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The singlet states of the 3p Rydberg manifold of the structurally rigid amines 1-azabicyclo[2.2.2]octane and
1l-azaadamantane seeded in supersonic expansions have been investigated by means of fluorescence excitation
spectroscopy. Under these conditions a better spectral resolution could be obtained than in previous studies,
enabling us to resolve and identify unambiguously t[’,\dar:ﬁhsitions to the second and third excited singlet
states. These states are assigned as'thard 3A; states, associated with excitation of a lone-pair electron

to the 3py and 3p Rydberg orbitals, respectively. Analysis of the vibrational energies and intensities of
vibronic transitions observed in the excitation spectra of both states leads to the conclusion that the equilibrium
geometry and vibrational properties of the molecule in these two states resemble closely those of the lowest
excited singlet state, which derives from excitation of a lone-pair electron to the 3s Rydberg orbital, and
those of their ionic core. Excitation spectra in combination with dispersed emission spectra and fluorescence
decays demonstrate that internal conversion to the lowest excited singlet state shows up prominently in the
dynamics of the 3p Rydberg states.

Introduction N e — N

Cy
Cy c
Saturated amines such as 1-aza[2.2.2]bicyclooctane (ABCO) 1 1 Co C,
and l-azaadamantane (AADA) (Figure 1) have a particular Co Cy
appeal to spectroscopists and synthetic chemists alike as a result Cs Cs

of their rigid cagelike structure. They are employed, for example,
as donor moieties in intramolecular electron-deracceptor ABCO AADA
system&~5 and form part of natural products such as quinine. Figure 1. Structures and atom numbering of 1-azabicyclo[2.2.2]octane
From a spectroscopic point of view they are of considerable (ABCO) and 1-azaadamantane (AADA).
interest as the cagelike structure inhibits large structural changesenabled us to obtain high-quality excitation and emission spectra,
in the geometry around the nitrogen atom upon excitation. It is which exhibited a plethora of vibronic transitions. It was shown
by now well established that the electronically excited states of that a very detailed analysis of these spectra was possible on
these compounds and saturated amines in general can ultimatelyhe basis of the concept that the geometric and vibrational
be related to the excited states of ammonia, the most simpleproperties of the lowest excited singlet state of these compeunds
representative of this class of compounds; i.e., the lower excitedthe [X 2A1]3s Rydberg stateare expected to resemble to a large
states derive from the excitation of a lone-pair electron to extent those of its ionic core. Accordingly, the equilibrium
Rydberg orbital$. Excitation spectra of saturated alkylamines geometry and force field of the ground state of the neutral
are usually diffuse and vibrational structure is not observable. molecule and its radical cation were determined by density
“Locking” of the molecular geometry in structurally rigid amines  functional theory (DFT) calculations and subsequently employed
in generat-and ABCO and AADA in particularleads, how- to predict the experimentally obtained excitation spectra. The
ever, to vibrationally well-resolved excitation spectra, which quantitative agreement between experimental and predicted
can be fruitfully employed to investigate the geometric and spectra that was achieved after correcting for some minor
electronic structure of excited states, as well as their dynamic geometrical differences between the equilibrium geometries of
properties. the lowest excited singlet state and the ground state of the radical
Recently we have investigated the lowest excited singlet statescation confirmed our initial working hypothesis and allowed
of ABCO and AADA using fluorescence excitation and us to extract valuable information on the properties of these
dispersed emission spectroscopy, ultimately aiming to determinestates, such as mode-specific reorganization energies and the
mode-specific reorganization energies accompanying ionizationrole of vibronic coupling.
of the molecule, one of the key factors in rate expressions for In the present study we will be concerned with the higher-
electron transfer in intramolecular electron-donacceptor lying second and third excited singlet states of the two
systems. The application of supersonic expansion techniques compounds. These states derive in a zeroth-order Rydberg
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picture from the excitation of a lone-pair electron to the 3p
Rydberg orbital. In the molecular symmetry point group of the
molecules Cz,) the 3p Rydberg state is split into théEland

3'A; states, associated with excitation to the,3pnd 3p
components, respectively. In polyatomic species of the size of
the present ones the core splitting between the various compo-
nents of ar-in spherical symmetry degeneratRydberg state

is in general difficult to resolve due to the congestion of vibronic S,
bands in absorption and excitation spectra. Indeed, the stronger 51 | \ | \
vibronic transitions present in the room-temperature excitation ‘\ [ h ‘\ |
spectrum of the 3p Rydberg state of ABCO could only be ! / |
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assigned to the E or 3'A; state by comparison of their st ‘ ‘
intensities in one- and two-photon excitation and by their #3500 4000 #4500 45000 #5500 #0000
polarization behavior under two-photon excitation conditidns.
Detailed studies under high-resolution conditions have, however,
not been reported yet. The 3p Rydberg states of AADA are in
this respect even more poorly studied: only absorption spectra
at room temperature have been obtained of which the vibronic
structure has generically been assigned to the 3p Rydberg
state?91%Here we will show that the spectroscopic and dynamic
properties of the 3p Rydberg states of ABCO and AADA can
successfully be studied by the same techniques employed for
the study of the lowest excited singlet state.

Excitation energy (cm")

Figure 2. Fluorescence excitation spectrum of th& 1S) — S and
3A; () — S transitions of 1-azabicyclo[2.2.2]octane. Thé 0
transitions are found at 43 763 and 44 404¢ém

respectively, are located in this energy region. The general
appearance of the spectrum is in good agreement with previously
obtained results, but due to vibrational and rotational cooling
of the molecule in the supersonic expansion the present spectrum
exhibits considerable narrowing of the resonances. As a result,
considerably more vibronic transitions can be observed. Guided
by our analysis of the S— S excitation spectrum, the analysis
of the spectrum shown in Figure 2 leads indeed to the conclusion

The present experiments have been performed analogouslythat it consists of a superposition of two excitation spectra built
to our previously reported experiments on the lowest excited ypon (8 transitions located at 43 763 and 44 404 -émre-
singlet state of the two title compound@8riefly, fluorescence spectively. These energies differ slightly from previously
excitation and dispersed emission spectroscopy was applied onreported values of 43 750 and 44 390 ¢t which might be
samples seeded in a continuous supersonic jet, created byttributed to the difference in resonance widths in the two
expanding 3 bar He through a nozzle with an aperture of 0.1 experiments; in the present experiments a width of about 9 cm
mm. Excitation with laser light from a frequency-doubled dye s obtained, while reported spectra at room temperature indicate
laser operating either on Coumarine 480, Coumarine 460, or a width of at least 60 cmi. Our experiments show that the
Coumarine 440 and pumped by a XeCl excimer laser working intensities of the two Dtransitions are in the ratio of 3:1 S
at a repetition rate of 60 Hz occurred at 10 nozzle diameters, s,) |t js interesting to notice that this ratio is in excellent
i.e., 1.0 mm, from the nozzle. Fluorescence from the jet-cooled agreement with the oscillator strength calculations of Avouris
compounds was collected at right angles with respect to the and Ross#® These have been performed at a level of ab initio
excitation light and the molecular beam, dispersed in @ mono- theory which would nowadays be considered as rather low, but
chromator employed in second order, and detected with ajronically, calculations performed subsequently at a higher level
photomultiplier. of theory fail to reproduce this ratf6.

For recording excitation spectra, the monochromator was used 11,4 frequencies and intensities of identifie@?{transitions
with a slit width of 5 mm, resulting in a spectral resolution of 1o S and S states are reported in Table 1. In agreement

25 nm in secc;nd ordher. In the investigated exclitation (Ialnergy with our a priori expectations, the frequencies and intensities
regions it was found that maximum emission could be collected ¢ \ibronic transitions involving totally symmetric vibrations

when center emission wavelengths of 543 (271.5 in s_econd are quite similar to what is observed in the excitation spectrum
order) and 575 (287.5) nm for ABCO and AADA, respectively, o the |owest excited singlet state: the spectrum is dominated
were used, i.e., wavelengths for which previously the maximum by the cage-squashing mode, and exhibits considerable
of emission was found when exciting the lowest excited singlet activity in the vy, (bending of GNCy and GC,Ca), vo (C:Co
state. In a typical experiment, excitation spectra were obtained gyetchy ands (cage deformation) modes. These activities are
by scanning the di’? laser in steps of 1.0°¢rn the case of o\ well understood as reflecting the geometrical response
ABCO and 0.5 cm n t.he case ,Of AADA, averaging over 10 6f the molecule to the excitation of a lone pair electron to a
laser pulses, and d_|V|d|ng the 5|gqal by the laser intensity. nonbonding Rydberg orbital and the corresponding change from
ABCO was obtained from Aldrich and was used without 5 a1y s-hybridized to a more $ike nitrogen atom. The
further purification. AADA was synthesized by WolfKishner  gjmjjarity observed between the excitation spectra of the various
reduction of 1-azaadamantandrie. Rydberg states implicitly supports our assumption that the
equilibrium geometry and vibrational properties of these Ryd-
berg states are predominantly determined by their ionic core;
1-Azabicyclo[2.2.2]octaneFigure 2 displays the one-photon i.e., the Rydberg electron does not exert a significant influence
fluorescence excitation spectrum of ABCO in the energy region on these properties. Indeed, Table 1 shows that the observed
from 43 200 to 46 200 cnt. Previous experiments on samples vibrational frequencies and transition intensities match impres-
at room temperaturg!2-14 and in particular the comparison of ~ sively well those predicted on the basis of the equilibrium
one- and two-photon excitation spectrigd to the conclusion geometry and force field of the ground state of the radical cation.
that vibronic transitions to the;@'E) and $(3'A;) states, which Apart from the activity of totally symmetric vibrations, the
have been associated with thex3@nd 3p Rydberg states, S, S excitation spectrum also shows transitions to nontotally

Experimental Details

Results and Discussion
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TABLE 1: Experimental Vibrational Frequencies (cm~1) is located at 877 and 77 cml!8 respectively, it has been
and Intensities of ¢)s Transitions in the Fluorescence- concluded that the cage is more rigid intBan in $ and Dy.”
Detected Excitation Spectra of Excited Singlet States Assuming that the molecule retair@s, symmetry upon
of ABCO N .
— — — T excitation to $, the 65 cm® band per se needs to be assigned
S(1E) SH(3 A1) Si(2 A1) Do(17A4) to the 1§ transition. In that case one would conclude that the
mode freq it freq in® freq in® freq int potential energy surface ob&long thev;9 normal coordinate

a v 623 157 627 166 626.1 97 6374 111 resembles that of {-as might be expected on the basis of a
va 764 37 772 46 7743 63 7822 30 description of 3as a Rydberg state consisting of an ionic core

vio 786 7 7890 5 790.0 3  pjwith a nonbonding Rydberg electrerand that the rigidity
Vg 919 66 926 922.0 61 932.0 75 i cimi :
of the cage is similar in § S, and D). Although we prefer
Vg 947 85 951 100 937.3 54 9478 62 . ; . . . . .
v, 1287 10 12632 39 13202 38 Indeed this assignment over its alternative (vide infra), the
ve 1337 23 13323 9 13770 9 intensity of the 65 cm! band (31% of the intensity of thego
Vs 14637 5 15198 0O transition) seems rather high in view of the intensity of the same
va 15413 2 15601 3 transition in the $— S excitation spectrum (6% of the intensity
e vy 418 7 417 11 4133 1 4208 o iy
Vau 847 37 8594 2 8539 of the @ transmon) and. the abfsence.of additional members of
vz 968 25 9859 1  987.8 a 19 progression. While the intensity of the gL(Bl — )

= Present work? Results obtained in fluorescence excitation studies /anSition can l_)e ratlona_llzed reasonably well on account of the
of the S — S transition’ © Frequencies and intensities predicted from &lmost 2-fold increase in frequency upon excitation and the

(U)B3LYP/6-311G* calculations on equilibrium geometry and harmonic - @nharmonicity of the vibration, an increase of the intensity of
force field of the ground state of the neutral molecule and its radical the same transition to,Svould seem to be at odds with the

cation? ¢ Intensities taken with respect to intensity df @ansition, similarity of the potential energy surfaces of &d $ along
which is taken as 100.The ¢ transition to $ cannot be observed 4. The high intensity of this transition might therefore be taken
directly since it overlaps with the strong ;B transition to S. as evidence that the Condon approximation is not valid for this
Instead, the frequency ofy has been deduced from the ;82 transition, i.e., that the S— &, electronic transition moment
transition to S changes significantly as a function of thg normal coordinate.

As an alternative, an assignment to th% ffnsition might
as evidence for an important role of vibronic coupling between be _conS|dered. Th's assignment would imply that excitation to
S, is accompanied by a reduction of the molecular symmetry

the first and second excited singlet staf€he widths of the f Co 1o at C.. Calculati f the disol i ded
resonances in the present work do not allow as many vibrations, oM e 0 at mosks. Laiculation ot the displacement neede

of e symmetry to be identified as in our previous study on the in the harmonic approximation to account for the observed

- . : : intensity indicates that one deals with relatively small geo-
lowest excited singlet state;,Sut an unambiguous sign that . . .
vibronic coupling also plays a role in the spectroscopy of S metrical changes 5in the NGC,Cs dihedral angle), but the

and S can be found in the isolated resonances 418 and 417 gﬁggegsegref;acceyo(;fg'lrgﬁl'?ﬁisatct?oerji":gé ti';n:(';gitbﬁgiﬁzti;nsﬁl
cm 1 above the Ptransitions to the Sand S states, respec- a9y g

. ) . - potential with minima of equal energy. Combined with the low
tively, which can only be assigned to 37 {eansitions. frequency ofr1g and the smattcalculated-displacement from

The excitation spectra reported earlier by Weber taaid the Cs, geometry, significant tunneling effects can be expected.
by Halpern et at* exhibited a shoulder on the high-energy side  opservation of the f@ransition therefore leads one to expect
of the @ transition to the $state, which the authors did not  that also 19 (n > 1) transitions should have an observable
comment upon. The higher spectral resolution attained in the intensity, at odds with our experimental observations. We
present excitation spectrum enables us to observe this 5h°U|deE:onsequentIy tend to favor the previously suggeste@ 19
as an isolated resonance at 65 érabove the Ptransition and assignment.
its combination bands with the dominant resonances involving
single or combinations of totally symmetric vibrations. Calcu-
lated and observed frequencies gfad e vibrations in thegS
S;, and D states exclude an assignment to excitation of such
vibrational modes and indicate that this band involves excitation
of a vibrational level of the lowest-frequencytarsional mode

symmetric vibrational levels of e symmetry, which was taken

When the intensities ofv((al))(l) transitions are considered in
more detail, we see that some differences are present between
the § — S and S — S excitation spectra, in particular with
respect to the activity of;,. This indicates that the equilibrium
geometry of the molecule in;Ss slightly different from the
. ¢ o one in S. To get an idea of what kind of geometry differences
Vl.gw'th one or two quantaSpectral congestion in combmat_|on we are dealing with, we have applied the same procedure as
with the wu_:lt_hs of the resonances and_t_he _Iower intensity of employed previously in the reconstruction of the geometry of
the (g transition to $ preclude the identification of any low-  {ha' |owest excited singlet statei.e., we assume that the
frequency band that might be associated with a similar transition o, jated equilibrium geometry of,8s well as the calculated

to this state. normal coordinates of Sand O are “exact”, take the normal

To come to an assignment of the 65Chband, we consider  coordinates of §the same as those ofgDand use the
first what is known of the vibrational levels ofig in other experimentally observed intensities oji(el))(l) transitions to
neutral and ionic states. Studies of the S S excitation calculate the displacement vector. The resulting parameters given
spectrum of ABCO have revealed that this mode is highly in Table 2 show that small changes in bond lengths and valence
(positive) anharmonic in the ground and excited statéue angles already account for the observed differences in transition

to the conservation o€s, symmetry of the molecule upon intensities and that the equilibrium geometry of the molecule
excitation, the dominant band in the excitation spectrumi0f S jn hoth states closely resembles that of the ground-statef D
involving this mode derives from the 3@ansition, found 134 the radical cation. A similar analysis for the equilibrium
cm 1 above the Ptransition’:17:18Since in the ground state of ~ geometry of $is not warranted in view of the limited number
the neutral molecule and its radical cation the(v = 2) level of transitions to this state that can be identified. The observation
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TABLE 2: Selected Geometrical Parameters (A, deg) of the
Equilibrium Geometry of the Ground State of ABCO (Sg) |

and Its Radical Cation (Do) and of the First (S;) and Second s,
(S,) Excited Singlet States 100 1
S1IA)E  Si2IAbe  SyLIE)e  Dg(12Ag)de g
N-C; 1.472 —0.034 -0.023 —0.024 E
C—C 1.562 0.038 0.023 0.036 £ !
Cr—Cs 1.541 0.001 —0.003 —0.005 £ 50
Ci—H: 1.094 0.000 0.000 —0.005 e w i
Cr—H> 1.095 0.000 0.000 —0.004 [ “ | |
Cs—Hs 1.094 0.000 0.000 0.001 ‘ uh [ J I ‘u W ;‘ i
‘ S u. | | /lw A tJ/ W wﬂ
CiNCy 109.3 53 5.6 5.3 L T M‘JUJ‘ "waJMJ‘y e Wiy
m glg 1 121 . g 1673 0782 16 78 42000 42500 43000 43500 44000 44500
12 . - 0. . —9. Excitation energy (cm")
C.CH 1111 —2.4 2.2 —-2.3 . o
CiCiCi 1080 01 05 01 Figure 3. Fluorescence excitation spectrum of tHE 1S) — S and
C,CsHs 110.2 -0.2 -0.4 -0.7 3A,; (S) — S transitions of 1-azaadamantane. THdr@nsitions are
C,CsCor 108.7 0.2 0.4 0.7 found at 42 280 and 42 798 crh

" B3LYP/6-311G* optimized geometry Previously reconstructed o inn from 41 600 to 44 600 crh, where transitions to the 3p
geometry from $— S fluorescence excitation studié§.Present work. !

dUB3LYP/6-311G* optimized geometryeGiven as changes with Rydberg s_tates are expected to occeur. The use of a supersqnic
respect to the geometry 06.S jet expansion leads here also to an increased spectral resolution,
but as was also noticed in our previous study on the first excited

that for this state the %211%’ and %transitions have similar  Singlet staté, vibrational cooling is. [ess efficient than in the
intensities as for Smight be taken as qualitative evidence that case of ABCO. As a result, a significant number of hot bands
its equilibrium geometry resembles more the one of the molecule @€ Visible in the spectrum. Although these hot bands complicate
in S, than in S. the assignment of .the weaker features in the.spectrum, its
Apart from elucidating their spectroscopic properties, the analysis leads strmgh_tforwardly to the conclusion that it is
results of the present study also shed light on the dynamic cOmposed of the excitation spectra of two states, whdse 0
properties of the 3p Rydberg states. Consider for example thefransitions are located at 42 280 and 42 798 tnin analogy
line widths of the resonances in the excitation spectrum. In the With the case of ABCO we assign the excitation spectrum of
beginning of this section we noticed that seeding of the sample Sz built upon the 42 280 crt origin transition to the 3p 1'E
in a supersonic jet expansion leads to considerable cooling of Rydberg state and the higher-lying Sate to the 3p3'A, state.
the vibrational and rotational degrees of freedom. Despite this Figure 3 demonstrgtes Fhat the 3p Rydberg'states are rather
cooling, the resonances retain a width of about 9 trior susceptible to, at first sight, small changes in the molecular
transitions to $and S, which is significantly larger than the ~ Structure: while in ABCO the two Dtransitions have an
width of the resonances observed previously under the sameintensity ratio of 3:1 (8S;), a ratio of 14:1 is obtained for
conditions in the excitation spectrum of the lowest excited AADA. Moreover, the splitting between the two states is
singlet staté, e.g., the § transition to $ shows a strong ~ reduced from 641 cmtin ABCO to 518 cn* in AADA.
unresolved Q branch with a width of 0.3 cand weaker, The spectrum shown in Figure 3 enables fora8 accurate
partially rotationally resolved, P and R branches with a width determination of the frequency of various totally symmetric
of 1.5 cnT. We must consequently conclude that the resonancesVibrations and the intensity of the associateg)(transition
in the excitation spectra of,Snd S are lifetime broadened. (Table 3). Despite the relatively small oscillator strength of the
Such a conclusion would seem to be at odds with a measurementransition to §, the presence and identification of a significant
of the fluorescence decay from both states, since upon excitationnumber of overtone and combination bands allows us to
of the vibrationless level of She emission decays with a time  determine with confidence the frequencies of such vibrations
constant of 260 ns, in agreement with a previously reported for this state (Table 3). The intensities of)§ transitions to $
value? while excitation of the vibrationless levels of bota S  reported in Table 3 should, however, be considered more as
and S leads to fluorescence with a decay time of 35 ns. The qualitative than as quantitative, since (i) the intensity of t81e 0
solution to the apparent contradiction between a resonance widthtransition is small, (ii) thel(j)(l, transitions are located in energy
of 9 cnm* and decay times on a nanosecond time scale is foundregions where also hot bands te Sccur, and (iii) these
by considering the dispersed emission. As mentioned in the transitions are located on the higher-energy side of the spectrum
Experimental Section, the maximum of emission intensity has where, as Figure 3 shows, an increasing background signal is
been found at a detection wavelength equal to that employedobserved. The excitation spectrum of the lowest excited singlet
in the fluorescence excitation experiments on the lowest excited state exhibited clear signs of vibronic coupling by the presence
singlet state. Indeed, emission spectra obtained after excitationof transitions to nontotally symmetric vibrational levels. Un-
of various vibrational levels in either the second or third excited fortunately, the widths of the resonances in combination with
singlet state are broad and unresolved, significantly displacedthe presence of hot bands precludes in the present case a definite
from the frequency of the exciting light, and commence roughly assignment of bands to such transitions.

at an energy consistent with the-SS; energy gap. The overall The excitation spectra of the higher-lying Rydberg states
picture that therefore emerges is that excitation pb6S; is investigated here resemble closely the excitation spectrum of
followed by rapid internal conversion on a picosecond time scale the lowest excited singlet state in terms of vibrational frequen-
to isoenergetic highly excited vibrational levels of, 8hich cies as well as transition intensities. The dominant features in
subsequently decay on a nanosecond time scale. the excitation spectrum of each of these states are associated

1-Azaadamantane Figure 3 shows the one-photon fluores- with the “cage squashing” mode,, in agreement with what
cence detected excitation spectrum of AADA in the energy would be expected for excitation of an electron from the lone-
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TABLE 3: Experimental Vibrational Frequencies (cm—1)

and Intensities of (;); Transitions in the Fluorescence-
Detected Excitation Spectra of Excited Singlet States

of AADA
S(LIEE  Sy(3'A)F  Si(21A)P  Do(12An)°
mode freq int freq inte freq in¢ freq int

a vs 451 45 450 50 4573 36 460.2 30
vie 615 126 616 175 618.8 124 623.3 113
vis 757 35 756 50 756.3 18 759.6 32
v 782 8 773.6 4 7917 10
vn 888 61 884 50 887.0 22 8915 55
v 1009 64 1007 200 10059 90 1021.1 46
ve 1073 30 1090.3 16 1096.2 6
Vg 12442 12 1286.1 64
V7 13225 23 1365.8 6

Ve
Vs

1487.4

5 1516.7 1
1549.5 3

2 Present workP Results obtained in fluorescence excitation studies
of the § — S transition’ ¢ Frequencies and intensities predicted from
(U)B3LYP/6-311G* calculations on equilibrium geometry and harmonic
force field of the ground state of the neutral molecule and its radical
cation? ¢ Intensities taken with respect to intensity cﬁ Wansition,
which is taken as 100.0n account of the low intensities of these
transitions with respect to the transitions tg gartial overlap with hot
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The line width of the f transition to the lowest excited
singlet state of AADA was previously found to be similar to
that of ABCO? We accordingly expect and find that the decay
time of the emission from the vibrationless level of the lowest
excited singlet state of AADA (390 ns) is quite long, like that
of ABCO (260 ns). The higher excited states of the two
compounds do not show such a close similarity in dynamic
behavior. Inasfar as the origin of emission is concerned,
dispersed emission spectra show that it occurs once again from
highly excited vibrational levels of the lowest excited singlet
state. For AADA we find, however, that thd Bansitions to $
and S have a natural line width of 3 c and that the emission
resulting from excitation of the vibrationless levels of &d
S; decays with a significantly longer time constant (250 ns).
Apparently, both internal conversion from ) to §; and the
subsequent decay of highly excited vibrational levels of the latter
state occur at lower rates in AADA than in ABCO.

Conclusions

Fluorescence excitation and emission spectra of the 3p
Rydberg manifold of the caged amines ABCO and AADA have
been obtained under isolated conditions. Excitation spectra have

band transitions, and a rising baseline, these intensities should beenab|ed us to determine accurate|y the core Sp||tt|ng between

considered more qualitative than quantitative (see téXte 6%
transition to $ could previously not be identified unambiguously.

TABLE 4: Selected Geometrical Parameters (A, deg) of the
Equilibrium Geometry of the Ground State of AADA (So)
and Its Radical Cation (Do) and of the First (S;) and Second
(S,) Excited Singlet States

So(l 1A1)a 51(2 1A1)b,e Sz(l 1E)c,e Do(l 2A1)d,e

N—Cy 1.473 —0.012 —0.024 —0.024
Ci—C;, 1.544 0.010 0.019 0.037
C:—Cs 1.543 —0.002 0.002 —0.005
Ci—H; 1.096 0.002 0.001 —0.006
Co—H; 1.097 —0.001 0.002 —0.004
Cs—Hs 1.097 0.000 0.000 —0.003
CiNCy 109.6 4.9 5.3 55
NCiH1 108.3 0.4 0.5 1.6
NC.C, 111.7 —-7.0 —7.0 —-7.1
CiCH, 109.8 —-2.3 2.7 —2.8
CiCCs 108.6 0.0 -0.3 —-0.7
C,CsH3 110.4 -1.0 —-05 -0.9
CoCsCy 109.0 -0.7 —-0.4 0.7

aB3LYP/6-311G* optimized geometry® Previously reconstructed
geometry from $— S fluorescence excitation studié§ Present work.
dUB3LYP/6-311G* optimized geometry/®¢ Given as changes with
respect to the geometry 0§.3 In a previous publicatiohthese numbers
were erroneously given as 6.0 and 0.4, respectively.

pair orbital to a nonbonding Rydberg orbital. When the activity

of the other modes is considered, a similar agreement is
observed. Qualitatively, it can therefore be concluded that the
geometries of the molecule in these three excited states are ver

similar and, with respect to the totally symmetric vibrations,
their force fields as well. For ABCO we have seen at a more

detailed level that the differences in transition intensities in the

excitation spectra ofSand S—in particular the activity of the
dominating “cage squashing” mode,—indicated a slightly
different geometry of the molecule in these two states. A
reconstruction of the equilibrium geometry of IBading to the

geometrical parameters reported in Table 4 shows that also forgg

AADA only minor changes are necessary to account for the
observed transition intensity differences. Moreover, it is ob-

served that, compared to the first excited singlet state, the

equilibrium geometry of the second excited singlet state
resembles even more that of its ionic core.

the 3p, and 3p states (641 and 518 crhfor ABCO and
AADA, respectively), which for both compounds have been
assigned as;3nd S. Although the electronic structure of both
compounds in the excited states is expected to be similar, it
was observed that the ratio of the oscillator strengths of the
two transitions differs by about a factor of 5 for the two
molecules. The vibrational development in the excitation
spectrum of $and S has been shown to mimic closely that
observed for excitation of the lowest excited singlet state, minor
deviations being accountable for by slight differences in the
equilibrium geometry of the molecules in the various excited
states. In all cases it could be concluded that the geometrical
and vibrational properties of the excited states resemble to a
large extent those of their ionic core. Emission spectra and
measurements of fluorescence decays have demonstrated that
the emission that is observed after excitation p&&d S should
actually be attributed to emission of highly excited vibrational
levels of the lowest excited singlet state, implying that excitation
of these higher-lying Rydberg states is followed by internal
conversion on a picosecond time scale to the lowest excited
singlet state.
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