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We report a systematic characterization of methylene-bridged fluorene oligomers constructed of two, four,
six, and eight aromatic rings using time-dependent density functional theory (TDDFT), the ab initio approximate
coupled-cluster singles and doubles (CC2) method, and semiempirical spectroscopic Zerner's intermediate
neglect of differential overlap method (ZINDO/S). Geometry optimizations have been performed for the ground
state and for the first electronically excited state. Vertical excitations and the fluorescence transition from the
lowest excited state have been calculated. Computed ground-state geometries and infrared spectra for fluorene
are in good agreement with experimental results. The RI-CC2 and ZINDO/S absorption and fluorescence
spectra agree very well with the available experimental data for studied fluorene oligomers and for para
oligophenylenes films. On the other hand, TDDFT calculations underestimate excitation and fluorescence
energies systematically for larger systerhs X 4) in comparison with the above-mentioned results. The
effective conjugation length was estimated to-13 repeat units. The computed radiative lifetimes for the
fluorene molecule show good agreement with experiment within realistic expectations. The decrease of the
radiatiave fluorescence lifetime with the increase in the conjugation length has been discussed also.

1. Introduction structure, which is the key tool for a rational design of new
. . . electronic fabrics and tuning of their photoelectronic proper-
Phenyl-based conjugated polymers and oligomers are widely je15 The theoretical characterization of fluorene oligomer

stuQigd in_view of their usage "_] electronic dev_ices such as light- i,ctyres and optical spectra was presented so far only for the
emitting diodes, solar cells, or field-effect transistorsWhereas ¢ qrene molecul® itself. The reason for this restriction is to

the polymeric structures are obtained as highly amorphous o geen in the large size of these compounds and in the fact

mate_nals, their oll_gomers are of partlculgr Interest d“? to their that the calculation of electronically excited states is still a very

Fe'a“"e'y well-deﬂ_ned structure and easier manlpul_at|on, €.9. challenging task, especially if one wants to go beyond vertical

in terms of soluplllty, purification, qnd film preparatiois. _ excitations and compute geometry relaxation effects in excited
One prospective way of preparation of novel molecules with giates. In recent years, considerable progress has been made in

the required photophysical properties is the modification of he field of efficient calculation of excited states (see below)

molecular structures using bridges or side chains. These enabl%apable of accurately treating oligomer sizes of conjugated

the variation of the flexibility and electronic conjugation over systems large enough in order to be of relevance for predictions

the whole molecule. The rigid structure suppresses nonradiative,, 4 giscussions of realistic examples. One purpose of this paper

deactivation | dpathv(\;qys Ieadmgh to ﬁh'gh photqlummesgence was to apply these methods to fluorene oligomers, concentrating
quantum yields and increases the effective conjugation due 10, g|actronically excited states in order to obtain new results

the planarization of _tha system. I_n contrast thereto, torsions in particular for excited-state geometries. Despite the just-
Igetween adjacent biphenyl moieties lead to strong conforma- entioned progress in quantum chemical methods, their ap-
t|_onal changes between the ground state and f[he Iowest_ eXCItecglication to larger oligomer systems is far from being straight-
singlet states and keep the Stokes shift lé@be Incorporation forward. Therefore, our second goal was the investigation of
of CH; linkages between t_h.e phenyleng rings |n.5|de positions the reliability of these methods and the molecular sizes, which
represents a good p053|b|I|Fy fpr a desired setting of dihedral could be treated with standard present-day computational
Zgﬂggntt)emegn(;hii?nro;g a(E.-I)((;arrlnrJ@I%eaTri]s? ﬁﬁgp:rfg)ogr?fiﬁvg:senthe facilities. The assessment of the reliability of quantum chemical
jace 9 P P .~ methods for oligomer/polymer calculations is difficult most of
planarity of thg carbon skeleton. Ulndert.hese aspects, the far.mlyall because of the aforementioned size of the systems. The
of fluorene ollgomgrs has been |n\{est!gated mtgnswely with second problem is the fact that the calculations are usually
“*Spe‘;t fg’ synthesis and characterization by optical measure_performed for isolated systems and the experiments refer to
ments: L - o . . . solution or to the solid state. Moreover, the measured absorption
. One major aim of theoretical Investigations s the identifica- or fluorescence band systems are usually not well resolved and
tion of relations between physical properties and molecular experimentally determined excited-state geometries are not
: — available for the classes of systems investigated here. Our goal
Stu*bgos‘l’("hom correspondence should be addressed. E-mail: viadimir.lukes@ s to obtain internal consistency of the calculated results in terms
* Slovak University of Technology. of basis set effects and to compare results obtained with different

* University of Vienna. methods. Environmental effects will be discussed only in a very
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Figure 1. Structure and numbering scheme of fluorene-based oligomers with eight aromatic rings as example.

TABLE 1: Optimized Geometries and Total Energies in

simple way by comparison of our gas-phase results with Electronic Ground (GS) and Lowest Excited States (ES) for

different experimental data. the Fluorene Molecule (For Numbering of Bonds, See
By consideration of the size of the oligomers to be treated in Figure 1)
this work, conceptually simple and cost-effective methods have GS ES
to be_ used. Qne of the most popular r_net_hods is certainly the B3LYP/ B3LYP/ CC2/ B3LYP/ B3LYP/ CC2/
density functional (DFT) approach and its time-dependent (TD) SVP TZVP SVP exp SVP TZVP  SVP

extension for excited states. Major methodological progress has
been achieved by the variational formulation of the TDDFT 1'322 i'jgg i'ﬁi i'ﬁ i'jgg i'f{gg 1353
metho_d by Furche an_d AhIr|cF1’sfaC|I|tat|ng_ the calculation o_f 3 1.403 1393 1401 141 1437 1437 1423
analytic TDDFT gradients and thus allowing geometry optimi- 4  1.398 1.386 1.397 1.40 1.382 1.377 1.410
zations in excited states. Despite the overwhelming success of5  1.403 1392 1401 143 1.379 1371 1.414
DFT, one should not forget its shortcomings, which led to the 6  1.405 1395 1404 138 1412 1417 1419
development of a large number of functionals. The approximate 7, 1.407 1395 1405 1.38 1429 1414 1417

. 8 1 1.513 1.513 1510 1.47 1515 1.512 1.506
coupled-cluster singles and doubles method (€0g)a very
interesting alternative. The recent introduction of linear response 2 All distances are in angstroms. Experimental data (exp) are taken
theory in combination with analytic gradieAtgrovides the from ref 10.
required possibilities for the treatment of excited states. The

implementation of the resolution of the identity (RI) metfbd normal modes were determined by diagonalizing the mass-

allows the efficient treatment of larger molecules. Recently, it . . Y
: C . weighted force constant matrix. Geometry optimizations were
has been used successfully for the investigation of excited-state

proton-transfer processé&sin addition to ab initio and DFT rimc;?r?eéoﬁi" eﬁgg:gigzyébzgr tggnbiséslu?;irtlr;icggggl[szegctra
calculations, semiempirical methods are of great interest also.9 ' P P

We chose the ZINDO/S method because of its great success1were calculgted at 'the' RI-CC2, TDDFT, and the ZIND®/S
- o evels. Vertical excitations are computed at the ground-state
for the calculation of excitation and fluorescence spectra.

Unfortunately, with ZINDO/S, only vertical excitations can be geometry. The fluorescence transition is obtained as the vertical

calculated, so that geometries have to be obtained from otherde-excnatlon at the optlmlzed geometry of the .exuted state.
calculations. For the ZINDO/S calculations, the single excitations from the

. . . . 15 highest-occupied to the 15 lowest-unoccupied molecular
In this work, we will focus our attention to indenofluorene

. o . . orbitals (HOMOs and LUMOs, respectively) were considered.
oligomers containing 2, 4, 6, and 8 phenylene rings (see Figure the 5—g overlap weighting factor has been adjusted to 1.280
1). In the spirit of the description of different quantum chemical

! X and ther—s one to 0.54& in order to reproduce the; ®rigin
methods given qbove, we \.N'”. use the DFT .and RI-CC2 methods ¢ ¢ ,5rene (296 nm) measured in a supersoniéjdthe split-
for the calculation of optimized electronic ground-state and

| texcited i d vibrational ira in the fi tvalence (SV), the polarized split-valence (SVP3S and the
owest-excited geometries and vibrational spectra in the firs triple-¢ valence-polarized (TZVP) basis sets have been used.
step. By use of these geometries, vertical excitations will be

In case of RI-CC2 calculations, we have also augmented the
calculated by means of several methods (TDDFT, RI-CC2, and SVP basi e :
S asis set by a set of diffuse functions whose exponents
ZINDO/S). TDDFT and RI-CC2 optimizations were performed I y iuse Tuncl " Xp

: . -~ have been obtained from the lowest s, p, and d exponents by
in the lowest excited state as well. The RI-CC2 method, which division of a factor of 3 (denoted as SV, All calculations

is computationally much more demanding than the remaining were done using the Turbom@teand Hyperchem (ZINDO/S
methods mentioned, will be used as much as possible for calculations¥ program packages

reference purposes. Subsequently, the computed spectral char-
acteristics will b_e compared with available experim_ental mea- 3 Results and Discussion

surements for indenofluorene and/piphenylene oligomers _ _ )

obtained in solution and polymer matrix. The last feature of ~ The oligomer structures and the atomic numbering scheme
the present investigation is the extrapolation to infinite chain are depicted in Figure 1. Optimized fluorene bond lengths are

length in order to obtain the polymer excitation and fluorescence collected in Table 1. For the sake of comparison, the experi-
energy limits. mental X-ray dat¥ are included as well. In the ground state,

the B3LYP/TZVP distances are slightly shorter (about 0.006
A) than the B3LYP/SVP ones. The RI-CC2 approach leads to
practically the same bond distances as obtained with B3LYP/
The ground state and the lowest singlet excited-state geom-SVP. Bond distances agree very well with experimental values
etries of the fluorene-based oligomers were optimized at the abconsidering the fact that the latter have been determined in the
initio RI-CC223.24 gand at the DFT and TDDF4126:27 |evels, solid state. The influence of the Ghinkage on the structure is

respectively, using the B3LYP functior®The frequencies and

2. Computational Details
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TABLE 2: Optimized Geometries for the Electronic Ground
(GS) and Lowest Excited States (ES) for Fluorene-Based
Oligomers (For Numbering of Bonds, See Figure B)

4 6 8
GS ES GS ES GS ES
B3LYP/ CC2/ B3LYP/ CC2/ B3LYP/ B3LYP/ B3LYP/ B3LYP/

Lukes et al.

vibrations of fluorene were presented by Lee and Badho
also gave an improved vibrational assignment originally per-
formed by Bree and Zwarich.The fluorene molecule possesses
63 fundamentals. The infrared-allowed transitions belong to
either a, by, or by irreducible representation, while Raman
allowed transitions are not restricted by symmetry. The complete

SVP SVP SVP SVP SVP SVP SVP SVP set of computed vibrational frequencies and intensities are

L 1468 1463 1423 1412 1457 1430 1468 1433 collected in Table 1S qf the Sl_Jpporting Information_ (seg the
5 1418 1421 1445 1450 1418 1439 1418 1436 ©nd of the textfor more information). The calculated vibrational
3 1.404 1.406 1.431 1.436 1.404 1.426 1404 1.423 spectrum (B3LYP/TZVP, scaling factor 0.9680starts at a

4 1393 1.397 1377 1383 1.392 1378 1392 1380 frequency of 93 cm! (b; symmetry), corresponding to the out-

5 1393 1397 1378 1.384 1393 1379 1393 1380 of-plane (oop, CCC)mode coupled with the Qidcking motion
oL L L L Lo 1 L% 180 (cee Figure 2) A very imensive peak s ocated ot 723

8 1470 1465 1438 1434 1468 1436 1467 1437 (experimental value 736 cm)* corresponding to CH oop

9 1.414 1416 1429 1.429 1418 1435 1.418 1.433 Vibrations (B symmetry). Most of the modes with Bymmetry

10 1.401 1.404 1.416 1.417 1403 1420 1404 1.419 include torsional vibrations of the GHragment and oop CH

11 1.393 1.398 1.387 1.393 1.392 1.383 1.392 1.383 gnd CCC bending (see peaks at 616, 1398, and l433)cm
121399 1402 1394 1399 1393 1.383 1392 1382 ppgq H-stretching vibrations ofi@r b, symmetry are located at

13 1.403 1.405 1.410 1.411 1.403 1415 1405 1.416

14 1402 1407 1408 1411 1417 1428 1418 1430 about 3000 cm'. The results calculated at the B3-LYP/SVP
15 1470 1.453 1.468 1.447 theoretical level very well reflect the results obtained using the
16 1414 1.422 1418 1.428 TZVP basis set (see also Table 1S) as well as the DFT
17 1401 1407 1404 1413 theoretical results published by Lee and B8dhe scaled ab

18 1393 1390 1.392  1.387  nitig RI-CC2/SVP results (scaling factor 0.9630) show slightly
19 1.399 1.397 1.393 1.388 . . X :
20 1403 1406 1403 1410 overestimated €H stretch frequencies (see Figure 2). Finally,
21 1.402 1.405 1.417 1.423 we note that our theoretical results very well agree with the
22 1.469  1.460 experimental observations for the gas phase.
gi ij(l)g 1'23% The extension of the fluorene chain changes the position of
o5 1394 1391 several peaks and their intensities (see Figure 3). In comparison
26 1.400 1.398 with fluorene, new peaks occur in the infrared spectrum, which
27 1.403  1.403 separate the motions on inner and outer aromatic rings. For
Zi 516 1512 1518 1512 1516 1517 1-422516 1-424516 example, the band at 728 cicorresponds to the oop CH

> 1817 1513 1818 1514 1516 1817 1516 1816 vibrations of inner phen_ylene rings, while the p(_eaks at 84810m

3 1515 1513 1516 1514 1516 1517 1516 1516 areconnected with motion of outer phenylene rings. The relative
& 1517 1517 1516 1.516 intensities of the peaks for outer/inner vibrations systematically
5 1516 1516 1516 1.516 increase with increasing molecular size (see arrow markers in
6 1517 1.517 Figure 3). The sensitivity of these vibrations on the polymer-
7 1518 1517

a All distances are in angstroms.

illustrated by comparison of the fluorene geometry with
p-biphenyl dat&” In the latter case the dihedral angle between
the phenylene rings is about4The presence of the GHridge

leads to a shortening of bonds 1 and 2 by about 0.01 A and of

the outer bonds 6 and 7 by about 0.006 A.
The elongation of the molecular chain leads to only small

ization degree was demonstrated experimentally by Athouel et
alt6 for p-oligophenylene thin films. Our calculations also
predict small changes in peak position for-C vibrations
between 1171 and 1182 cfnand larger changes in correspond-
ing intensities. For symmetric and asymmetric Cdiretches
(see two peaks in the vicinity of 2900 cfin Figure 3), changes

in intensities can be observed as well.

B. Absorption and Fluorescence Transitions.The range

changes in the inter-ring distances (see bond nos. 1, 8, 15, andf the lowest excitation energy in the oligomer series extends
22 in Table 2) and to a slight increase in the bond length between 4.46 and 2.88 eV at the B3LYP/TZVP level (see Table
alternation (cf. neighboring intraring bond pairs 2/4, 3/5, etc.) 3). The next higher vertical excitations are also collected in
in comparison to the fluorene molecule. The largest change Tables 3 and 2S. The', state (HOMO-LUMO excitation)
occurs for a terminal ring becoming an inner one. After further is always the lowest excited state. The next higher one is of the
extension, the bond-length differences seem to by quite well Same symmetry foN = 2 and 4 but is of A symmetry for all
converged. systemsN > 4. All excitation energies decrease with the
The electronic excitation leads to formation of a quinoide- elongation of aromatic chain and display quite well a linear
type structure. The bonds 1, 4, 5, 8, 11, and 12 are shorteneddependence on the inverse number of repeat units) (ee
while bonds 2, 3, 6, 7, 9, and 10 are elongated. The calculationsFigure 4). For example, the addition of two phenylene rings to
at DFT/SVP and TZVP theoretical levels show the changes in fluorene leads to a decrease in the excitation energy of'e 1
distances at about 0.04 A. The-CH, bond lengths (see bonds  state of about 0.9 eV. Because of the adjustment of overlap
1, 2, etc.) are not affected by increasing the molecular size factors (see Computational details), the semiempirical ZINDO/S
and by electronic excitation (see Table 2) showing that these results are in very good agreement with the experimental ones
bonds are not involved in the conjugatedsystem. These (N = 2 and 4 in Table 3j%4! For the fluorene molecule, the
qualitative trends are also reflected by the RI-CC2/SVP approachTDDFT method overestimates the excitation energies in com-
(cf. ground-state and excited-state results for fluorene and theparison to the experimental data. The TZVP basis gives a value

N = 4 case in Tables 1 and 2).
A. Vibrational Spectra. The vibrational spectrum of fluorene

of 4.46 eV, which is, however, closer to experiment than the
energy of 4.77 eV obtained previously using the DFT/B3LYP/

has attracted interest for many years. Theoretical studies on the5-31G method?” For N > 4, no spectroscopic data for the
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Figure 2. Calculated (B3LYP/TZVP and RI-CC2/SVP) and experimétalfrared spectra of fluoreneN(= 2) in the electronic ground state.
Scaling factor for theoretical frequencies was 0.9630.
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Figure 3. Calculated B3LYP/SVP infrared spectra of fluorene oligoméis<( 4, 6, and 8) in the electronic ground state. Scaling factor was
0.9630. The arrows denote the oop(CH) vibrations of inner (solid) and outer (dotted) phenylene rings.
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fluorene-type oligomers are available. As a comparison of the mental data available for planarized oligophenylnes fit?ighe
oligopheneylene film, data with the available fluorene results TDDFT data show a significant underestimation of the excitation
shows (see Table 3) agreement is quite good between these tw@nergies for the larger oligomers what is in agreement with
cases. The origin of this good correspondence might be recently published theoretical result#4

explained by the increase of the electronic delocalization caused The asymptotic values (extrapolated to the infinite system)
by the planarization of phenylene chains in the polymer fifm.  are collected in the last rows of Table 3 (see also Table 2S).
It seems that the planarization of phenylene chains using CH The calculated ZINDO/S and RI-CC2/SW¥Himits are in good
linkages or solid state (film) environment have similar effects. agreement with the experimental value of 2.95 eV for thin films.
Because of this finding, we decided to use experimental dataAs observed above, TDDFT underestimates and RI-CC2/SV
for oligophenyle filmg? as the experimental reference for overestimates this energy. From the dependence of the excitation
fluorene based oligomerdN(> 4). On the other hand, the energies with I, the effective conjugation length (ECL) can
solution data forp-oligophenylenes, which are also given in  be deduced. This quantity represents the repeat unit number at
Table 3, deviate considerably from the film results. The RI- which saturation of a property occurs and gives very useful
CC2 calculations in SV and SVP basis sets give excitation information for the development of synthetic strategies. If we
energies, which are significantly higher than the experimental take 0.01 eV as the convergence threshold of the excitation
energies (see Table 2S). The extension of SVP to-5\dads energy with chain length, the ECL limits estimated by ZINDO/S
to realistic RI-CC2 excitation energies. In all cases, the RI- and RI-CC2/SVR- are 13. For B3-LYP/TZVP and RI-CC2/
CC2 results are in good accord with ZINDO/S and experi- SV, a value of 14 is obtained. For the sake of comparison, we
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TABLEb 3: Theoretical and Experimental? Excitation and Fluorescence Energies of Oligomers Investigated and Their Polymer
Limits

molecule state TD-DFT/TZVP RI-CC2/S\P ZINDO/S exp 1 exp 2 exp 3
N=2 Excitation

1'B, 4.46 (0.149) 4.57 (0.084) 4.08 (0.112) 4.14 4.08 492

2B, 4.64 (0.284) 5.11 (0.495) 3.89 (0.137)

21A; 4.79 (0.007) 4.87 (0.004) 3.77 (0.000)

Fluorescence

1'B, 4.06 (0.4613.0) 4.29 (0.13®.) 3.76 (0.672.3) 3.96 3.67 3.94
N=4 Excitation

1B, 3.49 (1.416) 3.80 (1.264) 3.53(1.471) 3.44 3.54 411

2'B; 3.95 (0.004) 4.25(0.574) 3.89(0.137)

21A; 4.19 (0.003) 4.35 (0.003) 3.96 (0.001)

Fluorescence

1B, 3.13(1.5711.5 3.48 (1.6911.1) 3.15(1.730L.5 2.96 3.36
N=6 Excitation

1B, 3.08 (2.363) 3.47 (2.632) 3.31(2.448) 3.27 3.98

2'A; 3.67 (0.000) 4.01 (0.000) 3.75 (0.000)

2B, 3.76 (0.003) 4.04 (0.460) 3.91 (0.088)

Fluorescence

1B, 2.76 (2.5591.2) 3.14 (2.9740.9 2.95 (2.5691.0) 2.79 3.30
N=8 Excitation

1B, 2.88 (3.228) 3.31(3.884) 3.20(3.382) 3.19 3.91

21A1 3.37 (0.000) 3.77 (0.000) 3.58 (0.000)

2'B, 3.84 (0.001) 3.98 (0.482) 3.83 (0.000)

Fluorescence
N — oo 1B, 2.58 (3.4341.0 3.00 (4.1490.6) 2.88(3.363.9 2.73 3.27
Excit. 1B, 2.40+ 0.05 2.92+0.04 2.85+0.01 2.95+ 0.03 3.51+0.08
Fluoresc. 1B, 2.114+0.04 2.58+ 0.03 2.57+0.01 2.47+ 0.06 2.99+ 0.08

2 From experiment 1 of refs 40 and 41Energies are in eV. Values in parentheses denote oscillator strengths and fluorescence lifetimes in ns
(italic). Geometries were obtained at the B3LYP/SVP level. Experiments 2 and 3 denote the experimental datp-&digtiphenylene series
measured in film and solutidf?,respectively.

' ' ' T T LUMO + 1 and LUMO+ 2 orbitals (not shown) have strong

50 contributions close to the oligomer edge. The LUMO orbitals
nicely show the inter-ring bonding character, which is also
45 reflected in the shortenings of the corresponding inter-ring CC
< distances in the excited states as discussed above.
2 40 On the basis of the geometries optimized for the first excited
u.: state, the fluorescence spectra were calculated. Figure 6 and
3.5 Tables 3 and 2S illustrate the dependence of the fluorescence
energies on the number of aromatic units. Similarly, as in the
3.04 case of excitation energies, the theoretical asymptotic ZINDO/S
and RFCC2 results are in good agreement with the value
2-%0 measured for the polyphenylene film (2.47 0.06 eV) in
' 1N ' ' contrast to the solvent value (2.990.08 eV)#2 The asymptotic
Figure 4. Dependence of the vertical excitation energy to the lowest TDDFT/TZVP value is lower about by 0.3 eV than the
excited state (B;) on the number of phenylene ringd){ TDDFT/ polyphenylene film value.

SVP (solid circles); TDDFT/TZVP (open circles); RI-CC2/SVP (plus On the basis of the fluorescence energy and oscillator strength,
symbols); RI-CC2/SVR (x symbols); ZINDO/S (open square; and  the radiative lifetimes have been computed for spontaneous

the experimental data for in thin films (open up triangté€}3-LYP/ emission by using the Einstein transition probabilities according
SVP geometries were used. .
to the formula (in auf

note that the estimated ECL value for a chemically similar 3

system poly(2,7-fluoreneit-co-5,7-dihydrodibenz[c,e]oxepin) r= _c (1)
was found to be somewhat shorter with about 8 units (B3LYP/ 2(Eq)° f
6-31G)Y’

To characterize the optical transitions, it is useful to examine wherec is the velocity of light,Er, is the transition energy,
HOMOs and LUMOs. The HOMO and LUMO of bifluorene  andf is the oscillator strength. The computed lifetiméor the
(N = 2) and the oligomer foN = 8 are shown in Figure 5.  fluorene molecule (see Tables 3 and 2S) varies quite strongly
Additionally, the composition of the electronic wave functions between the ZINDO/S (2.3 ns), B3LYP/TZVP (3.0 ns), and RI-
is given in Table 4. The analysis of the orbital excitations (see CC2/SVP (18.8 ns) methods. These large differences can be
Table 4) indicates that the origin of théBb excitation in traced back to differences in the character of the electronic states
fluorene is different from the rest of the series investigated. The for N = 2. Agreement is significantly improved fof > 2 (see
HOMO—-LUMO excitation plays a dominant role in the larger Tables 3 and 2s). The value of 9.1 ns (RI-CC2/ SYBhows
systems, whereas in fluorene it contributes with less than 50%. agreement within realistic expectations since the experimentally
It is interesting to note that in the larger molecular chains the observed lifetime is 10 . The increase of the molecular chain
HOMO and LUMO orbitals are localized in the central part of leads to a decrease of excitation energies and to an increase of
the molecule (see Figure 5b) whereas the HOMQOL and oscillator strengths (see Tables 3 and 2S). This causes a decrease
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a)

15a; (HOMO)
Figure 5. Plots of HOMO and LUMO (calculated at the B3-LYP/SVP level) of oligomers withNay 2 and (b)N = 8.

TABLE 4: Dominant Orbital Contributions for the Lowest 5.0 T T T T T
Three Excitations for N = 2 and 8 in B3-LYP/SVP
Geometries 45
B3-LYP/ RI-CC2/ 40
molecule  SVP SVP+ .
N=2 1!B, 3a— 6b; (44.2) B, 3a— 5b; (40.7) 3 35
33— 5by (37.0) 3a— 7b; (26.0) uf
28— 5by (14.3) 2a— 60, (13.6) 30
2B,  3a— 5by (56.6) 2A;  4by— 6by (35.5) )
33— 6b; (36.9) 3a— 42 (28.6) 257
4, — 5by (14.2) 0oF ]
21A;  4b,—5b; (62.7) 2B, 33— 6b; (69.2) :
33— 4a (33.4) 3a—7h (16.1) 15 . . . . .
N=38 1B, 15— 17k (97.1) 1B, 15— 17b(79.0) 0.0 0.1 0.2 0.3 04 0.5
) 16— 163 (8.1) N
2 ig‘; . igz ((539817)) 2 11566; . ig‘z ((‘Zi%)) Figure 6. The dependence of the fluorescence energies on the number
2B, 153—10b (82.8) 2B, 153 — 18h (40.8) of pher!ylene.rlngsM): TDDFT/SVP (SO!Id circles); TDDFT/TZVI.D
16b,— 173 (3.4) 15a— 23b; (21.3) (open circles); RI-CCZ/SV_ (plus symbols); 'R|-CC2/SVPX symbols); _
158 — 20y (3.2) 15a— 24b, (8.5) ZINDO/S (open square); and the experimental data for para oligo-

phenylenes measured in thin films (open up triangieBB-LYP/SVP
@The values in parentheses stand for the excitation contributions in geometries were used.
percentages involved in each calculated transition.

bonds and to an increase of outer bonds in comparison to DFT.
Increase of the molecular size has a minimal effect on structural
parameters in the ground state. The infrared spectrum for the
fluorene molecule agrees very well with available experimental

data. Characteristic changes with chain length of oop CH

belonging to inner and to outer phenylene rings have been
discussed.

Electronic excitation leads to quinoide-type distortions, in
particular to a shortening of the inter-ring bonds. This behavior
A systematic theoretical study has been performed on correlates very well with the nodal properties of the LUMO

fluorene-based oligomers starting from two up to eight repeat orbital. The C-CH, bond lengths are not affected by the
units. Optimized geometries were obtained not only for the electronic excitations. The calculated ZINDO/S electronic and
electronic ground state but also for the first electronically excited fluorescence spectra are in a very good agreement with available
state. Because of computational efficiency, B3LYP has been experimental results for fluorene oligomers and with results
used for the geometry optimizations of the larger oligomers. obtained for p-oligophenylenes films. Inclusion of diffuse
However, the RI-CC2 method could be used for extensive functions leads to a good description of excitation energies by
benchmark calculations both for geometry effects and excitationthe RI-CC2 method as well. On the other hand, TDDFT
energies. ZINDO/S calculations have been performed as well calculations systematically underestimate excitation and fluo-
using B3LYP optimized geometries. In the ground state, the rescence energies for larger systeMs(4) in comparison with
RI-CC2 approach leads to a slight shortening of the inter-ring the above-mentioned results. Good linear dependence of excita-

of calculated radiative lifetime, e.g., RI-CC2/S¥Presults are
1.1 ns forN = 4, 0.8 ns forN = 6, and 0.6 ns folN = 8.
Similar trends in the decrease of lifetimes were observed for
unsubstitutegb-oligophenylenes. The experimental values mea-
sured in cyclohexane solution are 16 ns o= 2, 0.85 ns for

N = 4, and 0.78 ns foN = 6.14

4. Conclusions
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tion and fluorescence energies was observed with respect to (15) Thormann, T.; Rogojerov, M.; Jordanov, B.; Thulstrup, E.JW.

1/N. The effective conjugation length was estimated te-13
repeat units. The computed radiative lifetime for the fluorene

molecule is in good agreement with the experimentally observed

lifetime. The decrease of the radiative lifetime with increase in

conjugation length has been computed also and found to be in

good agreement with experiment.
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