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Abstract—The lowest energy transitions of tetrathiafulvalene (TTF) derivatives are calculated at different levels of theory. Whereas
semiempirical (CNDO/S, ZINDO) and HF methods (CIS, TD-HF) give unrealistic excitation energies, time-dependent density-functional
theory (TD-DFT) calculations provide a much improved description of the electronic absorption spectra of these compounds, including the
unusual behavior of some TTF-containing nonlinear optical chromophores. Moreover, the study of radical cations of TTF derivatives allows
the evaluation of the performance of TD-DFT methods on sulfur-containing open-shell species for the first time. © 2001 Elsevier Science

Ltd. All rights reserved.

1. Introduction

Interest in tetrathiafulvalene (TTF) chemistry' has spanned
the last thirty years, since the electron-donor properties of
TTF derivatives have led to a wealth of organic conductors
and superconductors.2 Moreover, it has recently been
recognized that the extraordinary electronic properties of
TTF could be used in the development of redox-switchable
complexating crown ethers,” electroactive Langmuir—
Blodgett films,* building blocks in supramolecular
chemistry,” and donor—o-acceptor compounds showing
intramolecular charge-transfer properties,® such as TTF—
0-Cg derivatives, which show efficient charge separation
in the excited state’ and are promising materials for artificial
photosynthetic systems and molecular electronic devices.®

In a similar vein, we have recently demonstrated that TTF—
m-acceptor molecules are efficient second-order nonlinear
optical (NLO) chromophores,” which show a rather unusual
optical behavior: the expected increase in their pBg
values on lengthening the m-spacer is accompanied by a
hypsochromic shift of their maximum wavelength absorp-
tion bands. This effect constitutes a notorious exception to
the well-known transparency-nonlinear efficiency trade-
off'® and, therefore, it can be exploited in the search of
more efficient and more transparent second-order NLO
chromophores.

To allow a rational design of these kind of compounds, a
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reliable prediction of their absorption spectra is mandatory.
To that end, both semiempirical and Hartree—Fock methods
have been widely used. Moreover, the recent advent of time-
dependent density functional theory (TD-DFT) methods''
has led in many cases to the calculation of the optical
properties of organic (and metallo-organic) species with a
similar accuracy to that of more sophisticated CASSCF
methods and at lower computational cost. On the other
hand, very few organic sulfur compounds have been studied
by TD-DFT methods'? and, to the best of our knowledge,
their performance with TTF derivatives has not been tested
yet.

In this work, we have studied the performance of different
quantum chemical calculations for predicting the electronic
absorption spectra of TTF and TTF", by comparing their
results to experimental data. TD-DFT methods, giving the
most satisfactory results in this benchmark study, have been
applied to other neutral and charged TTF derivatives. The
results of these calculations allow a rationale for the inter-
pretation of: (a) the widely different (and disputed) optical
properties displayed by TTF radical cation salts bearing
peripheral chalcogen atoms or not and (b) the remarkable
hypsochromic effect displayed by some TTF-mr-acceptor
chromophores on lengthening the polyenic m-spacer.

2. Results and discussion
2.1. The UV-vis spectrum of TTF

2.1.1. Experimental data and previous interpretations.
Although the UV -vis spectrum of TTF (1, Fig. 1) in several
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Figure 1. Structures of studied TTF derivatives.

solvents has been reported,'® we will pay attention to the
spectra recorded in non polar solvents such as hexane'* or
cyclohexane."” The spectrum recorded under these condi-
tions shows four absorption bands above 300 nm: a very
weak (€=270) absorption at 450 nm (2.76 eV), a weak
absorption (¢=1900) at 368 nm (3.37 eV) and two intense
bands (e=21500 and e=13000) at 317 and 303 nm (3.91
and 4.09 eV, respectively). The polarized-light spectrum of
the three lowest energy absorption bands has also been
reported'® and indicates that the band at 2.76 eV is polarized
both in the long and the short axes of the molecule. The band
at 3.37 eV is polarized along the short axis and the only
band described at about 4.0 eV is polarized in the long
axis. The double polarization of the lowest energy absorp-
tion was explained'’ on the basis of either two superposed
forbidden transitions or a transition displaying a polariza-
tion perpendicular to the molecular plane that appears to
have double polarization due to slightly misaligned
molecules.'®

Attempts to assign these transitions have made use of
different theoretical methods, such as PPP,19 extended
Hiickel,15 MINDO/3® and more recently CNDO/S,21
which also lead to different conclusions. Thus, PPP predicts
quite accurately the energy of the transitions at 3.37 and
4.09 eV but does not reproduce the lowest energy absorp-
tion band which is attributed to a n—"'? or to a forbidden
10 transition; extended Hiickel calculations' assign
the bands at 2.76 and 3.37 eV as a m—a¢" transitions and
the 3.91 eV band as m—m"; MINDO/3 predicts®® m—m*
transitions for the absorptions at 3.37 and 3.91 eV and

suggests that o orbitals are involved in the lowest energy
band. The configuration interaction and the spectroscopy
optimized CNDO/S?' analysis concludes that the 2.76 eV
band corresponds to a HOMO—LUMO transition with
m—0o" character, and the bands at 3.91 and 4.09 eV are
two nearly degenerated m—r" transitions; an assignment
for the absorption at 3.17 eV is lacking and finally, a
Hartree—Fock—Slater calculation'® predicts the correct
polarization of the three lowest energy absorptions but a
prediction of the energy of these transitions is not given.

2.1.2. Calculations. Considering that none of the methods
reported up to date describes unambiguously the UV—-vis
spectrum of TTF we were prompted to the search for a
theoretical method providing a precise qualitative and
quantitative description and thus, we have performed
calculations increasing the complexity and computational
cost from semiempirical to ab initio Hartree—Fock based
calculations and finally DFT methods.

In order to perform semiempirical calculations, TTF was
optimized within the D,, symmetry using the PM3%
Hamiltonian and electronic excitations were calculated
using CNDO/S* and ZINDO* methods. According to
these calculations, the three lowest energy transitions are
due to one m—o" and two m—m" transitions but the calcu-
lated energies, ranging from 5.4 to 6.9 eV (CNDO/S) or
from 5.2 t0 6.8 eV (ZINDO), are far above the experimental
values and indicate that the parameterization of these
methods is not adequate for TTF.

Ab initio Hartree—Fock based calculations led to results that
were similar to those of semiempirical methods; thus the
CIS®/6-31G"//HF/6-31G* model chemistry predicted a
weak HOMO—LUMO band due to a m—o” transition at
4.00 eV and two intense bands corresponding to m—" tran-
sitions at 6.00 and 6.12 eV while the TD-HF?® method using
the same geometry and basis set led to analogous predic-
tions with somewhat lower excitation energies (3.96, 5.75
and 5.94 eV, respectively). The use of the 6-314+G" basis set
incorporating diffuse functions on heavy atoms resulted in
minor changes in the predicted energies. The results of
semiempirical and Hartree—Fock based calculations are
gathered in Table 1.

Table 1. Computed energies (eV) (A (nm)=1239.84/E (eV)) with parenthesized oscillator strengths (10%/) for the lowest energy electronic excitations of TTF

(1) calculated by non-DFT methods

Transition®
Method B_';u B[u B2u B]u
Experimental” 2.76 (270) 3.37 (1900) 3.91 (2150) 4.09 (13000)
CNDO/S¢ 5.43 (4336) 6.07 (667) 5.70 (2251) 6.93 (2304)
ZINDO® 5.18 (3848) 5.40 (668) 5.25(1932) 6.84 (1442)
CIS/6-31G™ 4.00 (2) 6.00 (7670) 6.12 (2691) -
CIS/6-31+G™ 3.95 (7) 5.63 (6226) 5.63 (2511) -
TD-HF/6-31G™ 3.96 (2) 5.75 (6233) 5.94 (2190) -
TD-HF/6-31+G™ 3.91 (8) 5.44 (5375) 5.49 (2047) -

Transitions are assigned according to their polarization.

* The TTF molecule is placed at the standard orientation of a D,;, point group: the z axis corresponds to the long molecular axis, y to the short axis and x is

perpendicular to the molecular plane.
" Energies (eV) with parenthesized € values, Ref. 15.
¢ PM3 optimized geometry.
4 HF/6-31G" optimized geometry.
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Table 2. Computed energies (eV) with parenthesized oscillator strengths (10* f) for the lowest energy electronic excitations of TTF (1) calculated by TD-DFT

methods
Transition®

Functional Basis set A, 52—53 B, 52—54 A, 52555 B, 52—58 B, 52—57

B3LYP 6-31G” 2.64 (1) 3.57 (132) 4.03 (0) 3.97 (101) 4.06 (269)
6-31+G" 2.63 (2) 3.40 (181) 3.87 (0) 3.80 (164) 3.86 (264)
6-311+G™ 2.67 (2) 3.36 (204) 3.82 (0) 3.85 (194) 3.84 (215)
cc-PVDZ 2.73 (1) 3.51 (192) 3.89 (0) 4.10 (130) 4.07 (142)
aug-cc-PVDZ 2.69 (2) 3.29 (197) - 3.83 (226) 3.83 (131)

B3P86 6-31G” 2.69 (1) 3.51 (142) 4.00 (0) 4.07 (233) 4.18 (271)
6-31+G" 2.68 (1) 3.37 (181) 3.88 (0) 3.96 (359) 4.03 (269)
6-311+G™ 2.72 (1) 3.33 (199) 3.82 (0) 4.02 (471) 4.01 (232)
cc-PVDZ 2.77 (1) 3.44 (176) 3.88 (0) 4.19 (345) 4.20 (164)
aug-cc-PVDZ 2.74 (2) 3.25 (177) 3.79 (0) 4.01 (599) 4.00 (154)

B3PWOI1 6-31G” 2.69 (1) 3.52(147) 4.00 (0) 4.06 (221) 4.16 (266)
6-31+G* 2.68 (1) 3.38 (184) 3.87 (0) 3.94 (343) 4.00 (263)
6-311+G™ 2.72 (1) 3.33 (200) 3.82 (0) 3.99 (435) 3.99 (226)
cc-PVDZ 2.77 (1) 3.44 (180) 3.88 (0) 4.18 (323) 4.19 (160)
aug-cc-PVDZ 2.74 (2) 3.25 (180) 3.78 (0) 3.97 (561) 3.97 (150)

Experimental (cyclohexane)b 2.76 (270) 3.37 (1900) - 3.91 (21500) 4.09 (13000)

Transitions are assigned according to their polarization.

* The TTF molecule is placed at the standard orientation of a C,, point group as depicted in Fig. 2.

" Energies (eV) with parenthesized € values, Ref. 15.

The large errors obtained using the above mentioned
methods prompted us to use TD-DFT calculations, since
these methods are reported to afford excitation energies
which are in good agreement with experimental ones.''
Within this approach, hybrid functionals are usually
superior to conventional ones''*?” and although B3LYP2®
is the most widely used hybrid functional, it has been
reported that B3P86% and B3PW91*° appear to be some-
what better at reproducing the observed transition
energies.”’ Therefore, we decided to test the reliability of
these three functionals on TTF. The geometry of TTF was
optimized using the 6-31G" basis set and the corresponding
functional. As previously reported,” the geometry opti-
mization of TTF by DFT leads to a boat-like shape with
C,, symmetry. The B3LYP optimization of TTF* gives
C-S bond lengths that are too long in agreement with
previous studies on compounds with third row elements.*
On the other hand, the B3P86 functional, which yields better
sulfur bond lengths,” reproduces®*® accurately, the gas
phase electron diffraction structure of TTF.>’ The
B3PWO91 optimized geometry is nearly identical to that
obtained using the B3P86 functional.

Single point TD-DFT calculations were performed using the
following basis sets: 6-31G**®, 6-31+G", 6-311+G*** and
the correlation consistent basis sets*’ with (aug-CC-PVDZ)
or without (CC-PVDZ) diffuse functions. The results of
these calculations are gathered in Table 2. It can be seen
that there is an excellent agreement between the calculated
and the theoretical values and that the choice of the func-
tional and basis set plays little influence on the calculation
results. Estimation of the root mean square errors and maxi-
mum absolute deviations reveals that the B3P86/6-31+G"
model chemistry gives rise to the more accurate results with
absolute deviations of less than 0.1 eV but even the medium
size 6-31G" basis set gives rise to accurate results at a lower
computational cost.

According to these TD-DFT calculations, the molecular
orbitals are those depicted in Fig. 2. The lowest energy
absorption band corresponds to a m—a¢" transition from
the HOMO (MOS52, symmetry a;) to the LUMO (MOS53,
symmetry a;) and consequently is an A, transition display-
ing z polarization. The second transition occurring at
3.37 eV is an excitation from the HOMO to the LUMO+ 1
(MO54, b;) and thus corresponds to a w—" transition with

MO52: a; -5.35 eV
(HOMO)

MO53: a; -1.67 eV
(LUMO)

MO55: a, -0.80 eV

\ B
"’1-.

MO54: by -1.18 eV

MOS56: b; -0.78 eV MOS57: by -0.43 eV

MO58: by 0.30 eV

Figure 2. Molecular orbitals of TTF: B3P86/6-31+G"//B3P86/6-31G"
(Cp).
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B, symmetry and x polarization. The excitation from the
HOMO to the LUMO+2 (MOS55, a,) is calculated at
about 3.9 eV but is an A, symmetry forbidden transition
and the two most intense bands in the spectrum correspond
to excitations from the HOMO to MO58 (B,, y polarized)
and MO57 (B, x polarized).

To sum up, TD-DFT calculations match precisely the
absorption energies, the calculated oscillator strengths
reproduce the relative intensity of the bands and the calcu-
lated polarizations are also in good agreement with the
experiment.

2.2. The UV-vis spectra of TTF derivatives

In order to explore the scope of these calculations we have
also studied TTF derivatives 2—4 (Fig. 1) using the model
chemistry that yields the best results with TTF (B3P86/6-
31+G"//B3P86/6-31G™). The first studied derivative was
tetramethyltetrathiafulvalene 2 (TMTTF) since the polar-
ized spectrum of this compound in a stretched polyethylene
film has been described” and the calculated polarization can
thus be compared with the experiment. The electronic tran-
sitions calculated for TMTTF are analogous to that of TTF
and are in good agreement with the experimental data
obtained in 1,2-dichloroethane solution (Table 3).'%
Furthermore, the calculated polarizations in the short axis
for the transitions at 3.63 and 4.25 eV and in the long axis
for the band at 3.74 eV are in good agreement with the
experimental polarizations observed in the polyethylene
film.

Geometry optimization on bis(ethylenedithio)tetrathiaful-
valene 3 (BEDT-TTF) and bis(ethylenedioxy)tetrathiaful-
valene 4 (BEDO-TTF) located a minimum of C,
symmetry in agreement with previously reported®*! calcu-
lations performed on BEDT-TTF and with the reported
X-ray structures of BEDT-TTF** and BEDO-TTE.*
Furthermore, the rms error when comparing the calculated
bond lengths to those measured in their X-ray structures is
only 0.006 A for BEDT-TTF and 0.014 A for BEDO-TTF.

The TD-DFT method applied to BEDT-TTF (Table 3)
predicts five allowed transitions below 4.0 eV that are in
good correspondence with the five lowest energy transitions
calculated for TTF. The first two transitions calculated at

2.75 and 3.46 eV are in close agreement with the experi-
mental 2.66 and 3.55 eV bands obtained in 1,1,2-trichloro-
ethane solution.** The third one calculated at 3.76 eV
corresponds to a forbidden transition in TTF that becomes
allowed due to the lower symmetry of BEDT-TTF. Similar
energy calculated for three of the transitions (3.62, 3.76,
3.84 eV) may be responsible for their appearance as a single
intense band at 3.83 eV in the experimental spectrum.

The calculated excitation energies and oscillator strengths
of BEDO-TTF (Table 3) are also in sharp correspondence
with the reported absorptions in acetonitrile solution.***
Moreover, we have recorded the UV —vis spectrum of 4 in
the same solvent and a closer inspection discloses a
previously unreported shoulder*® at ca. 3.35eV which
agrees extremely well with the predicted absorption at
3.28 eV. On the other hand, the calculated transition at
3.74 eV may well be hidden by the intense band observed
at 3.68 eV.

2.3. UV-vis spectra of radical cations of TTF derivatives

2.3.1. TTF . The UV-vis spectra of TTF " recorded using
different solvents'**'>%7 display some common features:
The lowest energy absorption band is observed at ca.
580 nm (2.14 eV), the most intense band is located at ca.
435 nm (2.85 eV) and two weak bands are visible depending
on the experimental conditions at about 2.52 and 3.08 eV.
The polarized absorption spectra of single crystals of
(TTF)(C1O4) have also been reported,48 and indicate that
the two intense absorptions (2.14 and 2.85 eV) are polarized
in the b axis of the crystal, which according to its structure
corresponds to the long axis of the molecule, while the weak
absorptions show polarization in the a axis and, considering
the arrangement of molecules in the crystal, it can be due to
absorptions polarized either in the short axis of the TTF ™ or
in an axis perpendicular to the molecular plane. In a similar
way, the polarized light spectra of radical salts of BEDT-
TTF® and similar derivatives® suggest that the intense
absorption bands are polarized in the long axis of the TTF
radical ions although the molecular axes are not perfectly
aligned with the crystallographic axes.

Previous attempts made in order to explain the absorption
spectrum of TTF* 1nv01ved the use of semiempirical calcu-
lations. The first of them,'” that made use of PPP, provided a

Table 3. Calculated (TD-B3P86/6-31+G"//B3P86/6-31G") and experimental lowest energy transitions of TTF derivatives. Transitions involving analogous

orbitals are arranged within the same row of the table

TMTTE (2) BEDT-TTF (3) BEDO-TTF (4)
Calcd Exp.* Calcd Exp.” Calcd Exp.
Symmetry* E (eV) 10* 1 E (eV) Log € E (eV) 10% E (eV) Log € E (eV) 10* E (eV) Log €
A 2.61 4 2.62 24 2.75 0 2.66 24 2.40 0 2.40 22
B 3.63 342 3.79 4.1 3.46 342 3.55 4.0 3.82 170 3.68 4.0
A 4.12 0 - - 3.76 1 - - - - - -
B 3.74 488 3.94 4.1 3.62 881 3.83 42 4.10 3319 3.94 4.1
B 4.25 511 432 4.1 3.84 364 - - 3.28 1 - -
B - - - - - - - 3.74 15 - -

2 In 1,2-dichloroethane, Ref. 14b.
® In 1,1,2-trichloroethane, Ref. 44.
¢ In acetonitrile, Ref. 43.

4 The standard orientation was used, the z axis corresponding to the C, axis.
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Table 4. Computed energies (eV) with parenthesized oscillator strengths (10* f) for the lowest energy electronic excitations of TTE*" (1*) calculated by

different methods

Transition®
Method Basis set B B, By, Boy
ZINDO® - 1.81 (2087) - 2.83 (1299) 2.27 (11)
CIS® 6-31G* 2.85 (1651) 4.16 (1) 3.80 (3091) 3.88 (62)
6-31+G" 2.84 (1630) 4.14 (1) 3.75 (3085) 3.86 (61)
TD-HF* 6-31G" 2.31 (2344) 4.09 (1) 3.32 (2224) 2.03 (151)
6-31+G* 2.30 (2341) 4.07 (2) 3.28 (2219) 2.09 (156)
TD-B3P86" 6-31G" 2.37 (738) 2.69 (1) 3.43 (3049) 3.37 (38)
6-31+G" 2.35 (735) 2.68 (1) 3.39 (3075) 3.30 (47)
6-31G(2d,p) 2.34 (620) 2.57 (1) 3.33 (2950) 3.20 (50)
6-311G(2d,p) 2.35 (568) 2.58 (0) 3.28 (2996) 3.12 (63)
cc-PVDZ 2.37 (677) 2.75 (1) 3.40 (3086) 3.27 (42)
Experimental (CH;CN)® 2.14 (3.7) 2.52 (sh) 2.86 (4.3) 3.08 (sh)

* Molecule orientation as in Fig. 3.

® PM3 optimized geometry.

¢ HF/6-31G" optimized geometry.

4 B3P86/6-31G" optimized geometry.

¢ Energies (eV) with parenthesized log € values, Ref. 13e

description of the spectrum that was in a reasonable agree-
ment with the experimental data even though this method
does not include o orbitals which, in analogy to the spec-
trum of neutral TTF, are expected to be involved in the
lowest energy transitions. The extended Hiickel method
described the lowest energy absorption as a transition
from the Semi-Occupied Molecular Orbital (SOMO) to
the LUMO," but this transition is expected to be polarized
perpendicularly to the molecular plane of TTF™, in sharp
contradiction to the experimental data described above.
Finally, the recent use of LNDO/S PERTCI’* gives an
accurate description of the two intense absorptions at 2.14
and 2.86 eV but does not account for the weak absorptions
at 2.52 and 3.08 eV.

For the calculation of the absorption spectrum of TTF"" we
have used different theoretical methods ranging from semi-
empirical to HF derived calculations and TD-DFT. As
recently pointed out by Casida,” there are very few
reports®* in the literature on the application of TD-DFT to
the study of the absorption spectra of open-shell species.
Thus, TTF radical cations give us the chance to test the
reliability of this method on sulfur containing radicals for
the first time. The geometry of TTF"" was optimized using
PM3 for ZINDO calculations, HF/6-31G" for HF-based
methods and B3P86/6-31G" for TD-DFT calculations and
resulted in every case in a planar D,, symmetry in agree-
ment with other theoretical calculations®® and crystallo-
graphic data.* The assignment of the transitions was
made relating the calculated oscillator strengths and polar-
izations to the experimental data and the results are gathered
in Table 4.

It can be seen that TD-DFT calculations are clearly superior
to the other used methods at calculating the excitation
energies. Thus, three of the four calculated transitions are
predicted with an accuracy of ca. 0.2 eV but the intense
absorption at 2.86 eV is calculated with an error of 0.42—
0.57 eV depending on the used basis set. It is well known
that the accuracy of the TD-DFT procedure decreases with

increase in the energy of the calculated transitions''™>* and

it seems feasible that in this case, significant errors are found
at energies above 2.5 eV. Concerning the basis set depen-
dence of these calculations, the use of more flexible basis
sets incorporating diffuse and polarization functions as well
as triple split basis sets improves the calculation results but
polarization functions play a more important role than
diffuse ones probably due to the more compact excited
state wave functions of cations compared to neutral
molecules or anions.’* The B3P86/6-311G(2d,p) model
chemistry yields the most accurate excitation energies of

the used methods.

SOMO by,
-9.96 eV
8.44 eV

HDOMO byg
-12.00 eV
-11.62 eV

N

LUMO ay
-6.13 eV
-6.06 eV

big
-5.47 eV
-5.32 eV

Figure 3. Molecular orbitals of TTF*: UB3P86/6-31+G"//UB3P86/6-
31G" (D).
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According to these calculations, the orbitals involved in the
four lowest energy transitions are those depicted in Fig. 3.

The lowest energy absorption is due to a b,;—bj, transition
from the Highest Doubly Occupied Molecular Orbital
(HDOMO) to the SOMO that has B;, symmetry and conse-
quently is polarized in the long axis (z in Fig. 3) of the
molecule. The absorption appearing as a shoulder at
2.52 ¢V is due to an b3,—a, (SOMO—LUMO) transition
with Bj;, symmetry and x polarization. The other two
observed absorptions correspond to transitions from the
SOMO to the two nearest unoccupied m orbitals: the most
intense absorption located at 2.86 eV is a b,—b,, transition
with B, symmetry and z polarization, and the shoulder
appearing at 3.08 eV is a b3, —b, transition with B, sym-
metry and y polarization. These assignments are therefore in
good agreement with the reported solution and polarized
absorption spectra.

2.3.2. BEDT-TTF " and BEDO-TTF *". Radical cations of
TTF derivatives bearing chalcogen substituents give rise to
an absorption band at ca. 1.2—1.3 eV in sharp contrast with
other TTF derivatives whose radical cations display spectra
analogous to that of unsubstituted TTF radical cation. This
different behavior has given rise to two opposed interpreta-
tions. Thus, some authors®®’ propose the formation of
dimers on the basis of an analogous absorption observed*’®
in TTE,>" while others!3445470.50a51 conclude that this is an
intramolecular absorption since it is polarized in the long
axis of the molecule, and moreover, intermolecular absorp-
tions are observed at lower energies in these cases.

In an attempt to explain the large bathochromic shift
observed in the lowest energy absorption of BEDO-TTF "
and BEDT-TTF " with respect to TTF*" we have studied the
spectra of these radical cations. The geometry was opti-
mized within the D, group of symmetry assuming the
planarity of the TTF moiety predicted theoretically®?® and
found in crystal structures’® of these radical ions. The
UB3P86/6-31G* model chemistry was used in geometry
optimizations and the calculations of excited states were
performed using the less expensive 6-31G" basis set and
the more accurate 6-311G(2d,p) basis set, while attempts
to use the 6-31+G" basis set incorporating diffuse functions
resulted in failures in the convergence of the TD-DFT
procedure.

The results of these calculations are gathered in Table 5. In

R. Andreu et al. / Tetrahedron 57 (2001) 78837892

analogy to the above reported calculations on TTE™, the
first two lowest energy transitions are accurately calculated
in every case. Above 2.5 eV the energies of the predicted
absorptions clearly differ from the experimental ones to
which they are assigned and the use of a more flexible
basis set results only in a minor improvement of the calcu-
lated excitation energies.

In any case, these calculations allow an easy interpretation
of the dramatic differences in the lowest energy absorption
band of TTF" on the one hand and BEDT-TTF" and
BEDO-TTF™ on the other hand and discard the formation
of dimers proposed by some authors to explain the spectrum
of BEDT-TTF*".%° According to our calculations, the lowest
energy band corresponds in every case to the transition of a
B electron from the HDOMO to the SOMO, which is in
good agreement with the observed polarization in the long
axis of the molecule,50 and the differences are only due to
variations in the relative energy of these orbitals. Thus, the
calculated energies using the UB3P86/6-31G* model
chemistry in every case, are —11.56eV for the
B-HDOMO and —8.37eV for the B-SOMO in TTF",
—9.34 and —7.71 eV for BEDO-TTF™ and —9.41 and
—7.71 eV for BEDT-TTF™", respectively. That means that
the ethylenedioxy and ethylenedithio groups cause a
destabilization of both the HDOMO and the SOMO but
the energy of the former increases more than 2 eV while
the latter increases only 0.66 eV causing an important
decrease of the HDOMO-SOMO gap. The results of these
calculations are in excellent agreement with the experimen-
tal gaps between the first and the second ionizations for TTF
(1.88 eV), and BEDO-TTF (1.01 eV) determined by photo-
electron spectroscopy.”

2.4. The UV-vis spectrum of TTF**

The UV-vis spectrum of TTF dication in acetonitrile has
been reported!’*® to show intense absortions at 3.51 and
4.54 eV. And the only described theoretical calculations
on this species used the PPP method to predict erroneously
a bathochromic shift of the lowest energy absorption with
respect to neutral TTF."

The computational procedure we used was analogous to that
described above for neutral molecules and radical ions. The
geometry was first optimized using the B3P86/6-31G”
model chemistry and a planar D,, symmetry but the station-
ary point found in this way was characterized as a first order

Table 5. Calculated (TD-B3P86) and experimental energies (eV) with parenthesized oscillator strengths (10* £) for the lowest energy allowed transitions of

radical cations of TTF derivatives

BEDT-TTEF"(3™)

BEDO-TTF"4")

d

Transition® 6-31G™ 6-311G(2d,p)° Exp.* 6-31G™ 6-311G(2d,p)° Exp.
B1 1.25 (1975) 1.24 (1816) 1.25 1.43 (1739) 1.42 (1513) 131
B3 224 (1) 2.16 (1) 2.07 2.15 (0) 2.08 (0) 2.06
B1 3.12 (1887) 2.98 (2401) 2.55 3.13 (2415) 2.99 (2299) 2.53
B2 2.59 (132) 2.88 (96) 2.71 2.90 (0) 2.84 (0) 2.69

* D, molecular symmetry with the z axis corresponding to the long molecular axis, y to the short molecular axis and x perpendicular to the main molecular

plane.
" Molecular geometries optimized at B3P86/6-31G".
¢ In CH,Cl,, Ref. 56.
4 In CH;0OH, Ref. 13d.
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Figure 4. Optimized geometry of TTF*'.

saddle point by the frequency analysis and therefore a
geometry optimization without symmetry restrictions was
performed. The minimum energy geometry presented D,
symmetry with the two dithiole rings rotated one with
respect to the other (Fig. 4) in analogy with the geometry
calculated using a HF/6-31+G" model chemistry and the
crystallographic structure of TTF(CIO4)2.6O

In analogy with the calculations on radical cations (Section
2.3), we used the less expensive 6-31G™ and the more
accurate 6-311G(2d,p) basis sets, the latter affording
slightly better excitation energies. Thus, a transition from
the HOMO (MOS51) to the LUMO (MO52) is responsible for
the lowest energy absorption with a calculated energy of
3.42 eV and an oscillator strength of 0.3217. The second
allowed transition is that from MO48 to MOS52 with a calcu-
lated energy of 4.62 eV (4.65 eV using the 6-31G" basis set)
and an oscillator strength of 0.051. The calculated energies
match the experimental values with an error of 0.1eV,
showing an accuracy similar to that found in neutral TTF
derivatives. For the sake of comparison, the calculated
lowest excitation energy using other methods was 2.69 eV
(CNDO/S//PM3), 2.66 eV (ZINDO//PM3) or 4.40 eV (CIS/
6-31G"//HF/6-31G™).

2.5. NLO chromophores derived from TTF

Having established the reliability of TD-DFT calculations
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Figure 5. Structures of studied NLO phores.

on a variety of simple TTF derivatives, we decided to study
more complex TTF—-acceptor chromophores, endowed
with NLO properties.” The preparation of molecules
containing a TTF derivative and a strong acceptor group
revealed a very unusual®’ behavior in NLO active
molecules: the energy of the lowest energy absorption
increases on increasing the number of double bonds that
link the donor and acceptor moieties. In order to clarify
the effect that the number of double bonds plays, on the
position of the lowest energy band, we have studied two
series of compounds (Fig. 5). In the first series (compounds
5°*%2) a TTF moiety is conjugated with a poor electron
acceptor formyl group and these compounds display the
normal bathochromic shift on increasing the number of
double bonds. In the second one, compounds 6 containing
a strong electron acceptor derived from thiobarbituric acid
are studied as a model of the corresponding ethyl-substi-
tuted compounds (7) which show a hypsochromic shift on
increasing the number of double bonds.”

Since our calculations using semiempirical (ZINDO,
CNDO/S) and Hartree—Fock based methods (CIS) are
completely unable to reproduce the spectra of these
compounds (Table 6), we turned to TD-DFT calculations.
The geometry of compounds 5 and 6 was optimized without
symmetry restrictions and resulted in every case in a boat-
like conformation of the TTF ring (Fig. 6) while the
ethylenic spacer and the acceptor group lie in the same plane.

The calculated and experimental energies for the lowest
lying transitions of compounds 5 and 6 are gathered in
Table 6.

Table 6. Theoretical and experimental energy values (eV) with parenthesized oscillator strengths (10* f) for the lowest energy transitions (below 3.5 eV) of

compounds 5 and 6

5a 5b Sc 6a 6b 6¢c
Exp. 2.51° 2.41° 2.36° 1.73° 3.27° 1.88" 3.04° 1.92° 2.87°
ZINDO® 421 (15200 3.95(3860) 3.77 (8198)  3.27 (3536) 4.24(3555) 3.20 (7610)  4.06(3280)  3.13 (12821)  4.03 (2387)
CNDO/S® 476 (1833)  4.32(5480) 3.99 (10793) 3.54 (5150) 5.08 (3128) 3.53(9182)  4.49 (1785) 3.29 (13325)  4.43 (1620)
crs* 4.41 (2698)  4.40 (5668) 4.24 (11681)  3.45(5635) 5.14 (6605) 3.61 (12377) 4.70 (7433)  3.53 (21315)  4.51 (4162)
TD-B3P86' 225 (410) 213 (835)  1.99 (1313) 138 (1153) 3.24(2375) 1.49(1830)  3.04 (8588)  1.48 (2441)  2.85 (14603)
* In CHCl,.

® Experimental values correspond to the analogous compound 7 in DMSO, Ref. 9c.

¢ PM3 optimized geometry.

¢ The calculations were performed using the 6-31+G" basis set on B3P86/6-31G" optimized geometries.
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Figure 6. Optimized geometry of compound 6c.

It can be seen that the TD-DFT calculated energies for the
lowest energy absorptions are lower than the experimental
values by 0.26-0.44 eV, which is an acceptable error for
such large molecules that can be attributed to the poor
prediction of charge-transfer transitions by DFT methods.'*
Anyway, TD-DFT calculations clearly outperform semi-
empirical and CIS calculations that, for the same transitions,
yield excitation energies that deviate from the experimental
values by 1.21-2.25 eV. Furthermore, TD-DFT calcula-
tions provide a reasonable prediction of the experimental
trends accounting for the bathochromic shift observed on
passing from Sa to Sb and Sc, the hypsochromic shift from
6a to 6b and the similar energies obtained for 6b and 6c.

The origin of the lowest energy absorption in compounds 5
and 6 is a charge transfer transition from the HOMO to the
LUMO, with the former being analogous to the HOMO of
unsubstituted TTF and the LUMO extending along the
ethylenic spacer from the acceptor moiety to the first carbon
atoms of the TTF ring (Fig. 7).

The changes in the energy of the CT transition are mainly
due to changes in the HOMO-LUMO gap that decreases
with increasing the number of double bonds in compounds 5§
(5a: 2.81eV, 5b: 2.60eV, Sc: 2.38 eV), while remains
nearly unaltered in compounds 6 (6a: 1.78eV, 6b:
1.72 eV, 6¢: 1.76 eV).

Furthermore, on going from 7a to 7c the second lowest
energy absorption bands display a bathochromic shift
(3.27 eV for 7a, 3.04 eV for 7b and 2.87 eV for 7¢), the
energies of these transitions being accurately predicted by
our calculations (6a: 3.24 eV; 6b: 3.04 eV; 6¢: 2.85¢eV),
maybe due to their lack of charge-transfer character.

L

HOMO: -5.72 eV LUMO -3.34 eV
Q@
o
L~
bad
HOMO: -5.87 eV LUMO: -4.11 eV

Figure 7. HOMO and LUMO of compounds 5c (top) and 6¢ (bottom):
B3P86/6-31+G"//B3P86/6-31G".

Thus, TD-DFT calculations account for the different
bathochromic and hypsochromic shifts observed in these
TTF-based chromophores, allowing a rationalization of
their optical properties.

3. Conclusions

The TD-DFT approach has been applied to the study of the
UV-vis spectra of TTF derivatives for the first time. This
method provides excitation energies with high accuracy
compared to semiempirical (CNDO/S, ZINDO) and ab
initio methods, such as CIS or TD-HF, which involve a
comparable computational cost. Furthermore, the minimal
basis set dependence makes the method suitable for large
molecules for which large basis sets should result in
extremely large resource requirements. The calculated
transition energies, as well as the oscillator strengths and
polarizations are in very good agreement with the reported
absorption spectra.

TD-DFT calculations have also been applied to the study of
the optical properties of TTF-derived radical cations, which
are the first sulfur-containing open-shell species to be
studied by this method. While low excitation energies are
accurately predicted, the performance of the TD-DFT
method is poorer at higher energies. The effect of chalcogen
substituents (O, S) at the periphery of the TTF, which results
in a large bathochromic shift of the lowest energy absorp-
tion bands of 3" and 4" compared to 177, is precisely
reproduced. This is a consequence of the decreased
HDOMO-SOMO gap in 3" and 4", thus confirming the
intramolecular nature of this absorption.

The excitation energies of charge-transfer transitions in
TTF-derived chromophores for nonlinear optics are also
predicted with reasonable accuracy and calculations
account for the surprising hypsochromic shift of the
charge-transfer absorption observed in some of these
chromophores on extending the conjugation path.

To sum up, TD-DFT appears as a valuable general method
in the calculation of the excitation energies of TTF deriva-
tives, both in their neutral and oxidized (radical cations and
dications) states. These calculations can be a valuable help
in the interpretation of spectroelectrochemical experiments
and in the design of new chromophores incorporating TTF
moieties.

4. Computational procedure
All the calculations were performed with the Gaussian 98%
program with the only exception of the CNDO/S calcula-
tions that used the MOS-F** program.

The Berny analytical gradient method was used for
geometry optimizations with the default threshold values
for the maximum force and displacement. Stationary points
were characterized as minima by the absence of imaginary
frequencies. Excited state calculations using CIS or TD
were solved for a minimum of six states using the nstates
option of the CIS and TD keywords. Processing of the
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results of molecular orbital calculations was achieved with
the MOLDEN-3.6 program.*’
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