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Laser-induced fluorescence (LIF) excitation spectra were measured for fluorene (FR) cooled in pulsed supersonic
expansions of He in the range 283.7-296.7 nm. A instio studies of FR have also been carried out for determining
the electronic and vibrational structures by using the standard 3-21G basis sets. In the LIF excitation spectra of
FR, highly resolved vibronic bands are observed having the band origin of 33,791 ¢cm~L The vibrational bands above
the electronic origin were assigned on the basis of the well-characterized electronic vibrational bands reported previ-
ously and of normal modes of vibrations derived by our HF/3-21G calculations.

Introduction

Highly resolved electronic-vibrational spectroscopy of large
“isolated” molecules cooled adiabatically in seeded superso-
nic free jets or molecular beams provided. information re-
garding excited state structures and dynamics.! To gain info-
rmation about the excited state energetics, previous low-tem-
perature spectroscopic studies in the solid phase have reveal-
ed the significant inhomogeneous broadening of the spectral
features, It is interesting and quite useful to study isolated
molecules generated by the pulsed supersonic expansion
technique.

Here we report the fluorescence excitation spectroscopic
studies of FR cooled in pulsed supersonic expansions of He
in the ranges 283.7-296.7 nm and the ab inttio studies of
the electronic-vibrational structures and their energetics of
the molecule. Since the FR molecule is well known to fluo-
resce efficiently upon excitation of Sy to S, the excited state
dynamics of FR and its derivatives have numerously been
studied by fluorescence excitation spectroscopy.®~” The fluo-
rescence excitation spectroscopic studies of FR molecules
in supersonic expansions were performed previously to gain
information on the dimer-excimer transformation of FR* and
the spectral behaviors of FR-Ar, van der Waals complexes.®
Only the band origin and symmetries of the vibrational mode
of the molecule are elucidated in those papers? Also the
electronic vibrational spectral ranges examined before were
limited to narrow ranges of 286-298 nm? and 289-299 nm.’

We have reinvestigated the fluorescence excitation spec-
troscopy of the “isolated” bare molecules generated from
supersonic expansions in the relatively wide range 283.7-296.
7 nm. On the basis of the symmetry assignments of the
electronic vibrational modes of the crystal spectra® and of
our ab initio studies, we could assign the vibrational modes
in the excited S, state.

Our high resolution spectroscopic and ab initée studies
shed light on the ground and excited state energetics and
structures.

Experimental
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Figure 1. Fluorescence excitation spectrum of fluorene in he-
lum at To=100T, where T, is the temperature of the fluorene
sample in the nozzle,

A Newport pulsed nozzle whose slit is 0.5 mm was used
for measuring the fluorescence excitation spectra. Pressures
of about 10~* torr were achieved at stagnation pressures
of about 1.0 atm of He. A gaseous mixture of He seeded
with FR heated in the nozzle chamber to 100 T was expand-
ed through the nozzle. A Lambda Physik EMG MSC 104 +FL
3002 excimer-pumped dye laser (R6G) was used as an exci-
tation source. The spectral resolution of the laser beam after
doubling is 0.4 cm™!. The laser pulse was synchronized with
the electronic pulse to drive the nozzle. The laser beam cro-
ssed the supersonic free jet 15 mm downstream from the
nozzle. The total fluorescence collected through a lens was
detected with a Hamamatsu H 3177 photomultiplier.

Standard ad mitio calculations on the vibrational modes
and their energetics were carried out with a Gaussian 92
Package and Crayc 90-YMP at SERI. The Hartree-Fock cal-
culations were performed by using the 3-21G basis sets®%

Results and Discussion

The fluorescence excitation spectrum of the jet-cooled FR
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molecule seeded in He is shown in Figure 1. As seen in
Figure 1, internal cooling of the vibrational degrees of free-
dom is effectively accomplished at a He pressure of 1.0 atm.
Highly resolved electronic and vibrational bands were obser-
ved with reasonable intensities.

As seen in Figure 1, the lowest energy spectral features
of the isolated bare FR molecules cooled adiabatically was
observed at 33,791 cm™' with dominating intensity. The spec-
tral feature is assigned to the electronic origin of the lowest
spin-allowed S¢—S; transition. Qur quantum mechanical cal-
culation indicates that the electronic transition is assigned
to a 'A;—'B; transition in the C, symmetry, with the elec-
tronic transition dipole moment being polarized along the
long-axis (y-axis). This theoretical interpretation on the elec-
tric polarization of the transition dipole is quite consistent
with the previous assignment’

The value of 33,791 cm™! is quite close to the reported
values® of 33,777 and 33,784 cm™ of the adiabatically cooled
FR molecules generated from the supersonic expansions, and
to a value of 33,783 cm™! for the ¢ band determined from
a resonant two photon ionization of FR in supersonic jets.'"?

The FR molecule involves 63 fundamentals having the var-
ious symmetries of 224,+10A4;+ 118, + 20B;. The electronic
vibrational assignments can not be obtained only from our
fluorescence excitation spectrum, The assignments of the
main bands above the 0] are based on our ab initto calcula-
tions and the well-characterized electronic and vibrational
modes of FR determined from the absorption and fluores-
cence spectra which were measured at 15 K of a FR molecu-
lar crystal and the molecules in an n-heptane matrix® The
vibrational intervals shown in Figure 1 corresponding to the
fundamentals are close to those observed in the infrared
and Raman spectra,® and excellently agree with the absorp-
tion and fluorescence spectra in n-heptane matrix at ~15
K?*

A quantum mechanical calculation using the HF/3-21G
method is performed to assign the vibrational intervals above
the 07 band, Qur computed unscaled frequencies are larger
by 13.8% than the experimental frequencies. It should be
noted that mean absolute deviations of theoretical frequen-
cies from the corresponding experimental frequencies are
12.8% for the HF/3-21G,"” thus very often a scaling factor
is uniformly applied to the computed vibrational frequencies.
W~ A uniform scaling factor 0.89 is applied to our theoreti-
cal frequencies derived by the HF/3-21G method to achieve
better agreement with the experimental frequencies. The
corrected theoretical frequencies listed in Table 1 are in
excellent agreement with the experimental spectrum.

1t is also found in our laboratory that the similar scaling
factor such as 0.87 is also an appropriate value applied to
the other molecular system such as a cross conjugated poiy-
ene molecule.”” The discrepancies between theoretical and
experimental frequencies arise from the neglect of anharmo-
nicity and the insufficiency of the theoretical methods."* The
extent of the overestimation of the experimental anharmonic
frequencies depends on the chosen l-particle basis set and
to which extent electron correlation effect is included. The
inclusion of the electron correlation effects using 2nd order
Moller-Plesset perturbation theory reduces the discrepancy
to 5-6% at MP2/6-31G* and MP2/6-311G**."

Most of the fundamentals identified in the supersonic jets
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Table 1. Vibrational assignments of the S, state of the isolated
cooled fluorene molecule. Electronic origin vee=33,791 ¢cm™!

Ab Initio

Av=v—vy

cm™Y Calod. Rel. int? Assignment
0 vs electronic origin
150 w
200 207 vs &
390 400 m @
401 m 200Xx2+1
534 w
585 m bs
591 m 200+390+1
608 vw 200X3+8
719 729 vs a,
799 w
829 823 S a1
861 w
907 vw
926 s 200+719+7
983 996 8 a
987 m
1008 w
1031 m 200+ 829+2
1110 m 390+719+1
1147 m
1182 m 200+983—1
1215 m
1223 1265 Vs &
1317 1287 vs &
1374 w 390+983+1
1417 s
1429 m 200+1223+6
1445 1461 vs 7I9X2+7, &
1517 m 200+ 1317
1566 m

°Experimental inteunsities.

were assigned to A, symmetry. It is noted that the calculated
fundamental vibrational frequencies having only the 4, sym-
metries determined in the crystal spectra are listed in Table
1. Further assignments of the other vibrational frequencies
listed in Table 1 necessitate more experimental and theoreti-
cal analyses of the spectrum of FR. Actually our calculation
predicts only the vibrational frequencies in the electronically
ground-state of the molecule. The good agreement between
the calculated vibrational bands in the fundamental state,
and the vibrational intervals above the 0-0 band in the elec-
tronically excited S, state indicates that the effective force
constants and masses in the normal coordinates of FR in
the excited S, state may be close to those in the electronical-
ly ground-state S,. It should be noted that the vibrational
frequencies of the electronically ground-state are correctly
determined by measuring dispersed fluorescence spectra ra-
ther than the excitation spectra. The fundamental vibrational
modes with the @, symmetries are shown in Figure 2.
The electronic origins in FR in both crystal and the »n-
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Figure 2. Calculated vibrational modes with the @, symmetries. The vibrational frequencies described in the figures are the experi-

mental values corresponding to the theoretical frequencies.

heptane matrix, 33,039 and 33,174 cm~!? respectively are
fairly lower in energy than those measured in the supersonic
free jet systems. The red spectral shift arises from the dom-
inating behaviors of dispersive interactions.” As seen in Ta-
ble 1, we have observed various fundamental, overtone and
combination bands. Such overtones and combination bands
above the electronic band origin are also exhibited in the
resonant multiphoton ionization spectra of FR"* These
spectral features observed in the excited state are contrasted
with those observed in the fundamental state. Such overto-
nes and combination bands are not observed in the infrar-
ed®™® and Raman spectra of FRI®

Finally, we wish to estimate the vibrational frequencies
in the 'B; state by a higher level calculation and to measure
the frequencies in the 'A, state by dispersed fluorescence
Spectroscopy.
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As an effort to elucidate the chiral recognition mechanisms exerted by the (S)-naproxen-derived CSP bearing both
n-acidic and n-basic sites, a homologues series of n-basie N-acyl-a-(1-naphthyl)alkylamines and n-acidic N«(3,5-dinitro-
benzoyl)}-a-amino esters were prepared and resolved. Based on the chromatographic resolution trends of the homolo-
gues series of analytes on the (S)-naproxen-derived chiral stationary phase, we proposed chiral recognition mechanisms
which demonstrate that the intercalation of the substituent in the analyte molecule between the strands of bonded
phase does significantly influence the enantioselectivity for resolving N-acyl-a-(1-naphthyl)alkylamines but the intercala-
tion process is not involved in resolving N-(3,5-dinitrobenzoyl)-a-amino esters,

Introduction

Liquid chromatographic resolution of enantiomers on chiral
stationary phases (CSPs) has been known to be a very con-
venient and accurate technique in solving the problems relat-
ed to stereochemistry including the determination of optical
purity of chiral drugs.! Therefore, there have been significant
efforts of developing new CSPs for the liquid chromatogra-
phic resolution of enantiomers. For example, various CSPs
named Pirkle-type have been developed and successfully
employed in determining the optical purity of chiral compou-
nds? Pirkle-type CSPs are known to resolve racemates by
forming energetically different two transient diastereomeric
n-n complexes with two enantiomers.® In order to utilize the
effective formation of n-n complexes with two enantiomers,
Pirkle-type CSPs have been usually designed to contain a
n-acidic or n-basic aryl functional group and utilized in re-
solving n-basic or n-acidic racemates? In relation to these,
CSPs bearing both n-acidic and n-basic aryl functional group
are quite interesting in that they can be used for resolving
both n-basic and m-acidic racemates. However, up to date,
a few CSPs containing both n-acidic and n-basic aryl functio-
nal groups have been reported®

Recently, we reported the preparation of CSP 1 starting

from (S)-naproxen® CSP 1 which actually contains both n-
basic and n-acidic aryl functional group has been successfully
applied for resolving either m-acidic or n-basic racemates.
However, the chiral recognition mechanism expected to he
exerted by CSP 1 for resolving n-acidic or n-basic racemates
have not been systematically studied yet, In the previous
study, we only presumed that the 6-alkoxy-2-naphthyl group
of CSP 1 acts as a n-basic interaction site for resolving n-
acidic racemates while the 35-dinitrophenyl group of the
CSP plays a role as a n-acidic interaction site for resolving
n-basic racemates.’

In this study, we wish to propose chiral recognition models
which can be applied for explaining the resolution behaviors
of n-basic N-acyl-a-arylalkylamines and n-acidic N-(3,5-dini-
trobenzoyl)-c-amino esters based on the chiral recognition
trends for resolving a homologous series of n-acidic and n-
basic racemates on CSP 1.
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