency changes should, if the weighting factors from the normal mode analysis 
stay constant and are appropriate scaling factors, be somewhat smaller than for 
monoanion formation according to the extrapolated TCNQ 2- model and similar 
or larger according to the bond-order-bond-length model. The last model seems 
to be more in accord with the available experimental data. 

3.2. Exc i t ed  S ta te  Propert ies  

The vertical transition energies and their oscillator strengths predicted by the 
INDO/S  method are given in Tables 5-7. In solution TCNQ ~ shows one large 
peak with a maximum at 3.10-3.15 eV [27, 28] and an oscillator strength of  
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0.93 [28]. The solid state spectrum of Lipari et al. [29] shows two dipole-allowed 
transitions at 3.8 eV and 7.0 eV plus a monopole peak at 5.3 eV. The calculated 
results are in excellent agreement with these data. Besides, the dipole-allowed 
transitions shown in Table 5, we also calculate two states of Big symmetry at 4.19 
and 4.47 eV as well as two Ag transitions at 4.43 and 5.37 eV; these are all buried 
under the tail of the 3.12 eV peak except maybe the Ag state at 5.37 eV, which fits 
well with the observed monopole transition. The agreement for TCNQ- is fair, 
except for the lowest transition predicted 0.75 eV too high. This discrepancy does 
not change significantly with other choices of two-electron integrals or screening 
parameters. Examination of the SECI coefficients shows this state to be a mixture 
of essentially two configurations, 83~ of the configuration arising from the promo- 
tion of an electron from the doubly occupied blu(rc ) orbital to the singly occupied 
b20(rc ) orbital and 16~ of the configuration involving the promotion of the unpaired 
electron into the empty b~,(rc*) orbital. The state at 2.81 eV is mostly this last 
H O M O - L U M O  transition, which is predicted at a slightly too low energy com- 
pared to experiment. A possible explanation for both results is that the minimal 
basis set in conjunction with the use of the GCHF procedure does not make the 
half-filled level bonding enough, i.e., the orbital is still too close to the virtual 
orbitals, despite the 2 eV reduction in the bl,-b2o spacing. There is very strong 
mixing among the higher-lying (~, re*) and (~r, a*) states; as a matter of fact, in the 
higher states there are about 15 configurations with SECI coefficients larger than 
0.1. The ratio of oscillator strengths of the two lowest transitions is in very good 
agreement with recent experimental results [37], and sharp disagreement with 
PPP-type calculations [27, 28]. The positioning of the B~, states lowest, and the 
very weak transition to the A, state, also agree with experiment [371. 

Table 5. Vertical transitions (eV) and their oscillator strengths in TCNQ 

SECI T D H F  Litt. b 

Sym :~ Config. a E fL fv E fL fv E fL 

B3u 18 3.12 1.9227 0.7660 2.92 1.3049 1.3042 3.06 c 1.91 c 
B3u 18 5.99 0.0823 0.0607 5.97 0.0573 0.0576 3.22 d 1.59 d 
B2u 14 6.13 0.0346 0.0205 6.12 0.0414 0.0419 3.29 e 1.77 ~ 
B2, , 14 6.26 0.2766 0.1863 6.24 0.2676 0.2680 

B3u 30 3.10 1.8357 2.89 1.2414 
B~u 11 5.15 0.0034 5.14 0.0032 
B~,, 11 5.42 0.0009 5.41 0.0008 
B2, , 26 5.65 0.1301 5.57 0.1116 
B3u 30 5.87 0.0111 5.82 0.0053 
B2, , 26 6.19 0.0549 6.17 0.0479 

~There are 64 (~z, n*) configurations, out  of  which 18 are of  
symmetry.  

b All values refer to the lowest B3u state. 
~ Ref. 1-27] (PPP-model). 
d Ref. [28] (PPP-model). 

Ref. [29] (CNDO/S2-rnodel).  

B3. symmetry and 14 of  B2. 
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Table 6. Vertical transitions (eV) and their oscillator strengths in TCNQ- 

SECI TDHF Exptl. 

Sym 4~ Config? E fL fv E fL fv E b fb 

Blu 20 2.20 0.7982 0.0675 2.13 0.3711 0.3711 
Blu 20 2.85 0.2180 0.0153 2.69 0.7545 0.7545 
A, 16 2.99 0.0033 0.0089 2.94 0.0235 0.0235 
Au 16 3.79 0.0034 0.0030 3.76 0.2819 0.2819 
B1, 20 5.23 0.0011 0.0002 5.19 0.0193 0.0193 
A, 16 5.48 0.2329 0.1619 5.48 0.0864 0.0863 

Blu 36 2.19 0.7840 2.10 0.3914 1.45 0.28 
B1, 36 2.81 0.1496 2.66 0.6430 2.84 0.45 
A u 34 2.98 0.0032 2.92 0.0222 
A u 34 3.62 10 -5 3.55 0.1942 
Au 34 4.79 0.0635 4.71 0.0020 4.45 0.023 
Btu 36 5.00 0.0450 4.87 0.0177 4.74 0.023 
B1, 36 5.39 0.0049 5.34 0.0420 5.32 0.10 

a There are 71 (n, rr*) states, out of which 20 are of B~u symmetry and 16 of A, symmetry. 
Three B3u states lie at 3.10, 4.76, and 4.97 eV with f ~  10 -4. 

bTwo lowest transitions from Ref. [37], remaining results from Ref. [28]. 

Table 7. Vertical transitions (eV) and their oscillator strengths in TCNQ 2- 

SECI TDHF Exptl. b 

Sym E fL fv E fL fv E f 

B3, 3.02 1.0744 0.7350 2.96 0.8986 0.8986 
B2u 3.09 0.0588 0.0046 3.00 0.0452 0.0452 
B2u 4.28 0.7766 0.4431 4.23 0.6511 0.6492 
Bau 5.80 0.0874 0.0617 5.71 0.0921 0.0929 
B2u 5.96 0.0342 0.0061 5.88 0.0623 0.0620 
B2u 6.11 0.4509 0.2638 6.09 0.3487 0.3448 
B3~ 6.38 0.1528 0.131~ 6.35 0.1520 0.1518 

B2u 3.15 0.0401 0.0014 3.06 0.0318 0.0318 
B3u 3.25 0.9392 0.6725 3.20 0.8107 0.8100 3.75 0.54 
B2u 4.19 0.8574 0.4811 4.13 0.7154 0.7161 5.16 0.30 
B2u 5.72 0.0357 0.0054 5.63 0.0797 0.0796 
B3u 5.73 0.1221 0.0784 5.63 0.1120 0.1123 
B2, 5.85 0.4434 0.2477 5.83 0.3225 0.3225 5.90 0.53 
B3u 6.19 0.2344 0.1608 6.13 0.2453 0.2451 

a The extrapolated geometry is used for the top results, the bond order-bond 
length geometry for the lower results. Only (Tz, n*) confgurations were 
included, 15 of Bzu and 17 of B3u symmetry. 

bRef. [38]. The oscillator strengths were calculated from the published 
spectrum. 
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An improved account of the UV-spectrum of TCNQ 2- has recently been given by 
Suchanski and Van Duyne, showing that previously published spectra were con- 
taminated by decay products with 0 2 [38]. The calculated results are in agreement 
with the new spectrum (Table 7) with respect to the number of intense peaks (3), 
but the energies are significantly below the experimental values. A similar effect as 
in TCNQ- suggests itself; also, no account is taken of possible reorganization in 
the excited state and changes in correlation energy. The discrepancies are smallest 
for the bond-order-bond-length geometry, most likely because this geometry is 
more benzenoid than the extrapolated geometry. 

There is also a possible discrepancy caused by the environment: our calculations 
consider an isolated species, whereas the experiments were performed in an ionic 
solid or strongly polar liquids. The polarization due to the dianion will certainly 
change total energies and will stabilize the ground state, rather than the excited 
states which cannot relax on a timescale of 10-15 seconds. We therefore expect an 
isolated-molecule calculation to underestimate the excitation energies observed in 
a polarizable medium, and furthermore expect this underestimate to increase with 
charge. 

The changes in zc bond orders upon excitation of TCNQ- are shown in Table 8, 
together with available experimental vibrational frequency changes. The correla- 
tion to the first excited state is satisfactory, and we predict that if the second doublet 
at 2.85 eV was excited, small vibrational frequency changes would result in this 
state compared to the ground state, except for v 2. A sign change should occur for 
the changes in v 6 and vT, compared to the changes in the lowest excited doublet. 
The corresponding calculated values in the first excited state of TCNQ ~ and 
TCNQ 2- are given in Table 9; large negative shifts ought to be observed for v 2 
and in particular v~ in TCNQ ~ more moderate positive changes are predicted for 
v6, vv, and v 8 . In TCNQ 2- we would expect large changes in the frequencies of 
the v4, v6, and v v modes when measured by resonance Raman spectroscopy in the 
state with large oscillator strength at 3.25 eV. The excited states of TCNQ 2- show 
large charge reorganizations, while no low-lying states in TCNQ ~ or TCNQ- 
display changes of more than 0.005 e- on one atom, e.g., the lowest state in TCNQ 2- 

Table 8. F requency  and ~ bond  order  changes  upon  exc i ta t ion  of  T C N Q -  

Bond  Ap~ Ap~ M o d e  Z K~ Apl Av i c m -  l a }2 K i Ap~ 

C 1 - C  z - 0 . 0 8 0  0.026 v 2 - 0 . 0 2 2  - 4 2  - 0 . 0 1 8  

c 2 - C 3  0.068 - 0 . 0 5 2  v 3 - 0.053 0 - 0.002 
c 3 - c  4 - 0 . 1 5 2  - 0 . 0 0 7  v 4 - 0 . 1 1 3  - 5 4  - 0 . 0 0 4  
c 4 c s 0.038 0.006 v 6 0.038 - 0 . 0 2 2  
C s - N  - 0 . 0 2 6  - 0 . 0 2 0  vv 0.028 - 0 . 0 1 6  

v s 0.009 0.001 

ApI=p~(TCNQ (2B~,,))-p~(TCNQ-(ZB2g)), E = 2 . 2 0  eV 
Ap~ =pI(TCNQ-(ZBlu))-pI(TCNQ-(2Bzg)), E = 2 . 8 5  eV 
a Ref. 1-35]. 
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Table 9. n b o n d  o rde r  changes  u p o n  exc i ta t ion  of  T C N Q  ~ and  
T C N Q 2  - 

B o n d  Ap, Ap~ M o d e  ~, K i Ap, ~. K i Ap] 

C I - C  2 - 0 . 1 2 6  0.092 v 2 - 0 . 0 2 8  - 0 . 0 0 7  

C 2 - C  3 0.I 19 - 0 . 1 6 9  v 3 - 0.075 0.016 

C 3 - C  4 - 0 . 2 1 3  0.072 v 4 - 0.163 0.070 
C 4 - C  5 0.058 - 0 . 0 3 1  v 6 0.066 - 0 . 0 8 3  

C s - N  - 0.032 - 0 . 0 0 8  v 7 0.048 - 0.059 

v 8 0.013 - 0 . 0 0 7  

Api=pI(TCNQ~176 E = 3 . 1 2  eV 
Ap~ = p i ( T C N Q  z -(1B3u)) - p i ( T C N Q 2 -  (lAg)),  E =  3.25 eV 

shows 0.17 e-  being pushed onto the C 1 and C 2 atoms in the ring from the methide 
carbons in particular. 

4. Discussion 

The results given in Sect. 3 show that properties of the closed-shell neutral TCNQ 
species are computed quite satisfactorily within the INDO/S model; in particular, 
the absorption spectrum is described far better than in any of the previous semi- 
empirical studies, both transition probabilities and frequencies are quite satisfac- 
tory. For the charged TCNQ species, the agreement is far worse; some of this is 
undoubtedly due to uncertainties in the geometry of the molecule, but a good deal 
must arise from the presence of a substantial amount of negative charge on the 
molecule. The strength of screening in any many-electron system is a function of 
the local electron density; in the electron gas, the screening becomes so effective at 
high density that the effective potential becomes of the Yukawa form r-le-~r, 
instead of the Coulomb form r-1. To model this behaviour is, however, quite 
difficult in a molecular system which is neither homogeneous nor quasi-isotropic, 
but instead is characterized by sharp spatial charges in the Coulomb potential. We 
feel that highly-charged systems will require different parametrization from the 
neutral species, as suggested by our results on TCNQ 2-. 

The Grand Canonical SECI and TDHF procedures applied to the INDO/S model 
Hamiltonian seem unsatisfactory for frequencies (although the oscillator strengths 
are quite good), when the excited state contains contributions from partial occupa- 
tion of several virtual orbitals of differing symmetry. In view of the nature of the 
GC scheme, which essentially splits each electron into two halves of opposite spin 
component, this difficulty is not unreasonable - the exchange terms, in particular, 
should differ considerably from the results of a proper spin-projected doublet 
calculation. In all cases the TDHF method clearly provides the superior descrip- 
tion of the intensities. Despite the introduction of non-nearest neighbor firs terms 
in the evaluation Offv, the equivalence between fL and fv obeyed in, e.g., PPP 
calculations is observed here to better than 1% too, when all the (7~, 7~*) configura- 
tions are considered. 
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The attempt to correlate resonance Raman frequency changes with change in bond 
order seems generally to fail; although there is a qualitative correspondence, no 
quantitative conclusions may be drawn. Considering that frequency changes 
generally are very poorly described even in accurate ab initio SCF calculations, 
this is perhaps not too surprising. A major part of the errors is believed to come 
from the lack of  potential energy distributions for the anions and excited states; 
notably due to geometry changes, the normal mode analysis for ground state 
TCNQ ~ cannot be expected to hold accurately in these cases. 

The INDO/S procedure represents another semiempirical method designed for 
rapid, easy calculation of interesting properties (principally dynamic, but also 
static charge distributions) of medium-sized molecules containing first-row atoms. 
For certain systems the procedure gives very satisfactory results, while other 
systems are less tractable. We have suggested causes for these inaccuracies, and 
which sorts of molecules should present the most serious difficulties. 
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