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Excited States of Bridged [14]Annulenes
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Fluorescence and Raman spectra of two representative bridged [14]annulenes, i.e., 1,6:8,13-ethanediylidene[14]-
annulene and 1,6:8,13-propanediylidene[14]annulé@ad?2 in Figure 1, respectively) have been measured.

The fluorescence spectra show a resolved Fra@dndon structure assigned to low-frequency totally
symmetric modes and their overtones/combinations. The Raman spectra have been measured using several
excitation wavelengths in pre- and/or near-resonance conditions with respect tpahd B, states. A and

& vibrational modes are resonantly enhanced in both cases. Excited-state equilibrium geometries and energies
of 1 and2 have been calculated by means of the MCSCF/CAS ab initio procedure. Fr@ocklon factors

have been determined coupling structural data with normal mode displacements. On this basis fluorescence
and Raman excitation profiles are reasonably well fitted to the experiment. It is concluded that the L

and B, states ofl and2 have equilibrium structures accurately described by the present calculations.

. Introduction R
Electronic spectra of aromatic molecules are characterized 6 s / !
by the well-known L, La, B,, and B, bands in the ultraviolet/ 12 L2
visible regiont Whenever their absorption systems and/or fluo- / \ 3
rescence emission from the lowest excited state, eitpearL INFAA S T
L4, show clear FranckCondon envelopes, the band analysis L 2

gives clues about the structural changes occurring as a result ofigyre 1. Molecular structures of 1,6:8,13-ethanediylidene[14]Jannulene
the mr* excitation, since the intensities depend, among other (1) and 1,6:8,13-propanediylidene[14]annuleBg The common axis
factors, on the relative displacement between ground andreference system and numbering of the ring C atoms are shown only
excited-state energy mininfaThus, it has been inferred that onl
the hexagonal structure of benzene expands uniformly in the
Si(Ly) state with the &C bond increasing by 0.037 A with  strain and aromatic stabilization is expected to have considerable
respect to the ground-state vaftfewhereas in the case of the importance also for others* states. The present paper is
four independent bonds of naphthalene, two of them, i.e., the concerned with the determination of excited-state geometries
1,2 and the inter-ring bond, stretch by 0.054 and 0.032 A, of two representative bridged [14]Jannulenes with an anthracene
respectively, in §Lp) and the other two remain unchanggd.  perimeter, i.e., 1,6:8,13-ethanediylidene[14]annulene and 1,6:
A more complex variation occurs for thg(8,) state of anth- 8,13-propanediylidene[14]annulend @nd 2 in Figure 1,
racene consisting of the expansion of the central ring and of respectively). Fluorescence and Raman datd @md 2 have
the approximate equalization of€C bonds in the outer rings. been obtained and related to the structure of the.l, and B,
Within this context also the excited states of bridged {4 states. In particular, the Raman experiments have been per-
2]annulenesr(= 2,3,4) have been the subject of considerable formed in pre- or near-resonance conditions, taking advantage
interestt~12 The four fundamentakz* transitions are easily of the circumstance that laser sources with emission wavelength
seen in the absorption spectra of bridged [10]- and [14]annu- on the onset of the Land B, bands are available.
!enes’?vg_The spectral analysis suggests that a strong transannular  The analysis of the experimental data has been coupled to
interaction occurs between bridgehead C at8Msre recently, ap initio calculations of vibrational coordinates and excited-
the S(Lp) potential energy surface of 1,6-methano- and 1,6- giate geometries. Recently, our group has reported on the
epoxy-[10Jannulene and of was probed by43|te-selected vibrational spectra ot and2, fully characterizing the ground-
fluorescence excitation and jet spectrosc8hy” The most  giate structures and the normal mode dynamics by means of

active total!y symmetric modes ofy&.) tend to fl.atten the density functional (DF) calculatiori8.As far aszz* states are
molecular ring and to decrease the transannular interaction. In o raq a large amount of calculation data has been ac-

fact, the calculated fL,) equilibrium geometry Of. 1*6'F“eth?“°' cumulated over the years dealing withdnd L, structures and
in6dinlt’e?r:r?r?tj(lg-r[(lj?ggnnncuel?r?freh:sseg:;gra; iﬁ?’lgq_%esaz;ing the vertical excitation energi€st® 2t In our own work on bridged
b'alance involving interactions between.noribonded atoms Steric[lO]annuIeneé,lvl“ the structure of the .y state has been'

’ calculated by means of the MCSCF/CAS procedure. Following

* To whom correspondence should be addressed. E-mail: piero.salvi@ thiS approach the optimized strucures of thell, Ba, and B
unifi.it. states have been determined for béttand 2 molecules.
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TABLE 1: Calculated MCSCF/CAS(10,10)/6-31G Structures of th

Moroni et al.

e Ground (9 and of the Lowestazr* States of 1: C-C Bond

Lengths (A) and Distances (A) between Nonbonded+¢) Atoms, Geometrical Indexes A,|Ary| (A) and |Azy| (A) of Aromaticity
as Defined in the Text and Singly Excited Configurations Most Contributing tozz* Statest

SO Lb La Ba Bb
DF/B3-LYP MC/CAS exp MC/CAS

1,2 1.402 1.398 1.406 1.410 1.384 1.403 1.417
2,3 1.397 1.396 1.381 1.408 1.424 1.402 1.388
3,4 1.415 1.391 1.404 1.383 1.373 1.400 1.408
6,7 1.403 1.403 1.387 1.414 1.410 1.408 1.414
1--+6 2.514 2.508 2.469 2.554 2.478 2.552 2.525
1,15 1.518 1.514 1.524 1.513 1.512 1.505 1.514
15,16 1.548 1.547 1.570 1.545 1.545 1.539 1.554
A 0.996 0.998 0.986 0.988 0.957 0.999 0.983
|Arm| 0.013 0.006 0.012 0.023 0.028 0.004 0.018
|AZy| 0.35 0.35 0.45 0.33 0.40 0.30 0.35

~[(HL) — ~ (H-1,L) ~[(H-1L) + ~[(HL) +

(H-1,L + 1)] (H,L + 1)] (H-1,L+1)]

aFor the sake of comparison, DF/B3-LYP/cc-pVDZ results from ref 15 and the experimental geometry of the 15,16-dimethyl deritative of
from ref 25 are also reported. In the first column the C,C pairs are numbered as in Fi§(ieelcalculated value for the 15,16-dimethy! derivative

is 0.40 A.
A
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Figure 2. Absorption spectra ofl and 2 (lower and upper traces,
respectivelyc =5 x 10*Mfor 1; 2 x 1075 2 x 10°° M for 2in
isopentane/diethyl ether mixture at room temperature). The excitation
wavelengths of the Raman spectra are shown on the Figure as vertica
lines between the two traces. The spectrum 2ohas been for
convenience shifted along the absorbance axis.

Il. Experimental Section

The bridged [14]annulenelsand2 were prepared following
the reported synthetic routé&?? Purification and recrystalli-
zation procedures as well as NMR control spectra were already
described® Both samples were stored atLO °C until use.

The instrumental apparatus for the measurement of fluores-

cence spectra at low temperature has been described elséWwhere.

Shortly, rigid glassy isopentane/diethyl ether mixtures (7:3;
c=10"“%and 103 M, for 1 and2, to have equal absorbances
at the excitation wavelength, 548.4 and 504.6 nm, respectively)
are formed by introducing the cell containing the sample under
vacuum conditions into a homemade cryostat at liquid-nitrogen
temperature. The lines from axfumped dye laser and from
an OPO system pumped by the third harmonic of a Nd:YAG
laser were employed foreS— S; excitation. The fluorescence
signal, dispersed through a Jobin-Yvon double monochromator,
is detected by an air-cooled photomultiplier and averaged by
the Boxcar (Stanford, mod. SR250). The slit width of the
monochromator was: 100um, corresponding to a bandwidth
of ~ 5 cnr'l,

Solutions ofl and2 (c = 1072 M in isopentane/diethyl ether)
were freshly prepared for each Raman experiment at room
temperature. Six excitation lines, 476.5 and 457.9 nm* (Ar
laser), 441.6 nm (HeCd laser), and 413.1, 406.7, and 350.7
nm (Kr* laser) were employed. The position of all these lines

with respect to the absorption bands Jofind 2 is shown in
Figure 2. According to the band assignmétite excitation lines
down to 406.7 nm fall in the preresonance and resonance region
with respect to the 4L absorption while the last is at the onset
of the B, absorption, at least fdr. It was not possible to measure
spectra with other Ar and Kr" laser lines, due to the large
fluorescence emission under which the much weaker Raman
signal is buried or severely distorted. No Raman band& of
and 2 are observed exciting at 647.1 nm with the red line of
the Kr* laser. Only polycrystalline samples show appreciable
intensity under these conditiofsEach solution spectrum was
doubled by that of the pure solvent mixture, thus making easier,
by comparison, the observation of weak lines of the solute. The
Raman spectra were taken with standard collection instrumenta-
tion (double monochromator, spectral resolution~ 6 cnr?,
red-extended cooled photomultiplier, photon counting detection
pystem). For all excitation wavelengths, the laser power was
kept constant around 40 mW. Solution spectra measured at
different times during the experiment did not show any decrease
of the Raman signal, indicating that both molecules are stable
upon our irradiation conditions. The Raman spectra were mostly
measured at room temperature; few of them were also obtained
at 77 K.

The absorption spectra df and 2 were measured at room
and low temperature on a Cary 5 spectrophotometer with a
spectral resolution of 2 nm.

IIl. Results and Discussion

A. Molecular Structures and Energies. The ab initio
optimization of equilibrium geometries has been performed with
the program GAMESS for the ground and the lowast*
states* The MCSCF/6-31G wave function for each of these
states has been determined following the complete active space
(CAS) approach, i.e., considering the occupation by 10 electrons
of 10 molecular orbitals (5 occupied and 5 virtual) chosen
among those having the largestgontribution from the ring C
atoms. The total number of excited configurations is 19 404.
The overall procedure was successfully adopted in related
molecules, 1,6-methano- and 1,6-epoxy-[10]annuféid¢The
optimized structures of the ground and of the four excited states
which are of interest in the present work are presented in Tables
1 and 2.
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TABLE 2: Calculated MCSCF/CAS(10,10)/6-31G Structures of the Ground ($ and of the Lowestza* States of 2: C—C Bond
Lengths (A) and Distances (A) between Nonbonded+¢) Atoms, Geometrical Indexes A,|Ary| (A) and |Azy| (A) of Aromaticity
as Defined in the Text and Singly Excited Configurations Most Contributing tozz* Statest

SO Lb La Ba Bb
DF/B3-LYP MC/CAS exp MC/CAS

1,2 1.415 1.413 1.413 1.420 1.392 1.423 1.418
2,3 1.391 1.388 1.387 1.408 1.422 1.390 1.394
3,4 1.425 1.404 1.414 1.388 1.379 1.411 1.411
6,7 1.404 1.404 1.395 1.416 1.413 1.411 1.410
1--:6 2.408 2.408 2.384 2.479 2.386 2.440 2.477
1,15 1.516 1.512 1.517 1.516 1.511 1.513 1.512
15,16 1.523 1.520 1.518 1.522 1.518 1.522 1.522
15---17 2.444 2.443 2.434 2.443 2.448 2.451 2.437
A 0.984 0.989 0.984 0.987 0.971 0.981 0.990
|Arm| 0.019 0.014 0.014 0.022 0.025 0.018 0.013

|AZy| 0.73 0.75 0.70 0.77 0.60 0.80 0.79

~[(H,L) — ~ (H-1,L) ~[(H-1,L) + ~[(H,L) +

(H-1, L+ 1)] (H.L+ 1)] (H-1,L + 1)]

aFor the sake of comparison, DF/B3-LYP/cc-pVDZ results from ref 15 and the experimental geom2frgmfref 26 are also reported. In the
first column the C,C pairs are numbered as in Figure 1.

(HOMO,LUMO), (HOMO-1,LUMO+1), and (HOMO,
LUMO+1) + (HOMO-1,LUMO), respectively. In our own
6-31G calculation the HOMO orbital of/2 correlates with
(HOMO-1) of anthracene [and (HOMO-1) with HOMO] for
molecules &,, geometry in good agreement with experim&nt.  symmetry reasons so that the excited configurations do not
The present results on the ground statel @ind 2 exhibit the appear in the usual form but rather with the HOMO/(HOMO-
same accuracy. The degree of aromaticity of these structuresl) interchange. This interesting result may be rationalized on a
may be assessed on the basis of geometric criteria proposed irsimple basis, i.e., applying the PMO treatnmo anthracene

the past yeard~2° The first is the Julg parametéx = 1 — and to 1/2, considered as systems formally derived from
(225h)5i[1 — (ri/F)]% a measure of bond length alternation, cyclotetradecaene (@Hi4) by cross-linking and bridging,
where n is the number of €C bonds involved in the respectively. Eachsr andz* orbital energy of the regular GH14
conjugation (14 in our case); is the length of théth C—C polygon is by symmetry doubly degenerate (apart the lowest
bond, andf is the mean valu& A is unity for the fully and the highest, which are nondegenerate) and one component
delocalized benzene structure; & T) and zero for the of the degenerate pair is symmetric (s), whereas the other is
hypothetical bond alternating structure with-c = 1.52 A and antisymmetric (a) with respect to an appropriate vertical nodal
re—c = 1.33 A. The second important parametefAs,,|, the plane! The two perturbations, cross-linking and bridging, are
absolute maximum deviation of the~C bond lengths from classified as odd and evéhrespectively. In addition to the
the mean. Aromatics hajar,| < 0.05 A27 The two indexes even bridging perturbation, itY2, we have the odd perturbation

The ground-state structures bfand2 are known to belong
to Cp, symmetry with small bond alternation along the ring,
according to the X-ray diffraction data ¢hand on the 15,16-
dimethyl derivative 0f1.2526 DF calculations predict for both

reported in Tables 1 and 2 give evidence of the aromatic
character of the two molecules. For non planar bridged
annulenes it is useful, to our opinion, to define a third index,
|Azqy|, Which is the absolute maximum difference between the
z coordinates of the ring C atoms. From tAe,,| values of the
ground state, it is seen thatis less distorted from planarity
than2, due to the smaller flexibility of the bridge. Considering
the three indexes for the excited stateslpB, has the most
pronounced aromatic character, all of the-C bond lengths
being almost equalX = 0.999; |Ary,| = 0.0042 A) and the
ring less distorted| Az, = 0.30 A). It may be also seen from
Table 1 that |, falls at the other extremey = 0.957,|Ary| =
0.028 A, |Azcmad = 0.40 A. Other structural data of interest

due to the transannular interaction. The former is however much
stronger than the latter so that the net perturbation is even. The
MOs of Ci4H14 may be correlatédio those of anthracene and
1/2 on the basis of the Hikel approximation and considering
the pairing theorem of alternant hydrocarbé%: Due to the
perturbation (i) the HOMO pair as well as the LUMO pair of
Ci4H14 split into two nondegenerate orbitals and due to the
symmetry label of the perturbation (ii) the energy ordering in
anthracene (odd perturbed#14) is (HOMO-1), < HOMOg

< LUMOs < (LUMO++1), and in1/2 (even perturbed GH14)
(HOMO-1)x < HOMO,; < LUMOg < (LUMO-+1), It is
concluded that HOMO/HOMO-1 crossing occurs on going from
anthracene td/2.

are (i) the distance between nonbonded opposite, i.e., 1,6 and The vertical excitation energies and the oscillator strengths

8,13, atoms largely increasing from the ground to theahd B
states and (ii) the €C bond lengths at the ring periphery having

of the transitions from the ground-state minimum to the four
excited states have been calculated. The MCSCF/CAS(10,10)/

a stronger variation upon excitation than those at the center.6-31G energies at the ground-state equilibrium geometry were

Structural data o have a trend similar to that described for
(see Table 2). In addition, the excited state® show a higher
distortion from planarity than those df. The B, state, in
particular, is the most distorted among the excited statexs of
while the reverse holds for the,Btate of1.

Despite the high number of configurations, the MCSCF wave

functions are described to a good approximation as linear combi-

nations of few singly excited configurations, also reported in

corrected to second-order applying the multireference perturba-
tion treatment (MC/QDPP¥-35 included in the GAMESS
program. The perturbative term is intended to account for the
o — m correlation energy and has already given good results in
a similar casé? In the absorption spectra @fand2 below 4.5

eV up to seven electronic transitions have been assigned, though
not all as zz* transitions® Four zz* bands have been
recognized whose energies and intensities are listed together

the tables. For planar aromatics, the most important contributionswith the calculated data in Table 3. Vertical excitation energies

to Ly, La, Ba, and B, wave functions coming from singly excited
configurations are(HOMO,LUMO+1) — (HOMO-1,LUMO),

are in good agreement with experimental values. In the case of
the B, band of2 only, the discrepancy between calculated and
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TABLE 3: Calculated (MC/CAS(10,10)/QDPT/6-31G) and
Experimental Vertical Transition Energies (AE, EV) and

Oscillator Strengths f from the Ground to the Lowest #x* I (a.u.)
States of 1 and 2
1 2
AE f AE f |

calc exp calc exp calc exp calc exp

L, 1.61 223 0.006 0.02 271 242 0.001 0.004
L. 330 3.07 0.27 0.02 342 310 0.21 0.06
Ba 341 3.65 0.60 0.15 3.77 3.85 0.67 0.15
B, 392 399 121 1.10 7.70 4.09 218 1.60

aThe experimental values are from ref 8.

. 052 200 400 600 800 1000 1200 1400 1600
wavenumber (cm’”)

Figure 4. Raman spectra df and2 (lower five and upper two traces,

respectively,c= 10-% M in isopentane/diethyl ether mixture, room

temperature). The excitation lines are, from bottom to top, 476.5, 457.9,

441.6, 413.1, and 406.7 nm fa@rand 413.1 and 406.7 nm f@& The

most intense solvent bands are indicated by asterisks in the 406.7 nm

spectrum. For the sake of clarity the intensity of the solvent band 460

239 cm ~! has been set to a common value in all the spectra of the figure.

(0-0)
is active also in the nonresonant Raman spectrua'8fThe
more diffuse spectrum af has a limited number of vibronic
bands (239, 462, 650, and 875 thhamong which the first,
B ; T T T 1 corresponding to the 252 crhmode of2, has the strongest
0 500 1000 1500 2000 i
activity.
relative wavenumber (cm™) C. Raman Scattering. Making reference, for the sake of

. simplicity, to the theoretical model most commonly used in the
Figure 3. Fluorescence spectra @fand2 (lower and upper traces, int tati f RR dat#-3° two t th lled A and
respectively) with abscissa axis relative to the-()) transition energy, Interpretation o . are, : 0 terms, the SO'_Ca e__ an
17 965 cn for 1 and 19 495 cmt for 2. The experimental conditions B terms, predominantly contribute to the polarizability tensor

arec = 104 and 103 M in isopentane-diethyl ether mixture farand of the vibrational transitiorjgill— |gflJ) when the excitation
2, respectively, T= 77 K, excitation wavelength 548.4 nm ftrand energywexc approaches a particular transition enesigyqi. The
504.6 nm for2. The vibrational spacings (ctf from the origin,(G- A term accounts for intensity enhancement ofundamentals
0), band are indicated on the figure. through Franck Condon coupling while the second is respon-

sible for that of nontotally symmetric fundamentals (and for an

observed values is anomalously large, much probably due toadditional contribution to intensities of totally symmetric
the occurrence of an intruder stéfe. fundamentals) through vibronic coupling of the final state with

B. S — S FluorescenceThe low-temperature fluorescence  excited states of appropriate symmetry. The largest contribution
spectra ofl and 2, shown in Figure 3, have been measured to Raman scattering with excitation wavelength approaching
exciting into the first vibronic band of theplabsorption  the L, band is expected from totally symmetric fundamentals
system, i.e., at 548.4 nm fdrand at 504.6 nm fo2. The two  through the A term. Vibronic coupling ofdwith the strongly
spectra have been already reported and interpreted in terms ofbsorbing B state enhances the activity of modes. The L—
Franck-Condon allowed transitiorsThe fluorescence data of By, coupling is responsible for the activity ofsppmodes in
interest for the present work are discussed in detail in this naphthalene and anthracefié! As to the resonance enhance-
section. ment due to the Bband, only the A term should reasonably

The lowestrr* states of molecules such dsand2, having affect the aintensity. Modes of asymmetry may be observed
Cp, symmetryl52526 pelong to B(Lp), Bx(La), B2(Ba), and through B—By, coupling.
B1(By) symmetry specie%jn order of increasing energy (see The Raman spectra of the solution 20V of 1 and 2 in
Figure 2 and Table 3). The purely electronic-S S, transition isopentane/diethyl ether mixture in preresonance and near-
is allowed and observed at 17 965 chfor 1 and at 19 495 resonance conditions with respect tg lkand are collected in
cm~1for 2. The former is red-shifted by 35 crhwith respect Figure 4. Considering first the Raman spectra. oit is easily
to the absorption origin, 17 990 ¢ whereas the latter is red-  seen by visual inspection that the peaks 382, 412, 602, 688,
shifted by 45 cm?, the absorption origin being at 19 540 thn 878, 909, 1171, and 1219 cthand the two unresolved Raman
The (0-0) emissions are partly reabsorbed, as it may be also doublets around 1480 and 1550 thare enhanced approaching
guessed from their slightly asymmetric band shapes. Thoughthe L, band. On the basis of the vibrational assignritethiese
the reabsorption path length is difficult to assess quantitatively, modes are totally symmetric, except the 1171 érand one
a reasonable estimate, given our experimental conditiorfs (45 component of each doublet, of, aymmetry. The Raman
incidence direction on a 0.2 cm cell), is 0.1 cm. The excitation profiles (REP) have been determined with the
fluorescence spectrum @fis structured with bands 252, 389, following procedure. Preliminarly, the solvent Raman spectrum
504, 647, 750, 913, and 1166 cinfrom the origin band, has been fitted with bands of mixed (Gaussian and Lorentzian)
tentatively assigned to overtones of the 252 ¢mode and character. The fitting was repeated for the solution spectrum
combinations with the 389 cm mode. This preliminary assuming no variation of the relative band intensities for the
assignment is to some degree oversimplified since for severalsolvent in the solution. This made it possible to evaluate
bands two (or more) vibronic transitions may contribute to the intensities even when solute and solvent bands badly overlap
observed band. The 252 cinmode describing ring expansion  or when the former are weak. A sample of our fitting procedure
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Figure 5. Fitting of the Raman spectrum dfin the spectral region
1400-1600 cnt! exciting at 413.1 nm. The two solvent bands observed
at 1450 cm* (strong) and at 1486 cm (very weak) are denoted with
asterisks.

is displayed in Figure 5. Then, correction factors to the intensity
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TABLE 4: Relative Raman Intensities, (Ir), of & and &
Modes (@, cm™) of 1 and 2 as a Function of the Excitation
Wavelength (nm) Approaching the L, Absorption Band?

Ir

exc(nm)
) 476.5 457.9 441.6 413.1 406.7
1
234(a) 2005 1136 1916 4022 3147

382(a) 180 647 1108 20646 42491
412(a) 663 1300 1093 19761 24410

494(a) 647 5780 10921
602(a) 2550 1753 4727 24258 44816
638(a) 124 154 11 4249 12326
734(a) 147 89 29 1660 3571
828(a) 3 438 1063 9061 21142
878(a) 480 742 1631 14116 16549
909(a) 625 5338 888 13633 42814
1171(a) 390 78 734 6497 19810
1219(a) 10 550 972 10401 28047
1289(h) 8 2035 721 8519 13110
1327(a) 215 318 1118 6093 9045
1361(a) 2677 1465 521 5016 9075

1475(a) 3580 2849 10248 126428 188902
1489(a) 5484 6701 18476 158945 293538

of each solute band were applied as recommended in a recent %ggé% 7%%% ggggg géﬁgz
report*2 The solvent 460, 761, 1146, 1261, and 1451 &m

intgnsities at each excitation wavelength were normalized to 129(a) 2 42661 85923
their counterparts at 413.1 nm and the same correction applied 248(a) 58997 78374
to solute bands in their proximity. This accounts for self- 379(a) 198964 312168
absorption and differences in the optical path length from one ~ 419(a) 155238 286698
experiment to another. A second correction, due tauthtactor, g?g% %ggggg éggggg
was obtained for each solute band considering close lying g75(q) 70670 159326
solvent bands. All of the observed Raman fundamentals and 905(a) 153604 364719

their intensities, increasing up to 2 orders of magnitude as a
function of the wavelength, are collected in Table 4. REP’s of
two representative modes, 382)(@nd 1489 (g cm™, are
shown in Figure 6.

The low-frequency amodes 382, 412 and 602 cicouple
favorably the ground with the L geometry. The normal
displacements, derived from density functional calculations and
substantially located on the rift§,do not lead to a structure
more planar than in&SOn the other hand, the 234 cinmode,
where the ring motion is more effectively coupled with that of
the ethane bridg®, is not enhanced. This mode, particularly
active in the fluorescence spectrum and in the S S
fluorescence excitation spectrdfiexpands and flattens the ring
while increasing the bridge distance from the rifig® Quali-

tatively, the two results suggest a less extended delocalization 01

of & electrons in  than in L, in reasonable agreement with
calculated structures.

The comparison of data dhwith resonance Raman results
on anthracerfé*® should be also considered. Preresonance
enhancement, up to 457.9 nm excitation wavelength, of an-
thracene gand hq vibrations (reference systenx andy, in-
plane long and short axes, respectivetyput-of-plane axis)
has been reported:*3Among g modes, those at 1403 and 1556
cm! show the most pronounced efféétThey correspond to
the 1361 and 1489 cm modes of 1, according to our
assignment® It should be noted that while the 1403 chband
of anthracene is strongly active far from resonance, the 1361
cm! band ofl is weak off resonance. The intrinsic weakness
of this band is related to the nature of the mode, substantially
localized in1 on the rigid CCC bridges rather than on the
polarizable inter-ring CC bonds such as in anthradéenong
anthracene 49 modes, that at 1630 cm is reported to have
the largest enhancemefitThis corresponds to the 1541 cin
& mode of1 with vanishing Raman intensity off resonance. A
second peak at 1550 cry of & symmetry, is correlated with

2 The intensities have been determined through the fitting procedure
described in the text.

30 = 382cm’
Ix10° | e 1489cm’

(a.u.) 20

104

21 22 23 24 25
wavenumber x107 (cm’T)

Figure 6. Excitation profiles of the amodes 382 and 1489 crh
(intensities relative to that of the 460 cinsolvent band exciting at
413.1 nm) as a function of the excitation energy approaching the L
state. Each excitation profile has been fitted to eq 1 withQ)Qtransition
energy, i.e., theveogo quantity of the text, taken from ref 10 equal to
24 800 cn1?, with y = 420 cnt! andT” = 0.0026 cmi™.

the 1480 cm?! &y mode of anthracen®.Finally, the a mode
of 1 occurring at 1475 cm with large off resonance Raman
activity, correlates with thesp mode at 1574 cm.

As to 2, a smaller set of Raman data has been obtained. Since
2 is highly fluorescent and the first absorption region2ois
blue-shifted with respect tb(see Figure 2) the spectra observed
with the highest excitation wavelengths, up to 441.6 nm, overlap
with the fluorescence spectrum and, as a result, are strongly
distorted. Only the Raman spectra exciting at 413.1 and 406.7
nm, i.e., on the onset of the,labsorption, are significant for
the present study (see Figure 4, upper two traces). The relative
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TABLE 5: Franck —Condon Displacement FactorsA of
2 Totally Symmetric Modes of 1 Relative to the L, L,, and B,
|(a_u_) Stateg

La Ba
® Lb |Al/|Azsa] |Al/|Azsd]
i DF* RHF exg A A calc exp A calc exp
1 99 101 138 —0.105 1.394 —0.065
232 241 234 -0.813 0.750 0.97 0.29-1.006 3.25 4.25
382 375 382 0526 0.771 1. 1. 0.309 1. 1.

k 415 415 412 0.347 0.752 0.97 0.61 0.287 0.93 0.61

594 591 602 —0.294 —0.113 0.15 0.67-0.045 0.14 1.27
s 692 702 688 —0.030 —0.251 0.32 0.32—-0.041 0.13 0.04
730 756 734 0.084 0.123 0.16 0.160.006 0.2 0.1

823 825 828 —0.121 —0.245 0.32 0.35-0.352 1.14 0.29

T v T v T v T v T v T L T v 1
200 400 600 800 1000 1200 1400 1600 882 869 878 0.033 0.050 0.06 0.2#0.024 0.07 0.18
4 915 962 909 0.105 0.365 0.47 0.45 0.106 0.34 0.18
wavenumber (cm ) 959 1014 959 0.002-0.154 —0.094
. i 998 1074 1001 -0.092 0.002 —0.125
Figure 7. Raman spectra ofl and 2 (middle and upper trace, 1194 1238 1206 0.027—0.053 0.090

respectively,c = 1072 M in isopentane/diethyl ether mixture, room 1227 1262 1219-0.113 0.073 0.09 0.28-0.046 0.15 0.18
temperature) compared with the spectrum of the solvent mixsre (1337 1369 1327  0.053-0.034 0.04 0.13 0.038 0.12 0.28
lower trace) exciting at 350.7 nm. The intensity of the solvent band 1351 1378 1361  0.159-0.034 0.04 0.16 0.106 0.34 0.28

460 cmt h N mrmon value in_all th o of the 1501 1539 1489  0.040-0.224 029 0.77-0.022 0.07 0.61
ﬁSSrg as been set to a common value in all the spectra of the 3550 1200 165 0201 0585 0.76 0.390.080 026 0.34

a2 The calculated and observédl |/| Asgg| ratios for the I, and B,
intensities of the Raman bands have been found by means ofstates are reported using eq 2 of the téfrom ref 15.¢ Present 6-31G
the fitting procedure and collected in Table 4. Modes of a results with scaling factor 0.909.138, 959, 1001, and 1206 c
symmetry 248, 379, 419, 613, 875 and 905 ¢rare enhanced observed values relative to the polycrystalline sample.
relative to the solvent bands 460 and 761 énAdditional peaks
are observed at 129 crhand at 486 cm!, assigned to modes
of & symmetry!®> Above 1000 cm? several other Raman lines
[1156(a), 1206(a), 1330(a), 1469(a), 1513(a), 1545(a) cm™]
are observed for which however it was difficult to evaluate the
intensity due to the band distortion.

The Raman spectra @fand2 exciting at 350.7 nm are shown
in Figure 7. As seen from Figure 2 the spectrumlois in A
preresonance with the Bstate while, as t®, the excitation [0 vy + 1= — Oyv,,, + 1= —p[(DLblvpgD
wavelength has a larger gap with the same state. The spectrum ' ' v+l '
of 1is dominated by the 234 crhband, in remarkable contrast
with the weakness of the same band approachir(gde Figure |t may be showhthat
4). This suggests that the corresponding coordinate favors the
structural change from the ground to thg ®ate. Considering wy 2
the normal displacement&the B, equilibrium geometry has Ap= 0'172\/;(XLb — Xgm™E,
more balanced €C bond lengths and a more planar ring
structure than in the ground state. As2ahe spectrum of the ~ whereX, andXg are the 8 equilibrium coordinates of the L
solution is not much different from that of the solvent in the and g states,m the diagonal 8 x 3n matrix of the atomic
same conditions. The resonance effect on the Raman modes isnasses, £the 3r-dimensional Cartesian eigenvector of ihe
moderate and probably due more to the lowgsstate thanto ~ mode, vpL = vpg = vp the vibrational level and 0.172 a
the higher R state. The only clearly observed bands are at 379 dimensional (g%2 cm~1/) factor equal to [4%c/(hN)[*2 x 108,
(a), 613 (a), 1513 (@), and 1545 (g cm* while the Raman The A, parameters have been calculated from the known
peak at 248 cm! is barely seen. MCSCEF equilibrium structures of trgeand L, states (see Tables
D. Model Calculations. Franck-Condon factors are the key 1 and 2) and from the Cartesian displacements of the totally
quantities to calculate fluorescence and Raman excitation symmetric modes, 18 fdr and 20 for2, having excluded from
profiles2”? this analysis €H stretchings, for the sake of simplicity. Normal
Starting with the fluorescence emission, the intensity,I(0 modes ofl and 2 obtained by means of the DF calculatitn,
— vpg) Of the allowed transition from the vibrationle$ ,[J when coupled with MCSCF data, were unable to give Franck

modes upon electronic excitation, the Fran€ondon factor
[O.p|vpgLdepends only on the displacement paramaggri.e.,
on the shift of the b minimum with respect to that of the
ground-state projected along tipeh coordinate. Under these
circumstances FranekCondon factors are obtained from the
Manneback recurrence relatidts

level of the excited L. state to thgv,gCground @) state level Condon intensities matching closely the fluorescence profiles.
of the totally symmetrig coordinate relative to that of tHe, ;[ We have then repeated the normal mode calculation starting
— |OgCitransition is given by with the RHF wave function and using for self-consistency the
6-31G basis set. The frequencies have been correlated with (i)
10, — V) |[(])Lb|vpg|:|]2 the DF values using as a criterion the similarity of Cartesian
= = : displacements and with (ii) the DF-correlated observed frequen-
10— 0y  |0,/0,0 cies, scaling the 6-31G values with the factor 0.909%@nd

0.890 for2. The Franck-Condon factors of all these funda-
where|Opl] [vp gL |Oglare vibrational wave functions, 0-th and  mentals are in Tables 5 and 6. As to thestate, theA values
v-th level, respectively, of thp coordinate associated with the  of the 234 cmi® (1) and of the 248 cm! (2) modes are by far
L and the ground state. Assuming that the excited-state potentialpredominant, in excellent agreement with the fluorescence
is not distorted relative to that of the ground stabg i, = wpg results. Further, an intensity calculation has been set to reproduce
= wp; cmY) and neglecting the mixing of totally symmetric  the fluorescence spectrabfnd?2 considering the contribution
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TABLE 6: Franck —Condon Displacement FactorsA of
Totally Symmetric Modes of 2 Relative to the L, L, and B,
States

La Ba
» Ly |Al/|Az7d [Al/|Az7d
DF* RHF exp A A calc exp A calc exp
118 122 138 —0.119 1.516 —0.332
250 246 248 0.850—0.489 0.46 0.76 1.000
381 387 379 -0.526 1.055 1. 1. —-0.552 1. 1.
424 421 419 0455 0963 091 0.87 0.142
577 577 572 —0.081 —0.034 —0.063
610 609 613 0.386 0.207 0.19 0.93 0.124 0.22 0.25
689 699 693 0.018-0.237 067
754 775 761 —0.252 —0.423 —0.280
881 920 875 0.158 0.199 0.19 0.31 0.111
912 940 905 0.089 0.175 0.16 0.460.182
938 972 944 —0.069 0.189 —0.118
970 978 979 0.106—0.464 —0.108
994 989 1004 0.025 0.172 —0.112
1211 1221 1206 —0.155 —0.034 —0.002
1277 1272 1277-0.063 0.176 —0.066
1324 1340 1330 0.020 0.143 —0.073
1376 1385 1403-0.067 0.071 —0.072
1426 1474 1451-0.156 —0.272 0.018
1487 1479 1469 0.250 0.351 —0.015
1510 1504 1513-0.073 0.166 0.012 0.02 0.16

aThe calculated and observed |/|Asgs ratios for the k, and B,
states are reported using eq 2 of the térom ref 15.° Present 6-31G
results with scaling factor 0.890138, 761, 944, 979, 1004, 1277, 1403,
and 1451 cm?, observed values relative to the polycrystalline sample.

I(a.u.)

T T T T 1
0 500 1000 1500 2000

relative wavenumber (cm™)
Figure 8. Observed and calculated fluorescence spectra afid 2

(lower and upper traces, respectively). The calculated spectra (dashe

lines) have been obtained using the FranGlondon factors of Tables
5 and 6, taking into account the partial reabsorption of thedjband
and reducing the\ values of all the fundamentals, except 234&nd
248 ) cmL, by the factory/2. All of the vibronic transitions have
been inhomogeneously broadened wi(lWHM) = 70 and 50 cm!
for 1 and 2, respectively.

(i) from all fundamentals with an intensity ratio [(0— 1g)/
[(O, — Og) = 0.05, (ii) from the 234 cm! (1) and 248 cm?
(2) overtones (up to the third), and (iii) from the combinations

of these modes (and their overtones) with the 382, 412, and

602 cnr! (1) and with the 379, 419, and 613 c#(2) modes.
The inhomogeneous broadenipgf each line and the partial
reabsorption of the (60) origin band have been considered.
The fluorescence profiles are plausibly reproduced iftfggian-
tities relative to the 382, 412, and 602 thmodes ofl and of
the 379, 419, and 613 cthmodes of2 are partially reduced
with respect to those of the 234 cin(1) and 248 cm? (2)
modes. In other words, upon excitation to thestate the mole-
cular geometry of (2) distorts along the 234 (248) crhcoordi-
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taken equal to 70 and 50 crhfor 1 and2, respectively, anc
f&r all the above-mentioned modes is reduced by a factor of

2.

Let us now turn the attention to the Raman spectra. It is,
first of all, an experimental result that no overtone or combina-
tion mode is active in these spectra approaching either fhe L
or the B, state. This suggests that @l},’s relative to the two
excited states are not larger than unity. The case of A-term
scattering in theA, < 1 regime has been discussed else-
where3945 In this approximation, it is possible to restrict the
summation over the vibronic states of the resonant state to the
first two, i.e.,u = 0 and 1, for the intensity calculation. Allowing
for a common homogeneouE;(HWHM; cm~1) and inhomo-
geneous ¥; HWHM; cm™1) broadening of the (80) and
(0—1) lines?8 the excitation profile of theth totally symmetric
fundamental as a function of the excitation enedgy{cm1)
is proportional to the expressigh>

lpgiog 0 @ee— @) x (U9)* x A x w7 x
{EM)wy + o)+ 25[(wy, — ) + 4T7] -
2o, , + (0, — we)’ + 4TS}/
{(0g + )@y, + Z)(@,, — 0e)® + 47} (1)

where hy g0 is the Raman intensity of theth fundamental,
W0 = Wogog — WexaWip = Wipedg — Wexe = = I + y and the
subscripte stands for L, or B, (thus giving QS)“ in both cases).
It is also possible to extract the ratio of the abso@uantities
using the relatio#?45

A1
lipgog X @y

g )

2
Ly gog X @p

1Al _
|Ap’|

A values between the ground and thg dtate have been
calculated following the same procedure outlined for thetate
and collected in Tables 5 and 6 fbrand 2, respectively. It is
seen that almost all’s are smaller than unity. Only the lowest
vibrational mode, 138 cni for both1 and2, is associated with

A values well above unity. Considering the intensity data of
the totally symmetricL modes in Table 4, a fitting has been
attempted with a fixed value of the {®@) transition energy,
i.e., woeog €qual to 24 800 cnt, as reported, and three

dparametersa/ andT’, independent of the vibronic line, and the

ratio Ap/Asg,, taking as reference the 382 chmode. All the
REP’s have been expressed wjith= 420 cnmt andl” = 0.0026
cm 1 and the ratiof\/Asg, reported in Table 5. The fitting for
the 382 and 1489 cm modes is shown in Figure 6. The
comparison between observed and calculated ratios is surpris-
ingly good for most of the resonance enhanced modéqsde
Table 5). The whole procedure has been applied The results

are probably affected by a larger uncertainty due to the fact
that reliable data have been obtained only for two excitation
lines, 413.1 and 406.7 nm. Nevertheless the general fair
agreement ofA ratios is conserved. It is however evident that
the largeA value for the 138 cm! mode is at variance with
the data ofl and2 in resonance with the lstate. In the low-
frequency region of the Raman spectrum at 77 K (not shown)
one weak band ot occurs at 122 cmt while in that of2 at
room-temperature one band is observed at 129'cBoth have
been however assigned to the symmetry in a previous
calculation!®> with resonance enhancement due to th¢Bj.
coupling. On the other hand, a difference between calculated
and observediA|/|Asgg ratios is found for the 234, 602, 1489,

nate slightly more than predicted by the calculated structures.and 1550 cm! modes (see Table 5). This may indicate that

In Figure 8, a fitting calculation is shown wheyehas been

mode mixing between pairs of coordinates (234 and 602'cm
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1489 and 1550 cmi) occurs in the excited state determining
an intensity transfer from one mode to the other. It is tempting
to assume that also the lowesgtcmordinate mixes with several
others and that this affects heavily the intensity redistribution.
The A displacements of and?2 relative to the B state are

quite similar, as it is seen from Tables 5 and 6. On the whole

they are much less than unity, apart from those of the 234 (
and 248 ) cm~! modes, around unity. It is therefore confirmed
by the present calculation that the Beometry ofl is mostly
determined by the molecular displacement along the 232tcm
coordinate, in excellent agreement with the experimental
spectrum fexc = 350.7 nm) where this mode has by far the
largest enhancement. The ratjdd/|Ass;| at 350.7 nm compare
reasonably with ratios derived from ab initio data, except for
the 602/828 cm! pair for which the discrepancy is tentatively
ascribed, as in the previous case, to mixing of the two pair
components in the excited state. Despite the similarity of
Franck-Condon factors the Raman spectrum2ofvith 350.7

nm excitation wavelength exhibits several differences with
respect to that ofl, as already noted, the main being the
vanishing intensity of the 248 cmi mode and a general

weakening of the resonance effect for all of the other modes.

Two concomitant factors may be envisaged for this behavior:
(i) the gap between the excitation and theeBergy, larger in

2 than in1, and (ii) a weak resonance effect due to the lower
L, state, negligible fod while still present foR2 because of the
difference of the oscillator strengths (see Table 3).

IV. Conclusions

In this paper, excited states geometries of bridged [14]annu-
lenesl and2 have been investigated coupling fluorescence and

Raman data with results from ab initio calculations. In particular,

Moroni et al.
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