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The functional dependence of excited-state geometries and normal modes calculated with time-dependent
density functional theory (TDDFT) is investigated on the basis of vibronic structure calculations of the
absorption spectra of large molecules. For a set of molecules covering a wide range of different structures
including organic dyes, biological chromophores, and molecules of importance in material science, quantum
mechanical simulations of the vibronic structure are performed. In total over 40 sisgigtet transitions of

neutral closed-shell compounds and doubtiiublet transitions of neutral radicals, radical cations, and anions

are considered. Calculations with different standard density functionals show that the predicted vibronic structure
critically depends on the fraction of the “exact” Hartrdeock exchange (EEX) included in hybrid functionals.

The effect can been traced back to a large influence of EEX on the geometrical displacement upon excitation.
On the contrary, the dependence of the results on the choice of the local exchange-correlation functional is
found to be rather small. On the basis of detailed comparisons with experimental spectra conclusions are
drawn concerning the optimum amount of EEX mixing for a proper description of the excited-state properties.
The relationship of the quality of the simulated spectra with the errors-frtéansition energies is discussed.

For the investigated singlesingletor — s* transitions and the first strongly dipole-allowed transitions of

PAH radical cations some rules of thumb concerning the optimum portion of EEX are derived. However, in
general no universal amount of EEX seems to exist that gives a uniformly good description for all systems
and states. Nevertheless an inclusion of aboutZ&%6 of EEX in the functional is found empirically to yield

in most cases simulated spectra that compare very well with those from experiment and thus seems to be
necessary for an accurate description of the excited-state geometry. Pure density functionals that are
computationally more efficient provide less accurate spectra in most cases and their application is recommended

solely for comparison purposes to obtain estimates for the reliability of the theoretical predictions.

1. Introduction of an electronic transition that can easily be measured contains
information about the geometry and normal modes of the
corresponding excited state. Vibronic structure calculations and
comparisons with experimental data thus offer the possibility
of an indirect assessment of the performance of the theoretical

In recent years time-dependent density functional theory
(TDDFT)'2 has replaced the single excitation configuration
interaction method (CIS) as the quantum chemical workhorse
for calpulatlng excitation energies and other excited-state methods for the calculation of these excited-state properties.
properties of large molecules of up to 200 second-row atoms. . o
For valence-excited states TDDFT reaches the accuracy of more Previous work® has shown for the first time that (TD)DFT

sophisticated (and expensive) quantum chemical wave function¢@lculations employing the popular B3-LYP functional yield a
methods. The problems inherent in the use of approximate VEry good description of the vibronic structure of the absorption

ground-state exchange-correlation (xc) functionals for the SPectra for several larger orgamicystems indicating the good
calculation of Rydberd$ charge-transfer (C?)° and ionic quality of the excited-state geometries and normal modes.
valence-excited stat¥s12 are well documented and are cur- However, for the 14— 1B, transition of octatetraene a rather
rently a very active field of research. strong dependence of the calculated vibronic structure on the
With the availability of analytical TDDFT gradierfs® a densjty functional employed was obser\}é_d?reliminary c_al-
similar development is expected for the calculation of excited- culations on a few systems and employing several different
state geometries and vibrational normal modes. Therefore anfunctionals have shown that the displacement upon electronic
assessment of the quality of TDDFT calculations regarding these €xcitation (the difference between the ground-state and the
excited-state properties is of great interest. In contrast to the €xcited-state geometry), which is the central quantity for a
ground state, the excited-state geometries and normal modesimulation of the vibronic structure, strongly depends on the
are difficult to obtain experimentally in a direct way due to the @mount of “exact” HartreeFock exchange (EEX) included in

short excited-state lifetimes. However, the vibronic structure the functional while the influence of the local part of the
approximate xc functional used is rather small (see Section

* Address correspondence to this author. Fax:49)251-83-36515.  3-2-3). A similar dependence has been observed earlier for the
E-mail: grimmes@uni-muenster.de. vertical excitation energiedAE'e"318indicating that there might
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be a connection between these two phenomena. This raises the For all density functional calculations the TURBOMOLE
question whether the error fakEe" obtained with different 5.6'9 suite of programs was used. The functionals B-Pg8,
fractions of EEX can be used as an indicator for the amount of B3-LYP 2223 and BH-LYP* were applied in all calculations.
EEX that is necessary for a proper description of the excited- Additionally, the functionals S-VWN>26B-LYP, PBE2"-28and
state geometry. However, sinéeéee does not correspond to  PBEQ® were tested. For the pure density functionals the RI
any physical observable, i.e., cannot be extracted from anapproximatiof®3? was used. A Gaussian AO basis set of
experimental spectrum, instead the errors for th@ Gransition triple-¢ quality ([5s3p1d]/[3s1p], TZVP¥ and a large grid for
energies AE®0) will be used here for this discussion. numerical quadrature (“grid 3" option) were employed and a
In this work we present a detailed (TD)DFT study of the tight SCF convergence criterium was chosen to avoid accumula-
influence of EEX mixing on the quality of theoretical absorption tion of numerical noise. The closed-shell systems were treated
spectra. A possible correlation of the quality of the simulated restricted while for the open-shell systems unrestricted (TD)-
spectra with the errors faxE9—0 obtained with different amounts ~ DFT calculations were performed. For the open-shell com-
of EEX will be discussed. To be easily reproducible, the pounds the[¥[]values of the ground-state KohSham
calculations have been performed with the standard functionalsdeterminant obtained with the-8°86 functional lie in the range
B-P86 (0% EEX), B3-LYP (20% EEX), and BH-LYP (50% of 0.75-0.77 indicating that the spin-contamination is only
EEX) which are implemented in most electronic structure small, which is in line with previous findings for pure DFT
program packages. A wide range of structurally different systems functionals. As expected, for the hybrid functionals with
including organic dyes, biological chromophores, and molecules increasing admixture of EEX largéE[lvalues of 0.76-0.79
of importance in material science will be considered. This study (B3-LYP) and 0.78-0.87 (BH-LYP) are found. With all three
should furthermore provide the reader with a comprehensive functionals applied the neutral radicals showed the larg#st
overview about the typical accuracy that can be obtained with values. The geometries of the ground and excited states were
TDDFT for electronic spectra simulations. Because over 40 optimized by using analytical DFT and TDDFP4 gradients,
different absorption spectra have been investigated in this studyrespectively. The normal coordinates and frequencies of both
(which cannot all be shown), the results will be discussed by states were obtained numerically by (two-side) finite difference
using some illustrative examples and the other spectra areof the analytical gradients using an extended version of the
included in the Supporting Information. program SNF 2.23:36 running in parallel on a LINUX PC-
After a few words concerning the theory and technical details cluster. The frequencies of both the ground- and excited-state
of the calculations in Section 2 an overview about the molecules Normal modes were scaled with the same factor of 0.9614 (B3-
and the corresponding electronic transitions considered will be LYP and BH-LYP) and 0.9914 (B-P86), respectivélyAll
given in Section 3.1. In Sections 3.2 and 3.3 the resullts for the combinations of vibrational quanta in the energy range of interest
investigated singletsinglet and doubletdoublet transitions, were generated and the intensities of the corresponding vibronic

respectively, will be presented. transitions were calculated with the program FCfast®® Bor
comparison with the experimental spectra the obtained intensities
2. Theory and Technical Details of the Calculations were broadened by using Gaussian or Lorentzian shape functions

with a constant half-width that was adjusted manually to match
Since the theory of vibronic transitions has been discussedthe corresponding experimental spectrum. The experimental and
earlief® only a few notes concerning the simulation of the calculated spectra were normalized to the signal of highest
vibronic spectra will be given here. All spectra shown in this intensity andAE®-° was set to zero.
study were calculated on the basis of the FranCkndon (FC) Finally, we want to give some brief notes on the computa-
approximation, i.e., vibronically induced transition dipole mo- tjonal cost of our approach. The excited-state optimization is
ments have been neglected. The error due to this treatment isSpout -2 times as costly as the corresponding ground-state
expected to be small since nearly all transitions considered areqg|culation and the scaling with the system size is the same.
strongly dipole allowed. For the weakly dipole-allowed transi- The rate determining step of the entire simulation procedure is
tions investigated the influence of vibronic coupling has been the numerical calculation of the vibrational modes for both

checked carefully and it was found to be negligible compared states, which for the larger systems studied took a few days in
to the observed dependence on the different density functionals.parallel on 8 Pentium IV 2.4 GHz nodes.

In all vibronic structure calculations only the totally symmetric

normal modes were con_sidered. Test calcula_tions have _showns_ Results and Discussion

that nontotally symmetric modes can be discarded without

introducing any significant error because the displacement upon 3.1. Overview. An overview about the closed- and open-
excitation along these modes is zero and thus their contributionshell molecules considered in this study with the numbering
to the vibronic structure is small. Compared to an “exact” that will be used as reference in the following discussion is
treatment the band structure is completely retained and the onlyshown in Figures 1 and 2, respectively. For all electronic
effect observed is a small redistribution of spectral “under- transitions the symmetry of the ground and excited state, the
ground” from higher energy regions to that near the00 calculated vertical excitation energyE'®", the experimental
transition. Furthermore, it should be noted that the dependenceAE® values, and the errors foAE®C obtained with the

of the calculated vibronic structure on the amount of EEX different functionals are given in Table 1. Note that the
included in the functional will be exclusively discussed in terms experimentahE®C values for those transitions which have been
of a dependence of the displacement upon excitation on EEX. measured in solution or matrix have been increased by 0.15 eV
The influence of EEX on the normal modes of the ground and to account for a solvent-induced red shift &E°~C. For the
excited state (more precisely, on the corresponding Duschinskysystems withD,, symmetry a molecular orientation in thxg-
matrix) will not be discussed. This effect is expected to be small plane with the long axis along thedirection is taken; molecules
compared to the geometry dependence because the scaledith C,, symmetry are aligned with the long axis along the
vibrational frequencies and normal modes for the three func- x-direction. The errors foAE®=C are also presented graphically
tionals are very similar. in Figure 3, which will be used in the following to discuss a
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Figure 1. Overview of the closed-shell molecules considered in this study with the numbering that will be used as reference in the text.
- homologous acenes naphthalet @nthracene2), tetracene

Qo- Q “§|§ (3), and pentacened). The excited states can (in an orbital

“ ” . N picture) be described as a promotion of one electron from the

n=1: 34 highest occupied molecular orbital to the lowest unoccupied

n=2: 35 molecular orbital (HOMGC— LUMO transition) and in the Platt
I+ TN //ﬂ" nomenclature (perimeter mod®l)is denoted as the JLstate.
< : Figure 4 shows a comparison of the calculated and experimental
{>=<:>=<C spectra forl and 3. With increasing amount of EEX included
36 3 4 \ in the functional a shift of intensity from the-@ transition to

38 -+ higher energy regions can be observed indicating an increase

I | of the geometric displacement upon excitation. Compared to

[ P 1 z o J
OO experiment, both B-P86 and B3-LYP seem to underestimate
9 0 £ Sy the displacement upon excitation while it is overestimated with
PN\ the BH-LYP functional. This suggests that about 30% EEX
3 40

would be optimum for the acenes, which is supported by the
Figure 2. Overview of the open-shell molecules considered in this "€SUlts obtained fo2 and4 (see Supporting Information). For
study with the numbering that will be used as reference in the text. an assessment of the basis set dependence additional calculations
have been performed f@with the B3-LYP functional applying
possible relationship of the quality of the spectrum on one hand basis sets of doublequality ([3s2p1d]/[2s1p], SVP} triple-C
and the errors foAE?-0 with different amounts of EEX on the ~ quality with two ([5s3p2d1f)/[3s2pld], TZVPP) and three sets
other. It should be mentioned that for some of the systems ([5s3p3d2f1g]/[3s3p2d1f], TZVPPP) of polarization functions,
studied here one or more imaginary frequencies were obtainedand also quadruplg-quality ([7s4p3d2flg]/[4s3p2d1f], QZ-
for nontotally symmetric normal modes. Test calculations show VP).** Compared to the spectrum obtained with our standard
that in some cases the barrier of the corresponding double-triple-C basis set, the simulation with the doulflebasis set
minimum potentials cannot be regarded as negligible comparedshows a small decrease of the displacement (see Figure 4) while
to the vibrational energy, which should have an effect on the the larger basis sets yield almost identical results (example of
vibronic structure. However, simulations for these systems with QZVP given in Figure 4). This suggests that the basis set of
the symmetry-broken geometries corresponding to the real (TD)- triple-C quality used is close the basis set limit (for this type of
DFT minima clearly show significant deviations from experi- application). The absolute (signed) errors foE?~° with the
ment indicating that the imaginary frequencies are very likely different functionals decrease (increase) monotonically with
artifacts of the (TD)DFT treatments. Therefore in the following increasing amount of EEX and the BH-LYP functional yields
the geometries in the higher symmetry as denoted in Table 1the best agreement with the experimental values (see Figure 3

z

d o
41

were used for the simulation of the vibronic speéfra. and Table 1) in contrast to the results for the simulated spectra.
3.2. Singlet-Singlet Transitions. 3.2.1. Polycyclic Aromatic ~ Therefore, no correlation of the quality of the calculated
Hydrocarbons (PAH) and Rigid Homoaromatic Systeifise spectrum and the error f&tE%0 is found for the acenes. Similar
first strongly dipole allowed singletsinglet transition of the ~ observations for the {(S — ) transition of pyreneq) (see
linear-condensed acenes (S S, for naphthalene, §— S for the Supporting Information) indicate that these conclusions can

the other acenes) has been studied extensively both withalso be transferred toglstates of other PAH.

experimental and theoretical methods and can be regarded as a To put this conclusion on a more solid basis, the($ —
prototype form — s* transitions of aromatic compounds. As ) transitions of the larger PAH perylen6){ pentarylene?),
first examples we thus want to discuss the results for the and benzoperylene8) have been investigated. A comparison
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TABLE 1: Comparison of AEYe", the Experimental AE®-°, and the Errors for AE%° (AE®O(calcd) — AE®9(exptl)) Obtained

with the Functionals B-P86, B3-LYP, and BH-LYP for the Investigated Electronic Transitions (in eV}

AEvert AE0-0 AE®%(calcd)— AE*%(exptl)

molecule transition B-P86 B3-LYP BH-LYP exptl B-P86 B3-LYP BH-LYP
1 1A;— 1'Byy, 4.07 4.40 4.82 4.44 —-0.72 —0.46 —0.07
2 1Ay — 1By 2.90 3.25 3.69 3.49 -0.77 —-0.51 -0.12
3 1Ag— 1'Byy, 2.14 2.47 2.91 2.8 —-0.83 —0.58 —0.20
4 1*Ag— 1'Byy, 1.61 1.93 2.35 2.281 —-0.84 —0.61 —-0.24
5 1A;— 1'Bg, 3.37 3.69 4.10 3.84 —0.68 —-0.42 -0.11
6 1*Ag— 1'Bgy, 2.53 2.82 3.22 3.5 —0.83 —0.62 —0.30
7 1A;— 1'Bg, 1.37 1.56 1.89 1.816 —0.56 —0.37 —0.20
8 1'A; — 1'B; 2.88 3.22 3.67 3.372 —0.69 —0.39 —0.06
9 1A, — 1'B, 2.50 3.00 3.52 3.173 —0.80 —0.41 0.10
10 1*A; — 1'B; 2.30 2.40 2.54 1.934 —-0.07 0.06 0.24
11 TAg— 1'Bsy 4.27 4.52 4.86 4,075 0.05 0.31 0.62
12 1A — 2TA; 3.43 3.93 461 3.9t —0.52 -0.14 0.56
13 TA; — 1'B; 3.23 3.52 3.93 3.827 -0.63 —-0.42 -0.13
14 PAg— 1'Bsy 2.14 2.43 2.84 2.578 —0.56 —0.29 0.01
15 TAg— 1'Bsy 3.00 3.38 3.88 3.408 -0.61 -0.27 0.12
16 1Ay — 1B, 3.60 3.90 4.29 3.924 —0.63 —0.40 —-0.13
17 1A, — 1'B, 2.03 2.55 3.14 2.9%°5 —1.06 —0.63 -0.16
18 1*A; — 1B, 3.59 4.00 4.53 4.05° —0.86 —0.45 0.12
19 1A, — 1'B, 3.38 3.75 4.26 3.640 —0.62 —-0.33 0.01
20 TAg— 1'Bsy 3.79 4.13 4.57 4.31° -0.77 —0.55 —0.20
21 1A, — 1By 3.77 4.05 4.47 4.41 —0.86 —0.70 —0.39
22 TAy— 1B, 2.68 3.03 3.56 3.3p0 -0.83 —-0.55 -0.18
23 1lz;r — 112: 2.83 3.28 4.14 3.6951 —-0.95 —0.58 0.21
24 TAy— 1B, 2.05 2.38 2.96 2,782 —0.80 —0.53 —0.12
25 LA, — 1B, 2.44 2.75 3.26 3.183 —-0.82 —0.59 —-0.22
26 1*A; — 1B, 2.02 2.52 3.18 3.1044 —-1.16 —0.76 —0.28
27 LA — 21A’ 2.17 2.47 3.01 2.7P3 —0.69 —0.43 —0.06
28 TA; — 1'B; 3.36 3.68 4.10 3.731 —-0.64 -0.38 -0.10
29 1*A; — 1B, 2.17 2.52 3.02 2.7PF5 —-0.76 —0.50 -0.14
30 1A, — 1'B, 1.67 2.03 2.45 2.396 —-0.90 -0.51 -0.07
31 B, — 1%A; 2.07 2.38 2.97 2.127 —-0.37 0.02 0.59
32 2B, — 22A, 3.80 3.98 4.39 4,058 —0.48 —-0.20 0.17
33 2B, — 22A; 3.50 3.88 4.53 4.044 —0.70 —0.34 0.35
34 1A, — 1%B3g 2.11 2.15 2.16 1.97° —0.06 0.01 —-0.02
35 PBay— 1?A, 1.86 1.94 2.09 1.875 -0.11 —0.06 0.07
36 2B, — 12A, 1.60 1.66 1.75 1.980 —0.09 —-0.07 —0.02
37 A, — 12B; 2.15 2.23 2.37 2.2 -0.12 -0.07 0.05
38 1Byg— 12By, 1.73 1.78 1.75 1.623 —-0.01 0.00 —-0.18
39 PA,— 12Bgy 1.94 2.06 2.29 2.0p4 -0.16 —-0.04 0.19
12A, — 1°Byg 3.30 3.45 3.38 3.344 —0.36 —0.20 —-0.32

40 22A, — 12B, 1.62 1.58 1.78 1.465 —0.03 0.01 0.09
12A, — 32A, 3.10 3.33 3.52 3.1%64 -0.23 —0.04 0.07

41 2B, — 12A; 2.44 1.83 1.94 1.787 —-0.13 —0.01 0.14

aThe conventions concerning the orientation of the molecules Btand C,, symmetry are given in the text.The excitation energy has been
increased by 0.15 eV to account for a solvent-induced red skfiditionally, the value has been increased by 0.18 eV to account for the red shift
due to the TIPS end caps (see Section 3.2.3).

of the simulated spectra & and7 with experiment is shown

in Figure 5. As for the acenes, the displacement upon excitation o5
increases with the amount of EEX included in the functional.
For 6 the spectrum obtained with B3-LYP shows an almost
perfect agreement with that from experiment. The B-P86
functional slightly underestimates the displacement while it is
clearly too large with BH-LYP.

Since 7 is a higher homologue 06 similar results are
expected for this compound. However, as can be seen from
Figure 5, the spectrum obtained with BH-LYP clearly shows
the best agreement with experiment and both B3-LYP and
B-P86 provide not enough intensity in the high-energy regions. i +—+ B-P86
These results indicate that for the rylenes the optimum amount 0| ¥ | o Bhive|
of EEX increases with the number of naphthalene units in the
molecule. Unfortunately, it seems thus not possible to extrapolate
the results for small systems to larger compounds even when
they seem structurally similar. . ) Figure 3. Errors for AE®0 (AE®O(calcd) — AE*O(exptl)), in eV,

For 8 B3-LYP shows an underestimation and BH-LYP on  optained with the functionals B-P86, B3-LYP, and BH-LYP. The results
the other hand an overestimation of the displacement (see thefor the singlet-singlet and doubletdoublet transitions are shown on
Supporting Information) and thus about 30% of EEX is expected the left and right sides of the plot, respectively.
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Figure 4. Top panel: Comparison of the calculated and experiméntal
absorption spectra for théAy — 1'By, (L4) transition of naphthalene 0.0 —— 7 ——
(1). Bottom panel: Comparison of the calculated and experinféntal -1000 0 1000 2000 JUIOO 4000 5000 6000
absorption spectra for the'Ag — 1'B,, (L) transition of tetracene Efcm
(3). Figure 5. Top panel: Comparison of the calculated and experimeéntal

absorption spectra for théAy — 1'Bg, (L) transition of perylenef).
to be optimum as for the acenes. As seen in Figure 3 and TableBottom panel: Comparison of the calculated and experinéntal
1 no connection between the quality of the simulated spectrum aPsorption spectra for théA, — 1'Bsu (La) transition of pentarylene
and the error forAE®=° is found for 6 and 8 and thus the
correlation observed for has to be regarded as more or less
incidental since it is know:11that the absolute error f@xE®©
of ionic states (in a valence-bond picture) generally decrease
with the amount of EEX included in the functional.

The results obtained for the,(Sp — S;) transition of9 that
contains repeating biphenyl units show a slight overestimation
of the displacement with BH-LYP (see the Supporting Informa- X -
tion) indicating that about 40% of EEX would probably yield SO f_ar t_he BH-LYP fun_ctlonal yields the best results (as expected
the best agreement with experiment. As seen from Figure 3 and/©" i0niC La states) while for the 4 state of10, BH-LYP shows

Tabk 1 a similar fraction of EEX is expected to give an accurate "€ largest error of 0.24 eV (Figure 3 and Table 1). Eor
estimation forAE®-C, Thus, for this system the quality of the ~POrtion of about 10% EEX would yield the best agreement with
simulated spectrum and the errors aE-0 with different experiment and thus there seems to be a correlation of the quality

amounts of EEX seem to correlate. of the simulated spectrum with the error faE.00

All the systems presented so far show a systematic increase 3.2.2. Rigid Heteroaromatic Systen#sl compounds con-
of the displacement upon excitation with the amount of EEX sidered so far are plain hydrocarbons and therefore little charge
included in the functional. For the,l(So — S;) transition of transfer between the atoms in one state as well as no change of
azulene 10), however, the B-P86 and B3-LYP functionals give charge-transfer character between the ground and the excited
almost identical results that are both in excellent agreement with state is involved. Since almost all “real-life” systems include
experiment (see Supporting Information) while the displacement one or more heteroatoms which can have a strong effect on the

is clearlyunderestimatedith BH-LYP. This indicates that the
spronounced differences observed for the ground-state properties
of 10 compared to its alternating isomér (e.g., symmetry
breaking to &Cs structure with HF, see ref 47) also transfer to
the electronic structure of the excited state. Furthermore,
concerning the errors &E°9, for all alternating PAH presented
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photophysical properties, in the following the results obtained
for a number of heteroaromatic systems will be discussed.

For the L, state of tetraazanaphthalenkl) B-P86 clearly
underestimates the geometric displacement upon excitation. With
the B3-LYP and BH-LYP functionals similar results are
obtained for the displacement but only the B3-LYP calculation
yields an accurate description of the relative intensities of the
peaks at 700 and 1400 cf) respectively (see the Supporting
Information). In this case the functional dependence can partially
also be attributed to differences of the excited-state normal
modes. The BH-LYP and B3-LYP functionals both overestimate
AE®0 (errors of 0.62 and 0.31 eV, respectively) while the B-P86
functional yields the best agreement with the experimental value
(error of 0.05 eV). Thus fod1l clearly no correlation of the
results for the simulated spectrum with the errorsA&°0 is
found.

The results obtained for the,l(Sy — ) transition of
xanthone {2) are similar for the three functionals used except
for a systematic frequency shift observed for BH-LYP (see the
Supporting Information). Since the experimental phosphores-
cence excitation spectrum seems to exhibit significant back-
ground noise, no conclusions regarding an optimum amount of
EEX for the simulation of the spectrum can be drawn. The
B-P86 functional underestimat@s=®—° by more than 0.5 eV,
BH-LYP yields an overestimation by about the same amount,
while the B3-LYP functional shows the best agreement with
the experimental value (error 6f0.14 eV). This, however, is
in clear contrast to the rather small differences found for the
calculated vibronic structure.

For the L, transition of 13 an underestimation of the
displacement is observed with B-P86 and B3-LYP while BH-
LYP slightly overestimates the displacement upon excitation
(see the Supporting Information). Out of the three functionals
BH-LYP yields the best agreement with the experimeAt&—°
value (error of—0.13 eV).

The simulations for the L state of 14 lead to similar
conclusions as fot3 (see the Supporting Information). Com-
pared to6 a larger amount of EEX seems to be necessary. It
should be noted that calculations for this system employing a
tight-binding version of DFT with the PBE functior&lield a
significant overestimation of the displacement. Since our
calculations show that PBE performs similar to B-P86 this can
probably be traced back to the tight-binding approximation used.
The AE°-Cvalue is predicted very accurately with the BH-LYP
functional (error of 0.01 eV, see Figure 3 and Table 1) in
contrast to the observation for the calculated spectra.

The simulations performed for the, ktate of1l5 again yield
an underestimation of the displacement with B-P86 and B3-
LYP while the BH-LYP functional shows an overestimation as
in the previous examples (see the Supporting Information). It
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Figure 6. Top panel: Comparison of the calculated and experimé&ntal
absorption spectra for théA, — 1'B, transition of22. The simulated
spectrum obtained with the S-VWN functional is shown as an example
for the calculations performed with different LDA functionals. Bottom
panel: Comparison of the calculated spectra for thE, 1— 115
transition of decayne2@) with the experimental absorption spectrum
of the TIPS end-capped derivati%e.Additionally the calculated
spectrum for the ) — 1'A} excitation of the TMS end-capped
derivative employing the BH-LYP functional is included.
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conjugated double or triple bonds. Besides an increased flex-

ibility these molecules are also expected to show a different

behavior upon excitation due to the lack of aromaticity. After

a discussion of the systems built exclusively from double or

triple bonds, several mixed compounds containing both non-

aromatic and aromatic parts will be presented in the next section.
The simulations for the 14— 1B, state of octatetraen@X)

should be noted here that the absorption spectrum has beershow a clear underestimation of the displacement with B-P86.

simulated exclusively on the basis of the vibronic structure
obtained for the .state. Contributions from the weakly dipole-
allowed Ly, transition, which lies about 1200 crh higher in
energy!® are swamped by the vibronic structure of the more
intense |, transition and are expected to have only a small effect
on the observed band shape. The errors\E?—0 indicate that
about 40% of EEX would be optimum in agreement with the
results for the simulated spectra.

3.2.3. Flexible Hydrocarbons Consisting of Alternating
Double and Triple BondsAll the examples discussed so far

The B3-LYP functional also seems to underestimate this effect
while BH-LYP vyields a slight overestimatiéf(see the Sup-
porting Information). For theAE® values the BH-LYP
functional yields the best agreement with experiment. Neverthe-
less, the error is still about 0.4 eV indicating that an even larger
portion of EEX would be optimum.

For the strongly dipole-allowed 1A= 1B, transition of the
oligomer 22 that corresponds to the well-studied glA- 1B,
transition of polyenes simulations have been performed with
several different functionals. The comparison of the calculated

are built from condensed aromatic units and can thus be regardedand experimental spectra presented in Figure 6 clearly shows a

as structurally rather rigid. Chromophores of biological and
technical interest on the other hand often include a number of

large influence of EEX while for the pure DFT functionals
almost identical results are obtained indicating that the depen-
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dence on the local part of the approximate xc-functional used Supporting Information). The calculations for the ;1A 1B,
is rather small. As for most of the aromatic examples discussedtransition of26 again show a significant underestimation of the
above an increase of the displacement upon excitation with thedisplacement both with B-P86 and B3-LYP while the BH-LYP
fraction of EEX in the functional can be observed although the functional yields an excellent agreement with experiment (see
dependence seems to be even larger. Both B-P86 and B3-LYPthe Supporting Information). Again, theE°-0 value with BH-
yield a clear underestimation of the displacement while the LYP is still too low by about 0.3 eV and a larger amount of
spectrum calculated with BH-LYP shows an excellent agreement EEX seems necessary.
with experiment. The same holds for the calculatéd values The polyene derivativ@7 represents a model system for the
(see Figure 3 and Table 1). biological chromophore peridinine found in an antenna pig-
Figure 6 shows a comparison of the simulated spectra for ment-protein complex used by dinoflagellates species for
the strongly dipoIe-aIIowedZI;r — 13 transition of decayne  harvesting light energ§? The simulated spectra for the strongly
(23) with the experimental absorption spectrum of the triiso- dipole-allowed 1A— 2A' transition of27 show a significant
propylsilyl (TIPS) end-capped derivative. Obviously the fre- underestimation of the displacement with B-P86 and B3-LYP
quency of the GC stretch vibration is systematically over- (see the Supporting Information) as expected for a compound
estimated with all three functionals. As in the example before, with a large number of conjugated double bonds. The calculation
the B-P86 and B3-LYP functionals yield a too small displace- with the BH-LYP functional is in good agreement with
ment. Although the BH-LYP functional shows the best agree- experiment and furthermore BH-LYP also gives the best result
ment with experiment we note that an even larger amount of gy AE0-0 (error of —0.06 eV). From the last four examples
EEX seems to be necessary for a quantitative description of gne can conclude that for the simulation of the spectrum the
the experimental spectrum. For an assessment of the effects opptimum fraction of EEX in the functional can indeed be

the TIPS group on the photophysical properties additional estimated from the ratio of the aromatic and unsaturated
calculations have been performed for the trimethylsilyl (TMS)  (nonaromatic) subunits in the compound.

end-capped derivative @3. The TDDFT calculations with the
three functionals yield a small decrease Adt'®" compared to
the uncapped system of 0.21 (B-P86), 0.19 (B3-LYP), and 0.15
eV (BH-LYP), respectively. Furthermore, for the simulated
spectrum only a slight increase of the displacement can be
observed (see Figure 6). Therefore the influence of the TIPS
groups seems to be rather small &3ds expected to be a good
model system. In contrast to the results obtained for the
simulated spectra, the errors #8E°0 indicate that about 40
50% EEX would give the best agreement with experiment. It 00 - ;
should be noted that the experimendt®° given in Table 1 ment. Good results foAE>® are only obtained with the BH-
has been increased by 0.18 eV (in addition to the solvent LYP functional (error of—0.13 eV). A similar concll_Jspr_l can
correction) to account for the effect of the TIPS substituents. P& drawn from the data calculated B and thus no significant
Comparing the results fal, 22, and23, the dependence of depenqlence .Of the optimum amoynt of EEX on the pumber of
the displacement on the amount of EEX seems to be larger fc)rrepeatlng units can be observed in contrast to the findings for

systems with triple than for those with double bonds and it seemsthe ryler_les (sge Section 3.2.1). N )

that triply bonded systems require a larger fraction of EEX. ~ The simulations for the 1A— 1B, transition of diphenyl-
Furthermore, regarding the results t6E°0 the influence of cyclopropenonel), which can be regarded as a derivative of
EEX seems to be |arger for Compounds with tr|p|e bonds (Figure CiS‘StiIbene, show an underestimation of the displacement with
3 and Table 1) as seen for the displacement. The optimumB3-LYP (see the Supporting Information). The spectrum
portion of EEX, however, seems to be smaller for triply bonded calculated with the BH-LYP functional is in good agreement

systems in contradiction to the results obtained for the displace-With experiment although an even larger amount of EEX seems
ment. to be necessary for a quantitative reproduction of the experi-

3.2.4. “Real-Life” SystemsFor the aromatic systems dis- mental spectrum. With the B-P86 functional, on the other hand,

cussed so far we have seen that an amount ef4886 EEX worse results are obtained which show little similarity with the
yields overall the best agreement between theoretical and€XPerimental spectrum. Thus, compared éea larger amount
experimental spectra while for compounds consisting of con- °f EEX seems to be necessary. This can be explained with the
jugated double or triple bonds a larger portion of about-50 Significant participation of the CO group in the electronic
60% EEX should be included in the functional. For “real-life”  €Xxcitation process that involves some charge trangfef°
systems which generally contain both aromatic moieties and S€ems to increase systematically with increasing EEX included
conjugated double or triple bonds the optimum fraction of EEX in the functional and BH-LYP gives the best agreement with
is expected to depend on the ratio of the two different subunits. €xperiment (error of 0.12 eV).
In the following the results obtained for several of such mixed  The results obtained for the }A— 1By, transition of
systems are presented. azobenzenel) are similar to those obtained 6. The B-B86

For the strongly dipole-allowed 1A~ 1B, transition of24 results are far off; the B3-LYP functional yields a slight
the spectrum calculated with the BH-LYP functional shows the underestimation of the displacement while BH-LYP over-
best agreement with experiment (see the Supporting Informa-estimates it indicating that about 30% of EEX would be
tion). However, comparison with the B3-LYP data indicates that optimum (see the Supporting Information). These results (and
about 40% EEX would yield even better results. On the contrary, the good performance of BH-LYP for predictidge®© with a
the errors forAE®—C (Figure 3 and Table 1) show that EEX very small error of 0.01 eV) indicate that the behavior of an
should be larger than 50%. Similar results are obtained for the azo compound (concerning the— st* transition) is similar to
strongly dipole-allowed 14— 1B, transition of25 (see the that of the corresponding hydrocarbon.

Stilbene (6) and stilbene oligomer4.{) include fewer double
bonds than aromatic subunits. Therefore it is expected that for
these compounds the conclusions derived from the aromatic
systems will apply more or less. In Figui7 a comparison of
the calculated and experimental spectra for the, A 1B,
transitions ofLl6 and17is presented. Fdk6 the B-P86 functional
shows a clear underestimation of the displacement and the
spectra obtained with B3-LYP and BH-LYP indicate that about
30—40% of EEX would yield the best agreement with experi-
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Figure 7. Top panel: Comparison of the calculated and experim&ntal
absorption spectra for the'A; — 1'B, transition of stilbene X6).
Bottom panel: Comparison of the calculated and experim&ntal
absorption spectra for theAg — 1'B, transition of17.

For the 1A — 1Bg, state of diphenylacetylen®@) both

B-P86 and B3-LYP clearly underestimate the displacement (see

the Supporting Information). The BH-LYP results are in
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Figure 8. Top panel: Comparison of the calculated and experiméntal
absorption spectra for the!A; — 1'B, transition of diphenylfurane
(28). Bottom panel: Comparison of the calculated and experimEntal
absorption spectra for théA; — 1B, transition of30.

explanation for this puzzling behavior. Due to a nodal plane
perpendicular to the molecular plane, the orbital density of the

acceptable agreement with experiment. However, the displace-;oMmo is zero at the oxygen atom. Furthermore, the LUMO
ment still seems to be too small and therefore the necessary, oo has very low probability in this region of the molecule

amount of EEX seems to be larger 0 when compared to
16, which is in line with the conclusions discussed for the double

and triply bonded systems (see Section 3.2.3). Again, the BH-

LYP functional yields the best agreement with experiment
regarding theAE®—0 value, which is in error by only 0.2 eV. A
slightly larger EEX value, however, would be better, which
correlates with the findings for the simulated spectra.
Diphenylfurane 28) consists of three connected aromatic
rings and from a formal point of view does not include any
double or triple bonds. Therefore, similar results as for the

and thus the HOMG~ LUMO excitation of28is actually quite
similar to that of polyenes. Consequently, a large amount of
EEX is necessary for an accurate description of the displacement
upon excitation as shown above for the other systems including
conjugated double bonds. TheEC value is predicted very
accurately with the BH-LYP functional (error 6f0.10 eV),
which is in line with the findings for the simulated spectra.
The calculations performed for the 1A> 1B; excitation of
pentathiophene2@) show a significant underestimation of the
displacement with B-P86 (see the Supporting Information). The

aromatic compounds presented in Section 3.2.1 are expectedresults obtained with B3-LYP and BH-LYP indicate that-30
In Figure 8 a comparison of the calculated and experimental 40% EEX would probably yield the best agreement with the

absorption spectra for the 1A~ 1B, transition is shown. In
contrast to our expectation, both B-P86 and B3-LYP strongly

experimental spectrum. This underlines that the conclusions for
the rigid aromatic compounds discussed above (see Sections

underestimate the displacement while the spectrum calculated3.2.1 and 3.2.2) can also be transferred to more flexible

with the BH-LYP functional is in very good agreement with
experiment. An inspection of the orbitals which are participating
in this transition, i.e., the HOMO and LUMO @B, reveals an

molecules built from aromatic subunits. It should be noted that
the orbital density of the HOMO is zero at the central sulfur
atom due a nodal plane as for the HOMO2& Because the
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orbital coefficients of the LUMO are larger a28 also contains

a larger number of aromatic rings this “hidden polyene” effect Q_q
is less pronounced when compare®® Regarding the errors

for AE9~C BH-LYP clearly shows the best agreement with the £
experiment (error of-0.14 eV).

3.2.5. Weakly Dipole-Allowed + z* Transitions. All the 08
examples presented so far correspondrte> z* transitions
which are of particular importance in many areas of application -
due to the inherently large transition probabilities. The oscillator
strengths fom — z* transitions on the other hand are much
smaller and thus vibronic coupling (that has been neglected so% g4
far) is expected to have a large effect on the calculated vibronic
structure. However, in the case of ahxa* transition that is
energetically well separated from other excited states the 92
coupling is small and the vibronic structure can be described
accurately enough within the FC approximation.

—— theory B-P86
— theory B3-LYP | |
— theory BH-LYP

0.6

tive intensity

0.0

As an example we finally we want to discuss the weakly -500 0 500 1000 1500 2000 2500 3000 3500
dipole-allowed n— z* (1A; — 1B;) transition of 30. The Efem’
TDDFT calculations with the three functionals yield a vertical
energy gap to the next higher lying dipole-allowed excited state

of 2.4—2.8 eV suggesting that vibronic coupling can safely be
neglected. A comparison of the calculated and experimental 101 N

. L. . . theory B-P86
absorption spectra &0 is given in Figure 8. In contrast to the & — theory B3-LYP | |
m — 7* transitions discussed thus far (with the exception of o r pi s o

10) the calculations foB0 show a systematic decrease of the
displacement with increasing amount of EEX. Furthermore,
compared to ther — x* transitions the dependence of the
displacement on EEX seems to be smaller. Both B-P86 and-
B3-LYP show a slight overestimation of the displacement while
the BH-LYP functional is in almost perfect agreement with the
experimental spectrum. These results indicate that the conclu-
sions obtained for the — z* transitions probably cannot be 0.2
simply transferred to other types of excited states. The absolute
(signed) errors of theAE®© values systematically decrease
(increase) with increasing fraction of EEX included in the ®— T 71 1T+ T T T T 7T T T 17

. i . -1000  -500 0 500 1000 1500 2000 2500 3000 3500 4000
functional (as for ther — r* transitions) and BH-LYP gives B/ ent®

an excellent agreement with the experiment (error {07 eV), Figure 9. Top panel: Comparison of the calculated and experim@ntal
which is in line with the calculated spectra. absorption spectra for théB, — 12A, transition of the phenoxyl radical
3.3. Doublet-Doublet Transitions. Radical species play an  (31). Bottom panel: Comparison of the calculated and experimi&ntal
important role in numerous fields of scientific research, for absorption spectra for thé, — 2?A, transition of the cyclohexadienyl
example, in the chemistry of biological systems, for environ- "adical 62).
mental (atmospherical) studies, and also in astrophysics. For oy the simulated spectra the B3-LYP functional gives the best
large number of technically relevant processes radicals are keyagreement with experiment (error of 0.02 eV).
intermediates and they have been the SubjeCt of intense For the Strong|y dip0|e_a||owed :bB—» 2A2 transition of the
spectroscopic studies for many years. In the following the results cyclohexadienyl radicaB3@) a comparison of the calculated and
obtained for the doubletdoublet transitions of neutral I’adicals, experimental absorption Spectra is presented in the bottom pane|
radical cations, and radical anions will be presented. of Figure 9. As for31 a systematic decrease of the displacement
3.3.1. Neutral RadicalshA comparison of the calculated and  with increasing amount of EEX is seen. The BH-LYP functional
experimental absorption spectra for the weakly dipole-allowed clearly underestimates the displacement and an amount-ef 10
1B, — 1A; transition of the phenoxyl radicaB{) is shown in 20% EEX is expected to be optimum. In contrast, the errors
Figure 9. In contrast to the — z* transitions of the neutral  for AE°Cindicate that a portion of 3640% EEX would yield
closed-shell compounds (with the exceptionl6j a decrease  the best agreement with experiment.
of the displacement with increasing EEX included can be  Simulations performed for the strongly dipole-allowed,1B
observed. Furthermore, the influence of EEX on the displace- — 2A; transition of the benzyl radicaB8) show similar results
ment seems to be smaller when compared to the transitions ofas for the iso-electronic phenoxyl radical (see the Supporting
the closed-shell systems. Both B-P86 and B3-LYP yield a slight Information). The influence of EEX on the displacement upon
underestimation the displacement while the BH-LYP functional excitation is rather small but more pronounced for €0
is in good agreement with experiment (except for the small value.
frequency shift). It should be noted that although this transition  3.3.2. Radical CationsA comparison of the calculated and
is only weakly dipole allowed the error due to the neglect of experimental absorption spectra for the strongly dipole-allowed
vibronic coupling is small as shown in our previous wéfha 1A, — 1Bgg transition of the naphthalene radical cati@d)(is
large influence of EEX on thAE°C value is found (Figure 3 ~ shown in Figure 10. The simulations show a strong dependence
and Table 1) andAE® systematically increases with the onthe amount of EEX included in the functional and an increase
amount of EEX included in the functional. Unlike the findings of the displacement with EEX can be observed as forthe

relative intensity
s =
= o
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Figure 10. Top panel: Comparison of the calculated and experimen-
tal® absorption spectra for the?A, — 1%Bgy transition of the
naphthalene radical catior34). Bottom panel: Comparison of the
calculated and experimerfabbsorption spectra for theB, — 12A,
transition of the phenanthrene radical cati@6)(

X | % | | | |
500 0 500 1000 1500 2000 2500 3000 3500 4000
E/em”

Figure 11. Top panel: Comparison of the calculated and experimen-
tal’® absorption spectra for théB,; — 1°By, transition of the radical
anion 38. Bottom panel: Comparison of the calculated and experi-

» mentaf* absorption spectra for théA, — 1?B,q transition of the radical
at* transitions of the neutral closed-shell compounds. The B-P86 4nion 39, P P 2

functional significantly underestimates the displacement while

with BH-LYP it is clearly too large. The spectrum obtained the displacement seems to be even smaller. As before, the

with the B3-LYP functional is in almost perfect agreement with spectrum obtained with the B3-LYP functional is in best

experiment. On the contrary, nearly identical results are obtainedagreement with experimefit.

for the AE?~0 values with all three functionals (absolute errors  This also holds for the strongly dipole-allowed 1A 1B,

of about 0.05 eV, see Figure 3 and Table 1) as opposed to theyransition of the fluorene radical catio?) (see the Supporting

closed-shell systems. Similar results are also obtained for thelnformation). It should be noted that for the two peaks at about

radical cations35, 36, and 37 suggesting that the findings 250 and 400 cm, respectively, the simulations with all three

presented above are general characteristics of the first stronglyfunctionals yield different relative intensities in contrast to the

dipole-allowed transitions of radical cations of PAH. absorption spectrum measured in a neon matrix, which shows
For the strongly dipole-allowed E8— 1A, transition of the a similar intensity for the two peaks. However, the spectrum of

anthracene cation radic&@%) again the B-P86 functional yields 37 obtained under gas-phase conditf@rshows a larger relative

an underestimation and BH-LYP an overestimation of the intensity for the peak at 400 crh in agreement with our

displacement while the simulation with B3-LYP is in good calculations which suggests that these differences can be traced

agreement with experiment (see the Supporting Information). back to perturbation effects of the host matrix.

A comparison of the calculated and experimental absorption 3.3.3. Radical Anionsin Figure 11 a comparison of the

spectra for the strongly dipole-allowed 4B~ 1A, transition calculated and experimental absorption spectra for the strongly

of the phenanthrene radical catiddf) is shown in Figure 10. dipole-allowed 1By — 1By, transition of the radical anio8

Compared with the last two examples the influence of EEX on is presented. The simulations clearly show an increase of the
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displacement upon excitation with the fraction of EEX included functional seems to give the best agreement with experiment

in the functional. Both B-P86 and B3-LYP underestimate the while the displacement seems to be slightly overestimated

displacement while BH-LYP yields an overestimation. Com- already with B3-LYP (see the Supporting Information). The

pared to a simulation based on an UDFT treatment for the dependence of th&E®~° values on EEX is larger compared to

ground and excited states at the B3-LYP/aug-cc-pVDZ Rvel the first transition. Both B3-LYP and BH-LYP yield a very good

the displacement upon excitation seems to be smaller with agreement with experiment (errors 6f0.04 and 0.07 eV,

TDDFT. Compared to the closed-shell systems the errors for respectively) while the B-P86 result is slightly too low by

AE®0 are rather independent of the amount of EEX (which —0.23 eV.

also applies to the radical anioB8, 40, and41). Both B-P86 For the strongly dipole-allowed 1B~ 1A; transition of the

and B3-LYP yield an (almost) perfect agreement with experi- radical anion4l1 the B3-LYP functional shows the best

ment (absolute errors smaller than 0.02 eV) while the BH-LYP agreement with experiment (see the Supporting Information)

functional gives a small underestimation-69.18 eV in contrast and also the error foAE9~C of —0.01 eV is very small. As for

to the findings for the simulated spectra. the other radical anions increasing admixture of EEX as in BH-
The electron density of an anion is spatially more extended LYP deteriorates the agreement with experiment.

compared to that of the corresponding neutral system and diffuse

basis functions are usually recommended for a proper description4. Conclusions and Summary

of the electronic structure. Therefore, additional calculations

have been performed with our standard trigleasis set, which

was augmented with a set of diffuse functions taken from

Dunnings aug-cc-pVDZ basis s€tgaug-TZVP). For theAEe" conclusions are based on a detailed comparison of the vibronic

0-0 . . .
and AE™™ values of38 only small changes<0.05 eV) are g cture of theoretical and experimental absorption spectra

observed and the simulated spectrum is almost identical with heca 56 experimental data for excited-state geometries are in
that obtained without diffuse basis functions (see Figure 11). general not available.

Similar results are also seen for the radical ani®8®s40, and
41, which indicates that a basis set of trifeuality already is
flexible enough to provide a good description of the excited-
state properties of such highly conjugated anions. This is in

line with previous findings for the electronic ground state of geometrical displacement upon excitation. On the contrary, the
such systems' dependence of the displacement on the local parts of the
For the calculated spectra of the first strongly dipole-allowed approximate xc-functionals chosen has been shown to be rather
(1A, — 1Bg3y transition of the radical anioB9 only a rather small.
small dependence on EEX can be observed (see the Supporting For over 40 different electronic transitions simulations of the
Information). As before the simulations show an increase of yjpronic structure have been performed with different amounts
the displacement with increasing amount of EEX. The B-P86 of EEX and conclusions have been drawn concerning the
functional underestimates the displacement and the CalCUIaterptimum fraction of EEX for a proper description of the excited-
spectra obtained with B3-LYP and BH-LYP suggest that a state geometry. Furthermore, we have discussed a possible
portion of 30-40% EEX would be optimum. FoAE™® a correlation of the quality of the simulated spectra with the errors
systematic increase with increasing EEX is observed (Figure 3 for AEO-0 obtained with the different functionals. In general,
and Table 1) and the B3-LYP functional gives a good agreementthe calculated properties seem to be a smooth function of the
with the experiment (error 0f-0.04 eV). The bottom panel of  admixture of EEX in the series of the functionals B-P86 (0%
Figure 11 shows a comparison of the calculated and experi- EEX), B3-LYP (20% EEX), and BH-LYP (50% EEX).
mental absorption spectra for the second strongly dipole-allowed Fqr the singletsinglet 7 — * transitions presented in
(1A — 1Byg) transition of39. In contrast to the previous two  gection 3.2, an increase of the displacement upon excitation
examples no systematic influence of the EEX can be seen. Thejth increasing amount of EEX included in the functional has
B-P86 and B3-LYP functionals give almost identical results that been observed. The On|y exception is the nonalternant PAH
are in very good agreement with experiment while BH-LYP  azylene 10). In contrast, the simulations for the #+ 7*
clearly underestimates the displacement. Compared to a simulagxcitation of30 clearly show a decrease of the displacement
tion based on an UDFT-B3-LYP/6-31G* treatment for the \ijth increasing admixture of EEX indicating that the optimum
ground and excited statéSTDDFT seems to yield very similar  amount of EEX for a proper description of the excited-state
results. Small errors foAE®~° of about 0.25 eV are obtained  geometry depends critically on the character of the electronic
with all three functionals. The results obtained for two different ransition. Thus, the conclusions obtained for the— m*

transitions o039 show that the optimum amount of EEX depends  transitions probably cannot be transferred to other types of
on the excited state investigated and thus conclusions drawnexcited states.
fora particulgr transition probably cannot simply be transferred  The simulations performed for the, lransitions of the rigid
to other excited states. PAH (see Section 3.2.1) indicate that fbr5, 8, and9 about

For the first strongly dipole-allowed (LA~ 1B,) transition 30—40% of EEX should be included in the functional. Fér
of the radical anio0 the B3-LYP functional yields the best  about 20% of EEX gives the best results while Toa larger
agreement with experiment (see the Supporting Information). fraction of about 50% seems to be necessary. This suggests that
The B-P86 calculation provides results that are only slightly for the rylenes the optimum amount of EEX increases with the
inferior. For theAE®0 values only a rather small influence is number of naphthalene units. For the rigid aromatic systems
found and all three functionals yield results that are in very including heteroatoms (see Section 3.2.2) similar results as for
good agreement with experiment (absolute errors smaller thanthe pure PAH are obtained indicating that charge-transfer effects
0.1 eV, see Figure 3 and Table 1). For the second strongly on the quality of the theoretical description are rather small.
dipole-allowed (1A — 3A)) transition of 40 the B-P86 The simulations forl3—14 show that an amount of 330%

In this paper, we have presented an investigation of the
functional dependence of excited-state geometries and normal
modes calculated with TDDFT for large molecules. The

Calculations performed with different functionals have shown
that the vibronic structure critically depends on the fraction of
“exact-exchange” (EEX) included in a hybrid functional. This
can be traced back to a large influence of the EEX on the
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EEX gives a proper description of the displacement while for pared to the singletsingletr — z* transitions, forAE®=0 the
11 a smaller portion of about 20% EEX vyields the best results. influence of EEX is only small €0.2 eV).

In contrast to the aromatic systems, for the compo@ids The calculations for the doubletioublet excitations of the
23which consist exclusively of alternating double and/or triple radical anions38—41 (see Section 3.3.3) show a systematic
bonds (see Section 3.2.3) a larger amount of abot580%6 of increase of the displacement with EEX (with the exception of

EEX is clearly needed. For triply bonded molecules the influence the second transition d89). The optimum amount of EEX
of EEX on the displacement seems to be larger than that for ranges from about 20% fet0 and41 to 30-40% for38. The

those with double bonds and also a larger amount of EEX seemgresults for the two transitions &9 show that the portion of
to be necessary. EEX needed depends on the nature of the excited state and the

For systems that contain both aromatic parts and alternatingfindings for a particular transition thus probably cannot be
double or triple bonds (see Section 3.2.4) it has been showntransferred to other excited states. Concerning the errors for
that the optimum amount of EEX can be estimated from the AE° ° compared to the singlesinglet transitions only a small
ratio of the number of aromatic and nonaromatic subunits. The Influence of EEX (0.4 eV) can be observed (Figure 3 and
simulations for the compound®—27 which include a large Table 1). . )
number of double bonds clearly show that a larger fraction of I Summary, we have shown that the electronic absorption
about 50% EEX is needed. Surprisingly, 28, which is built spectra of a wide range of different molecules can successfully

exclusively from aromatic rings, also a large amount of EEX be simulated by a full quantum mechanical treatment that is
of about 50% is necessary, which has been explained by thebased on (TD)DFT calculations. The results of this study
similarity of the investigated HOMG~ LUMO excitation to confirm our previous conclusion, that the calculated vibronic
that of a diene. For molecules which contain only a relatively Structure of an absorption band is easier to predict than the
small number of double or triple bonds an amount 0f-30% excitation energies\E°. Although a few rules of thumb
EEX gives the best results as shown fd; 17, 19, and 29. concerning the optimum admixture of EEX have been derived,
The simulations performed f@0 show that a larger amount of ~ IN 9eneral no universal amount of EEX seems to exist that
about 56-60% EEX is necessary, which in comparisonl® gives a uniformly good description for all systems and

underlines that a larger fraction of EEX is required for triply St&t€s. The results show very clearly that an inclusion of
bonded molecules than for those with double bonds. Further- EEX in the functional is necessary for an accurate description

more. also forl8 an amount of 5660% EEX seems to be an  ©f the excited-state geometry. Pure density functionals which

optimum, which has been explained by a significant involvement &€ computationally more efficient can only be used to obtain
of the CO group in the excitation. a first overview about a spectrum. If all results are considered

For the investigated singlesinglet transitions, the errors for together, a hybrid functional with about 380% of EEX
0—0 9 9 9 ’ . seems to be a good choice. However, we strongly recommend
the AE®~C values in general strongly depend on the fraction of

EEX included (Figure 3 and Table 1). The differences between to check in all TDDFT applications carefully the dependence

. - of the calculated properties on the admixture of EEX, which

- 0, -
Egﬁ/véng fﬁgzi:gﬁglgvg?etgﬁ/v?-'sL\(()Zit(igg gnI(EjEr)e(za(?hnﬂ Bt§i62 increases the reliability of the theoretical predictions consider-
oV Ofor 23 For the investigate(zky—f)n* transitions (withpthe "~ ably. Note that the error for the displacement upon excitation

. . also transfers to the gradient of the excited state in the FC region,
egi:gptlor;_ otf)|10—12)tatpout 40-60% ?Af EEX Ilst.necefsfr?ry ©  \which is of great importance for dynamical simulations of
]? or igor,eo Iv?/itr? tﬁéi;iﬂﬁg (()efn t?]rglzi?ﬁulaf:(;rgpaegpur?] coﬁlgrk;gr photoch_emical reactions. In such application_s, vibror_li_c structure
observed only for less than one-third of the singlinglet cglculatlons_for the correspond_lng (_a!ectronlc transition wou_Id
transitions studied( 9, 10, 15, 20, 22, 27, 28, and30). Thus give clear hints about the applicability of the chosen density

. ) . ) functional.
no reliable conclusions concerning the optimum amount of

EEX for an accurate description of the excited-state geometr Concerning future work, it would be clearly interesting to
P . 00 9 y investigate the performance of the recently introduced meta-
can be drawn from the results obtained foE°~°.

] ) - GGA functionals which show very promising results for ground-

The simulations performed for doubtedoublet transitions  giate propertie® New functionals that partition the exchange
of the neutral _radlcaI§1—33 (see Section 3._3.1) show only a energy into short- and long-range p&ttsiay also represent an

rather small influence of EEX on the displacement upon jnteresting alternative for the calculation of excited-state

excitation when compared to the investigated singéitglet  geometries and the simulation of vibronic spectra.
transitions. A systematic decrease of the displacement with

increasing fraction of EEX can be observed &rand32 in Acknowledgment. We thank Dr. Christian Mck-Lichten-
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