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Electronic and Vibrational Properties of Fluorenone in the Channels of

Zeolite L

André Devaux, Claudia Minkowski, and Gion Calzaferri*!*!

Abstract: Fluorenone (C;;H;O) was in-
serted into the channels of zeolite L by
using gas-phase adsorption. The size,
structure, and stability of fluorenone
are well suited for studying host—guest
interactions. The Fourier transform IR,
Raman, luminescence, and excitation
spectra, in addition to thermal analysis
data, of fluorenone in solution and fluo-
renone/zeolite L are reported. Normal
coordinate analysis of fluorenone was

dye band with a zeolite band that has
been chosen as the internal standard.
Molecular orbital calculations were
performed to gain a better understand-
ing of the electronic structure of the
system and to support the interpreta-
tion of the electronic absorption and
luminescence  spectra.  Fluorenone
shows unusual luminescence behavior
in that it emits from two states. The
relative intensity of these two bands

depends strongly on the environment
and changes unexpectedly in response
to temperature. In fluorenone/zeo-
lite L, the intensity of the 300 nm band
(lifetime 9 ps) increases with decreas-
ing temperature, while the opposite is
true for the 400 nm band (lifetime
115 ps). A model of the host-guest in-
teraction is derived from the experi-
mental results and calculations: the dye
molecule sits close to the channel walls

performed, based on which IR and
Raman bands were assigned, and an
experimental force field was deter-
mined. The vibrational spectra can be
used for nondestructive quantitative
analysis by comparing a characteristic

Introduction

A fascinating quality of photochemistry is the design of arti-
ficial photonic antenna systems for light harvesting and
transport, analogous to the photosynthesis in a plant leaf in
which sunlight is absorbed and transported by the chloro-
phyll molecules to a reaction center where it is trapped and
transformed into chemical energy. Such artificial systems are
of great interest because they are capable of elaborating the
energy information input of photons to perform useful func-
tions, such as processing and storage of information, sensing
the microscopic environment on a molecular level, or trans-
formation and storage of solar energy. In natural antennae,
the formation of aggregates is prevented by fencing in the
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with the carbonyl group pointing to an
APt site of the zeolite framework. A
secondary interaction was observed be-
tween the fluorenone’s aromatic ring
and the zeolite’s charge-compensating
cations.

. vibrational

chlorophyll molecules by means of polypeptides. One way
to implement this in an artificial antenna is to choose a mi-
croporous material with cavities large enough to take up
monomers of dye molecules, but not aggregates. Zeolite L
with its one-dimensional tube structure is a very versatile
host material. Each individual channel can be filled succes-
sively with joint and, in many cases, noninteracting dye mol-
ecules. The latter can be selectively excited with light. De-
pending on the structure of the material, the excitation
energy can migrate through a directed transport route along
the channel axis from the center of the crystal towards a
target molecule at the entrance of the channel, or vice
versa.l!!. The chemical, photochemical, and photophysical
properties of the dye—zeolite L host-guest materials are
largely influenced by the geometrical constraints imposed
by the host. They also depend on the presence of solvent
molecules and co-cations. Co-adsorbed water plays an im-
portant role in many of these materials. It was observed
that, for example, exposure of dry p-terphenyl/zeolite to air
of 22% relative humidity at room temperature leads to a
displacement of the p-terphenyl from the channels. Upon
heating and hence drying the zeolite, the organic molecule
can be inserted again. The removal and insertion process is
reversible.”) In contrast to this, incorporated fluorenone is
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not displaced by water molecules under ambient conditions,
but remains inside the channels. The main difference be-
tween p-terphenyl and fluorenone, with respect to this prop-
erty, is that the latter bears a carbonyl group. This observa-
tion played a major role in the selection and hence realiza-
tion of the first stopcock fluorophore-dye/zeolite L materi-
al.”! We now report the results obtained in a detailed study
of fluorenone/zeolite L by means of luminescence, IR, and
Raman spectroscopy, thermal analysis, and theoretical rea-
soning.

Background

Host: Zeolite L is a crystalline aluminosilicate with hexago-
nal symmetry. Its anionic framework and the position of the
charge-compensating cations are illustrated in Figure 1. The
crystals consist of cancrinite cages (g-cages) connected by
double 6-rings. These units form columns in the ¢ direction
that are connected, thus giving rise to 12-membered rings
with a free diameter of 0.71 nm. As a consequence, zeolite L
consists of one-dimensional channels running through the
whole crystal, in which the largest free diameter is 1.26 nm
and a unit cell (u.c.) length is 0.75 nm. The main channels
are connected by nonplanar 8-rings with an opening of
about 0.15 nm, forming an additional two-dimensional chan-
nel system. The scanning electron microscopy (SEM) picture
in Figure 1le shows the hexagonal structure of the zeolite L
material. Four different cation sites have been reported
(Figure 1c): A is located in the center of the double 6-ring,
while B lies in the center of the e-cage. C is midway be-
tween the centers of two adjacent cancrinite cages, and D
lies inside the main channel near the wall of the 8-ring. De-
hydrated zeolite L shows an additional cation site (F) locat-
ed midway between two adjacent A sites. Water molecules
in the large cavities were reported to behave like an intra-
crystalline liquid, whereas they seem to build clusters
around the cations in the smaller pores. Nearly all of the
zeolite L water content can be removed at room tempera-
ture by applying a high vacuum (~107° mbar). The stoichi-
ometry of zeolite L with monovalent cations (M) is
(M),[Al,Si,,05,]-n H,O, in which n equals 21 in fully hydrat-
ed materials and 16 at about 22 % relative humidity. The
number of channels lying parallel to the ¢ axis is equal to
0.265(d.)?, in which d, is the diameter of the cylinder in nm.
As an example, a crystal with a diameter of 550 nm contains
about 8 x 10* parallel channels.

Host—guest materials: Dye molecules are positioned at sites
along the large, one-dimensional channels of zeolite L. The
length of a site corresponds to a number s multiplied by the
unit cell length, so that one dye molecule fits into one site.
The value of s depends on the size of the molecule and the
length of the primitive unit cell. A site can either be occu-
pied by a dye molecule or it can be empty. Under equilibri-
um conditions, all sites can often be assumed to be equiva-
lent and to have the same probability of being occupied by
a dye molecule. The occupation probability (p) is equal to
the ratio of the occupied sites to the total number of equiva-
lent sites. For example, a zeolite L channel with a length of
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Figure 1. Zeolite L framework: a) projection along the ¢ axis, b) cancrin-
ite cages highlighted as polyhedra; c) section with the different cationic
positions A to E; d)side view of the 12-ring channel along the ¢ axis;
e) SEM picture of zeolite L crystals.

700 nm contains 932 u.c., which also corresponds to the
number of sites for a molecule the size of fluorenone. The
total number of such sites per zeolite L crystal (700 nm in
length and 550 nm in diameter) is n,,~64x10°% The dye
concentration ¢(p) in molL™! in a zeolite L nanocrystal is re-
lated to p as shown in Equation (1):

e(p) = 33 (1)

in which p, is the density of the zeolite nanocrystal
(2.17 gem™), Mm, is the molecular mass of the unit cell
(about 2883 gmol™'), and s is the number of unit cells
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needed for one site (equal to 1 for fluorenone). Using the
numbers given in brackets we obtain Equation (2):

c(p) = (0.752mol L™")p (2)

Neutral and cationic dyes of different structure have been
inserted into zeolite L and remarkable photophysical obser-
vations have been reported. For recent reviews we refer to
refs. [1,4,5].

Guest: The guest molecule we chose for our study is fluore-
none (C;3HgO). Its structure is displayed at the bottom of
Figure 2, while the top shows two of the many possible ori-
entations of fluorenone in a zeolite L channel. Channel di-
ameters and molecular dimensions are based on van der
Waals radii. The carbonyl group is the only functional
group. Fluorenone is a planar molecule with C,, symmetry,
as confirmed by X-ray diffraction analysis.”) Two different
symmetry designations are possible as it can be placed
either in the xz or yz plane. For our calculations the mole-
cule was located in the xz plane (Zwarich et al.®!! placed it
in the yz plane). Changing the orientation of the molecule
from one plane to the other switches the designations of the
B, and B, point group symbols. The size and the structure of
fluorenone allow a reasonably easy treatment by normal co-
ordinate analysis and molecular orbital (MO) calculations.
Both fluorenone in solution and the fluorenone/zeolite L
material are photostable. Fluorenone can be easily inserted
into the channels of zeolite L due to its size, photochemical
and thermal stability, and its low sublimation temperature
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Figure 2. Top: two among many other possible orientations of fluorenone
molecules in a zeolite L channel. Bottom: structure and dimensions of
fluorenone. The channel diameters and molecular dimensions are based
on van der Waals radii. The unit cell length is 0.75 nm.
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(100°C at 0.5 Torr). It has a nonalternant m-electron system
and displays unusual spectroscopic and photophysical prop-
erties that have been extensively studied in solution. Assign-
ment of states,”] interpretation of solvent and concentration
effects,® luminescence yields and lifetimes,”!! and laser
flash-photolytic experiments'!! have been reported. The
basic photophysical parameters of fluorenone and of some
derivatives have been measured as a function of tempera-
ture in a variety of solvents.'l The existence of delayed
fluorescence in acetonitrile has been attributed to excimer
formation by laser-induced fluorescence."'! However, no ex-
cimer emission could be found in hexane, cyclohexane, and
alcohols.® 314 Correct assignment of the lowest singlet-sing-
let electronic absorption proved to be quite difficult.™ In-
tensity considerations were not very helpful in this case, as
the observed lowest energy transition is somewhat strong
for an n-m* transition, but rather weak for a m—m* transi-
tion. The energy of the band is also quite low for an n-x*
transition, but not low enough to rule out such an assign-
ment. Solvent effects were more useful, in so far as this
band is redshifted in polar solvents. Such shifts are charac-
teristic for m—m* transitions. The most conclusive result for
the assignment was the effect of oxime formation on the ab-
sorption spectra. It was shown that the formation of an
oxime results in the disappearance of n—mt* transitions asso-
ciated with the carbonyl group, but has little influence on
n—n* transitions. The long-wavelength absorption spectrum
of fluorenone oxime is essentially the same as for fluore-
none. The only difference is a slight blueshift of the maxi-
mum of the long-wavelength transition, with no change in
the extinction coefficient. This result can be considered as
final proof that the observed lowest energy electronic ab-
sorption has m—m* character.!"™

Electronic transition dipole moment: The electronic transi-

tion dipole moment (@) between two wave functions 1,

and v, is defined in Equation (3):

—7ed

By = ul =(Z 7)1, > (3)

The oscillator strength (f) of the transition n«m is shown
in Equation (4):

8mlvem, |
f= W' u nfn : )

By making use of the definition of the square of the tran-
sition dipole length, |D,,.|* [Eq. (5)],

1 -
Dl = sl )

we obtain Equation (6) [from substitution of Eq. (5) into
Eq. (4)]:

f = 1017|Dnm|2 (6)

in which e is the elementary charge, / is Planck’s constant,
m, is the electron mass, ¢ is the speed of light in a vacuum,
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r’; are the electron position vectors, 7 is the energy in cm !

of the transition n«—m, and [, is equal to 1.085x 10> cm A2;
fis a dimensionless quantity.!'®!”

Results

Fluorenone/zeolite L is a yellowish, moderately luminescent
powder, with a more intense coloring for higher loading.
The material displays very good photostability, because long
exposure to light did not alter its spectroscopic properties in
any way. X-ray powder diffraction analysis showed that the
zeolite framework is not damaged during the synthesis of
the host—guest system. To investigate the influence of co-ad-
sorbed water on the dye location, fluorenone/zeolite L sam-
ples were suspended in 1-butanol. After centrifugation, the
fluorenone concentration in the supernatant was determined
spectrophotometrically. The amount of fluorenone inside
the zeolite was determined by comparing the fluorenone
content of the 1-butanol phase with the total amount of dye
present in the sample. This experiment was performed with
dry and rehydrated samples. In both cases, the quantity of
fluorenone in the solvent was identical and corresponded
typically to about 1% (wt) of the total amount of dye. The
fluorenone loading of washed fluorenone/zeolite L samples,
determined by dissolving the zeolite framework, was consis-
tent with the results from the washing experiments. The
quantity of fluorenone remaining in the channels of zeoli-
te L was identical for both dry and rehydrated samples
stemming from the same synthesis. These properties facili-
tate thermal analysis, UV-visible, fluorescence, and vibra-
tional spectroscopy.

Thermal analysis: The thermal stability of rehydrated fluo-
renone/zeolite L samples was studied by means of thermo-
gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC), and the results were compared with those of
unloaded zeolite L. Figure 3 shows the desorption (TGA)
and its first derivative (DTG) curves as a function of tem-
perature for A) hydrated zeolite L, B)the corresponding
curves for fluorenone/zeolite L , and C) crystalline fluore-
none. Hydrated zeolite L loses about 95% of its water con-
tent in a desorption step between 25 and 220°C. The re-
maining water leaves the zeolite at a much slower, continu-
ous rate at higher temperatures. The maximum of the DTG
peak appears at 110°C. This peak shifts to a lower tempera-
ture of about 100°C in the case of the fluorenone/zeolite L,
an observation which is similar to that reported for p-ter-
phenyl/zeolite L.! We observed two additional features, one
at 500°C and the other at 680°C, which are due to the loss
of fluorenone. The TGA of crystalline fluorenone exhibits a
fast desorption step at 270°C. Figure 4 shows the DSC for
both zeolite L and fluorenone/zeolite L. The zeolite L
sample shows a sharp endothermic transition around 270°C,
which can be attributed to water desorption from the zeo-
lite."®1! This transition shifts to 250°C in the case of the fluo-
renone/zeolite L material. No additional changes could be
observed.

2394

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Am/a.u.

1 1 1 ] 1 1 1 ]
100 200 300 400 500 600 700 800 900

T/°C

Am/a.u.

100 200 300 400 500 600 700 800 900
T/°C

Am/a.u.

TGA

100 200 300 400 500 600 700 800 900

T/°C
Figure 3. TGA and its derivative (DTG) of A) hydrated zeolite L, B) re-
hydrated fluorenone/zeolite L (p =0.2), and C) crystalline fluorenone, ob-
served at a heating rate of 5°Cmin' in a nitrogen stream of

15 mLmin~".
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Figure 4. DSC of zeolite L (solid) and fluorenone/zeolite L (dashed) ob-
served at a heating rate of 10°Cmin~" -

in an N, stream of 80 mLmin™".
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Electronic spectroscopy

UV-visible spectra: The absorption spectrum of fluorenone
in cyclohexane (10~°wm) is shown in Figure 5A) and the dif-
fuse reflectance absorption spectrum of fluorenone/zeolite L
is presented in B). The spectra are plotted on a logarithmic
scale to visualize the weak, long-wavelength transitions. The
spectrum in A) can be divided into three regions: the first
contains a broad, weak band around 380nm (&=
430 Lmol'cm™'). The second region, ranging from
320 to 260nm (£50y=5.5x10%, £y =4.5x10°, £305=2.6%
10° Lmol~'cm™), has a more intense and structured band
system. The last region consists of two close-lying, strong
peaks around 250 nm (825s=1.0x10%, €y40=8.0x%
10* Lmol *cm™). The intensity of these two peaks is about
3 orders of magnitude higher than that of the 380 nm band.
The spectrum of fluorenone/zeolite L displays a comparable
band structure and intensity distribution, but with broader
peaks. Similar spectra to those in A) were reported and dis-
cussed in refs. [7,10,15]. A complete assignment of the ab-
sorption spectrum, based on spectra in different solvents
and MO calculations, was carried out by Kuboyama.” The
two peaks at 250 nm can be considered a vibrational struc-
ture belonging to a single m—n* transition ('B;—'A,), with a
hidden transition (*A;<'A,) on the longer wavelength side.
The 290 nm band is assigned to an 'A;«<'A, transition, and

A)
10°
3 10
O
°
£
) 3
< 10
S
250 300 350 400 450 500
A/nm
B)

log(Kubelka-Munk) / a.u.

200 300 400 500 600 700
A/nm

Figure 5. A) Electronic absorption spectrum of a 10~ m solution of fluo-
renone in cyclohexane at room temperature. Calculated electronic transi-
tions are indicated as lines. Their polarization is identified by a letter
(x=ux polarized, z=z polarized). B) Diffuse reflectance absorption spec-
trum of a fluorenone/zeolite L sample (p=0.3).
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the 310 nm and 380 nm bands to 'B,«—'A, transitions. All
these transitions are of m—m* type. This means that the spec-
trum shown in Figure 5A) is well understood.

Luminescence spectra: The emission spectra of fluorenone
in solution were recorded in the presence and absence of
oxygen at room temperature. Luminescence spectra of fluo-
renone/zeolite L were measured in the presence of oxygen
at different temperatures. Spectra measured at room tem-
perature are displayed in Figure 6. The excitation wave-

0.5

I/a.u.

1 1 1
300 400 500
A /nm
Figure 6. Luminescence spectra of fluorenone in cyclohexane (~107°m,
dashed line) and in zeolite L (p=0.2, solid line), observed in air at 298 K.
Fluorenone/zeolite L was excited at 250 nm, while fluorenone in cyclo-

hexane was excited at 270 nm. The spectra are scaled to the same height
at the maximum.

length was 250 nm for fluorenone/zeolite L and 270 nm for
fluorenone in solution. These values were chosen in order to
correspond to the most intense absorption band for each
case. The spectrum of the fluorenone/zeolite L displays a
sharp peak at 300 nm and an intense, broader band at
400 nm. The spectrum of fluorenone in cyclohexane consists
of an intense peak at 310 nm and of a broad, weak band at
470 nm. The emission spectrum is identical for degassed and
non-degassed solutions. The bands of the fluorenone/zeo-
lite L sample appear at higher energy relative to those of
fluorenone in cyclohexane, with the lower energy band un-
dergoing a large shift of about 3100 cm™~'. The higher energy
band shifts by 1000 cm™'. The relative intensities of the
emissions are quite different: the most intense band in solu-
tion lies at 310 nm, whereas in the fluorenone/zeolite L
sample the band at 400 nm is the most intense.

The results of temperature-dependent measurements
made in the range of 293 K to 80 K with a fluorenone/zeo-
lite L sample (p=0.2) are shown in Figure 7. In A) the
sample was excited at 250 nm for each spectrum. The inten-
sity of the band at 300 nm increases with decreasing temper-
ature, whereas the opposite is true for the band at 400 nm;
this is an unexpected observation. Graphs B) and C) show
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Vibrational spectroscopy: Vi-
brational spectroscopy of mole-
cule-loaded zeolites provides
important information that can
be used for qualitative and
quantitative analytical purposes,
as well as for investigating the
influence of the zeolite on the
inserted molecule. It was shown
that for very thin zeolite layers

300
A/nm

A /nm

Figure 7. Luminescence and excitation spectra of fluorenone/zeolite L (p=0.2) at different temperatures: A)
luminescence spectra, all excited at 250 nm, B) excitation spectra detected at 330 nm, and C) at 400 nm. The
spectra were measured at the following temperatures (K): 80 (solid line), 150 (dashed line), 220 (dotted line),

and 293 (dash-dot).

the temperature dependence of the electronic excitation
spectra of each emission band. The excitation spectra de-
tected at 330 nm (B) and 400 nm (C) have their maxima at
the same wavelength and the band shape is similar, howev-
er, in C) a weak band at 370 nm is visible. Upon cooling, the
intensities of the excitation spectra behave as expected from
the luminescence spectra: the intensity increases for the
spectra detected at 330 nm and decreases for the spectrum
detected at 400 nm.

Time-resolved measurements: The luminescence lifetimes
determined in this study are listed in Table 1. All measure-
ments could be well fitted by assuming a single exponential
decay. For fluorenone/zeolite L, the band at 400 nm has a
surprisingly long lifetime of 115 ps, while that at 300 nm is

Table 1. Luminescence lifetimes at room temperature for fluorenone in
various solvents and for fluorenone/zeolite L.

A [nm] 400 310 300 Ref. Dp
fluorenone in solution:

cyclohexane - 11 pst - 1.8 nst -
methylcyclohexane - - - 0.14 ns! 52x1074
acetone - - - 113ns®  2.1x1072

fluorenone/zeolite L:
115 Ms[a] —

[a] This work, excitation wavelength 240 nm. [b] Ref. [11], excitation
wavelength 440 nm. [c] Ref. [12], excitation wavelength 360 nm.

9 },I,S[a] _ _

about 9 ps. The lifetimes at the temperature of liquid nitro-
gen (77 K) are equal to those at room temperature, within
the experimental error. In the case of fluorenone in solution,
only the lifetime of the high-energy band could be deter-
mined as the intensity of the other band is too low. The life-
time of the band at 310 nm is the same in degassed and non-
degassed solutions (both 11 ps). We have added data on sin-
glet lifetimes and quantum yields from the literature for
comparison.
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coated on ZnSe wafers, quanti-
tative information can be ob-
tained by using the characteris-
tic v,(T—O—T) or the 6(O—T—
O) bands of the zeolite as an
internal standard, in which T
denotes either an APT or an
Si** ion.””) If a similar proce-
dure works for fluorenone/zeolite L, this could be used as a
nondestructive analytical tool. We report the IR and Raman
spectra, as well as the correlation of selected fluorenone IR
and Raman band intensities with the dye loading. We then
describe results of a normal coordinate analysis of fluore-
none. The observed IR and Raman bands are collected in
Table 3 with our calculated frequencies and experimental
values from the literature.”!! The assignment of the fluore-
none bands is based on our normal coordinate analysis and
ref. [21], while the assignment of the zeolite L bands is
based on refs. [20,22-26].

A /nm

IR spectra: We begin by comparing in Figure 8, the IR spec-
trum of fluorenone in a KBr pellet with the spectra of zeo-
lite L and fluorenone/zeolite L coated as thin layers on a
ZnSe plate and measured under high vacuum at room tem-
perature between 500-3000 cm~!. The spectra are plotted on
a logarithmic scale because of the large difference in band
intensity of the v,(T—O—T) zeolite band, with respect to the
contributions of the fluorenone. The water bending vibra-
tion around 1645 cm™, usually seen as a strong feature in
zeolite spectra, is hardly visible. This is due to the fact that
thin zeolite L layers lose their water quickly under high
vacuum, even at room temperature. Both spectra A) and B)
display a very strong doublet around 1100 cm™' and several
weaker bands at 800 and 500 cm~!, which all stem from the
zeolite framework. Hence, the fluorenone/zeolite L spec-
trum is dominated by the very intense antisymmetric v,(T—
O-T) stretching vibration at about 1050 cm'. However, the
comparison of the thin-layer fluorenone/zeolite L spectrum
with that of the fluorenone KBr pellet in the enlargement of
the 1250-2000 cm™" region illustrates that important bands
belonging to the inserted fluorenone are well resolved,
namely those at 1707, 1612, 1600, 1452, 1300, and 920 cm .
Data regarding the assignment will be given below. The
major differences, with respect to the fluorenone KBr pellet
spectrum, are a significant shift of the C=0 stretching band
from 1716 to 1707 cm™!, the B, fundamental at 1523 cm™
that appears only in the spectrum of the fluorenone/zeoli-
te L sample, and a slight shift of the B, fundamental at
1452-1454 cm™".
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Figure 8. Top: IR absorption spectra of A) zeolite L and B) fluorenone/
zeolite L (p=0.25). Both recorded as thin layers on ZnSe plates. Bottom:

Enlargement of the IR absorption spectra of A) fluorenone KBr pellet
and B) fluorenone/zeolite L, in the region between 1250 and 2000 cm ™.

All spectra were recorded with a resolution of 8 cm™' at a pressure of 2x
10~ mbar at room temperature.

Raman spectra: Figure 9 shows the Raman spectra of A) fluo-
renone and B) fluorenone/zeolite L. Both are rather weak
Raman scatterers. The spectrum of the fluorenone/zeolite L
system is less intense than that of a crystalline sample, so
most of the weaker bands are not visible. This is accompa-
nied by a broadening of the bands, and therefore some loss
of structure; nevertheless, the main features are well re-
solved. The four-peak system of the crystalline sample, con-
sisting of three fundamentals at 1214, 1198, and 1152 cm ™!,
and of a combination band at 1183 cm™!, is reduced to a
group of two broad bands. The lowest peak shifts up to
1156 cm™!, while the other three peaks form a single band
with a maximum at 1200 cm™'. The shift to lower energy of
the C=0 stretching band from 1714 to 1695 cm™! is larger
(A7=20 cm™") than in the IR spectrum. The position of all
other fluorenone peaks remain unchanged. The peak at
500 cm ! is due to the 6(T—O—T) of the zeolite.

Zeolite-framework vibrations as internal standard: An infor-
mative feature deriving from the vibrational spectra of a
dye-zeolite L composite is the nondestructive, quantitative

Chem. Eur. J. 2004, 10, 2391 —2408 www.chemeurj.org
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Figure 9. Raman spectra of A) crystalline fluorenone (200 scans) and
B) a fully loaded fluorenone/zeolite L (4000 scans). Both spectra have a
resolution of 8 cm™!. Laser power on the sample was 300 mW, focused on
approximately 0.12 mm?>

analysis of its dye content. Since the intensities (either the
height or the integrated area of the peak) of the zeolite L
band and the dye band are proportional to the amount of
zeolite and dye, the zeolite L band acts as an internal stan-
dard and the ratio of the intensities leads to the dye concen-
tration. The chosen peaks should be resolved and belong
clearly to the zeolite or the dye. This method works for IR
and Raman spectra.””

In this work the IR spectra were evaluated. The bands
used for this correlation are indicated in Figure 10.
The peak group from 563-841cm™, stemming from the
v(T—O—T) of the zeolite, was used as the internal standard,

zeolite peak group

~.
~
—

log(A)/ a.u.

1 1 1 1 J
1000 1500 2000 2500 3000
7/cm!

Figure 10. Bands used for the determination of the loading.

while the C=0O stretching mode at 1707 cm ™' served as the
dye peak. In Figure 11 a calibration curve is plotted: the
horizontal axis shows the exact loadings of six fluorenone/
zeolite L composites, as determined by dissolving the zeolite
framework with HF (a conventional destructive method),
and the vertical axis shows the ratios of the IR peaks. The
dashed line shows the result obtained by using the ratio of
the peak heights, while for the solid line the peak areas
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Figure 11. Correlation between the loading levels (dye molecules per
u.c.) and dye—zeolite peak ratio. The ratio of the area of the dye to zeo-
lite peaks is shown as solid line, while that of the heights is plotted as a
dashed line.

were used. The correlation of the loading and the ratio of
the fluorenone band to the zeolite-framework vibrations are
linear in both cases.

Table 2. Force constants for fluorenone.

Normal coordinate analysis: The use of symmetry coordi-
nates improves the quality and reliability of the fitting pro-
cedure, in addition to simplifying the assignment of symme-
try to the calculated frequencies. Once a correct assignment
of the bands has been established and a good set of force
constants has been found, internal coordinates are easier to
use. The C,, symmetry and the size of fluorenone make it
natural to work with symmetry coordinates. Its 60 vibration-
al degrees of freedom are divided among the irreducible
representations of the C,, point group according to Equa-
tion (8):

Ty =21A, +9A, +20B, +10B, (8)

Out of the 66 symmetry coordinates given in Table 6 (see
later), six are redundant (A;:3; B;:2; A,:1). These redundant
coordinates were not removed because most of the symme-
trized force constants are the same as the internal force con-
stants, due to the C,, symmetry of the molecule (see
Table 2). The remaining symmetrized force constants can be
fully determined even if the six redundant coordinates
remain; therefore their removal is not necessary. The eigen-
value problem factorizes accordingly, and the potential

nll Force Value nll Force Value nll Force Value
constl® constl® constl®
A
1 Fy 10.484 6 Frigi=Frsgi~ 1.383 30 F,;,F,ZF,;,[,,, 0.089
Fro=Fs 5.830 7 Fo=F, 1562 2 Fiy = Fl, 0244
Fro=Frs 6.796 9 Flly=Fl 0.464 33 F, =Fl,, ~0.066
5 Fes 4758 11 Pl =Py, 0.249 34 Fpps=Fopn 0215
8 Fro=Fp. 7.814 10 Foope=Foupe 1822 35 Fppe=F e 0.069
14 F.=F, 4973 12 Pl =Fn . 0.150 Fr = Fo- 0.055
17 For=Fo 2.230 13 F,=F,, —0.431 2 Fy=F, 0.030
For=Foy 1.907 15 Fro 1437 44 Fl =F, 0.001
23 Fo=Fo 2426 Frsen=Frsas 1302 45 F=F,, 0.044
31 F,=F, 0.789 16 Faven=Frrros ~0.585 Foe ~0.058
36 F, 2552 Frsgr—Frson ~1.698 Fum=—Fon 1.933
58 Fu 6.593 20 F, ~0.064 Fus=—Fus 0.047
8 F,=F, 0.188 27 Fonos ~0.916 Fu=—Fonr: 0273
41 Fo=F, 0225 2 Foop=Figr 0.842 50 Fly=F, 0.034
Fpo=Fp 0.151 Floy=Fhy 0.842 Fo —0.391
F,—F, 0.813 37 Frion = Frsor- ~0.855 Fous —0.522
Fo—F.. 0.663 2 Froos = Froos: ~0.612 48 Foyvi=Fopss 0.206
57 F, 0379 Foro=Fg —0.034 Fru=Fons 0.046
53 F.—F, 0.570 25 Fly=Fly ~0.797 51 Fopy = Fonnye 0.074
2 P 2378 26 Po=F, 1314 5 Fup=Fys 0.645
From ~0.769 29 Fiyp=Fio, ~0.151 54 Fruy=Fosy 0.183
Frugs 2177 28 Fr,=Fp, 0.096 Fry=Fonye 0.096
B
3 Frrt Frms 8.007 40 ForFonan 2823 60  —Fr 0.088
4 Fro+ Froms 6.027 46 Fy+Fope 0.130 61 2 E, 2734
18 22 Frn 1.841 47 F.+F., 0.422 62 F—F,, 1.204
19 0.5F, 0.421 49 Frut Frus 0.141 63 22 F 0.066
21 For + Fopen 1314 55 2RF 0.065 64 Fo—Fps 1.185
38 Fri—Frups 3.653 56 2RF 0.136 65 22 F 0.386
39 Fro—Froms 7.565 59 22 Fr 0.078

[a] Force constants units: stretching constants [mdyn A~']; bending constants [mdyn A rad~2]; stretch bend interactions [mdynrad™']. Sub- and super-
scripts related to the symmetry coordinates (see Table 6 and Figure 19 later). [b] Internal force constants labeled with a number are used as symmetrized
force constants without additional changes.
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energy Vs for each symmetry species S consisting of SE ele-
ments can be expressed as shown in Equation (9):

SE
Vi= 3 F;S.S 9)

i=1,j=1

The symmetry force constants F**™ given in Table 2 must
be understood accordingly. Table 2 lists force constants for
internal and symmetrized force fields. Constants labeled
with a number correspond to symmetrized force constants.
Part A of the table lists all internal force constants, as well
as those that appear in the symmetrized force field without
any changes (labeled by a number). Part B contains those
symmetrized force constants which are different from the in-
ternal ones.

Force field: The starting point for generating the internal
force field for fluorenone was to use a combination of the
fields for cyclopentadiene and benzene. Additional force
constants were introduced for the interaction between the
central five-membered ring and both benzene rings. The in-
ternal force constants for cyclopentadiene™ and benzene®
were used as starting values, while those for the ring-ring in-
teractions and for all constants involving the C=0O bond
were estimated. This trial force field, which contained more
interactions than necessary, was fitted to the experimental
IR and Raman frequencies.?!! After the first fitting we start-
ed to remove the superfluous interactions. The reduction
procedure consisted of setting each off-diagonal term (or
group of terms) in turn to zero. All force constants whose
removal had no or only small influence on the frequencies
were discarded. A new fit was performed after each reduc-
tion step. The A, modes were not included in the fit because
they are IR inactive and only a few of them are present in
the Raman spectra. The final force fields for each irredu-
cible representation can be found in the Supporting Infor-
mation. The resulting internal force constants are given in
Table 2.

Frequencies: Table 3 lists the calculated frequencies, the ex-
perimental values from the literature,”! and our measure-
ments. The agreement between the calculated and observed
values is quite good except for the lowest modes, for which
the limits of the harmonic approach have probably been
reached.

Influence of the zeolite host on the vibrational spectra: We
now focus on identifying the modes which are most influ-
enced by the zeolite host by using data from the spectra and
normal coordinate analysis. In order to simplify the analysis,
we have divided the spectra into regions containing similar
modes. Some of these regions, especially in the lower fre-
quency range, are overlapping.

Symmetrical and antisymmetrical C—H stretching vibrations
(3100-3000 cm™'): This region contains a system of four
bands, each of them in fact being a combination of corre-
sponding symmetrical and antisymmetrical C—H stretching
vibrations. All eight modes show pure C—H stretching char-
acter. This system was actually not seen in the IR spectra of

Chem. Eur. J. 2004, 10, 2391 —2408 www.chemeurj.org
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the fluorenone/zeolite L samples, probably due to its low in-
tensity.

C=0 stretching vibration (around 1720 cm™): The C=O
stretching mode is one of the few bands that is strongly in-
fluenced by the zeolite host. In the case of the fluorenone/
zeolite L system, the C=O stretching vibration is shifted to
lower energy. Interestingly, the effect is more pronounced in
the Raman spectrum (with A¥=20cm™' instead of AV=
7 cm™'). An additional shoulder also appears at 1705 cm™'.
The shift can be explained by assuming the coordination of
the fluorenone’s oxygen atom to an AI** site of the zeolite.
Such coordination would result in a slight electron with-
drawal and lowering of the bond order. This reduces the
energy required for the bond stretching motion, which can
be accurately simulated by lowering the force constant Fy,.

6-Ring C—C stretching and C—H bending motion (1620-
1130 cm™): These fundamentals exhibit a strong aromatic
C—C stretching and a C—H bending character in the poten-
tial energy distribution. Two of these vibrations display a
shift in the IR spectrum of the dye-zeolite system. The A,
mode at 1597 cm™! shifts to lower energy (A#=3cm™),
while the B, at 1454 cm™! moves up (A7=4 cm™). It is inter-
esting to note that the B; fundamental at 1523 cm™' appears
only in the spectrum of the fluorenone/zeolite L system. The
other vibrations in this region show neither a change in posi-
tion, nor any significant broadening. The situation in the
Raman spectrum is quite different in that while there are
little changes in the band positions, a broadening and
change in the intensity ratio of the peaks at 1611 and
1603 cm™! takes place. Also, the A; mode at 1152 cm™' be-
longs to the quartet of peaks that is strongly influenced by
the zeolite host: this band is broader and slightly shifted to
a higher energy.

C—C stretching modes of the central ring (1440-1320 and
780-500 cm™'): Many of these vibrations, although having a
dominant 5-ring stretching character, display strong contri-
butions from 6-ring deformations. It should be noted that
the two B; modes at 1386 and 1322 cm ™' also exhibit strong
C=0 stretching and aromatic C—C bending character (both
between 20% and 30%). Only the lower fundamental ap-
pears in our spectra and is unaffected by the zeolite. The
bands in this region of the fluorenone/zeolite L. spectra do
not show any significant alterations when compared to the
spectra of the free dye.

5- and 6-membered-ring stretching vibrations (1230-
1100 cm™): The normal modes in this region have contribu-
tions from C—C bonds of all three rings and often display
minor aromatic C—C bending character. Two A; modes in
this region belong to a quartet of bands in the Raman spec-
trum that are influenced by the zeolite host. The two fully
resolved sharp peaks in the crystalline fluorenone spectrum
(1214 and 1192 cm™") merge into one broad band in the case
of the dye-zeolite L sample. The broadening here is more
pronounced than for the band system between 1611 and
1603 cm ™.
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Table 3. Experimental and calculated frequencies.
Literaturel® Observed" Calcd
Symmetry IR Raman Vibration typel®!
type IR Raman KBr Zeolite L Crystalline Zeolite L
A, 3082 3087 3085 P(C—H)ym
B, 3082 3087 3085 H(CH) ysym
A 3072 3061 3068 #(C—H),y,
B, 3072 3061 3068 P(C—H),gym
A, 3049 3048 3046 H(CH)ym
B, 3049 3048 3046 H(C—H) g
A, 3026 3014 3032 #(C—H),yp
B, 3026 3014 3032 H(C—H) sy
A 1728 1721 1716 1707 1714 1695 1727 #C=0)+#(C—C)
B, 1614 1615 1612 1610 1611 1611 1615 F(Cpy—Cpy) +0(Cpp—H)
A, 1604 1606 1600 1600 1603 1603 1620 H(Cpy—Cpy) +0(Cpp—H)
Ay 1521 P(Cpy—Cen) +06(Cp,—H)
B, 1524 1533 H(Cpy—Cpy) +0(Cor—Cp)
+36(Cp,—H)
A, 1481 1486 F(Cpy—Cpy) +0(Cpp—H)
B, 1475 1473 1476 1479 1504 H(Cpy—Cpy) +0(Coy—Cop)
+36(Cp,—H)
B, 1455 1452 1454 1447 F(Cpy—Cpy) +0(Cpp—H)
A 1436 1447 1442 1445 1431 #(C—C) +0(Cpy—H)
B, 1394 1386 #(C—C) +6(C=0)
+0(Cpy—Cen)
A 1375 1375 1374 1372 1372 1387 F(Cpy—Cpy) +0(Cpp—H)
B, 1325 1326 1329 1322 #(C—C)+6(C=0)
+0(Cp=Cen) +6(C-C)
B, 1300 1300 1300 1298 8(Cop—H) +7(Cpy—Cpy)
+7(C—C)
A 1239 1293 1292 1321 8(Cop—Cpp)+#(C—C)
B, 1237 1234 1225 F(Cpy—Cpp) +0(Cor—Chi)
+7(C—C)
A 1214 1214 1240 H(Cpy—Cpy) +7(C—C)
+0(Cpy—Con)
A, 1198 1198 1179 H(Cpy—Cpy) +7(C—C)
+0(CpyH)
B, 1192 1192 1164 H(Cpy—Cpy) +7(C—C)
+0(Cp=H) +0(Cpy—Cpy)
A 1152 1155 1151 1152 1155 1132 F(Cpy—Cpy) +0(Cpp—H)
1119 7 (T-O—-T)!
B, 1100 1100 1098 1102 1100 H(Cpy—Cpy) +7(C—C)
+0(CpyH) +0(Cp=Cpn)
1045 7(T-O-T)
A,y 1041 T(H-Cpy—Cpy—H) +y(Ce—H)
A, 1018 1019 1011 1017 1018 1023 O(Cpy—H) + 7(Cp,—Cpy)
B, 1008 1003 8(Cop—H) + 7(Cpy—Cpy)
A,y 953 T(H-Cpy—Cpy—H) +y(Ce—H)
+7(C-C-C—=C)
B, 952 954 981 T(H-Cpy—Cpy—H) +(Cpy—H)
A 927 8(Cpy—H)
B, 919 921 921 921 921 927 895 3(Cop-H) 4+ 7(Cpy—Coy)
B, 880 885 903 7(Cpy—H) +7(C~C—C—C)
+y(C=0)
B, 812 813 816 817 y(C=0)+1(C-C—C-C)
+7(Cpy—H)
A, 786 7(Cen—H) + 7(H-Cp;—Cp,—H)
A, 774 776 775 776 778 7#(C—C)+7(C=0)
+ 6(CPh_CI’h)
769 7(O—T—0)!!
B, 741 738 727 7(C—C—C-C)+y(C=0)
A, 723 726 725 727 706 O(Cpy—Cpp,) +7(C—C)
723 ﬁ(AlOA)[d]
B, 672 671 663 y(C=0)+1(C-C—C-C)
+7(Cpy—H)
B, 652 650 681 O(Cpy—Cpp,) +7(C—C)
A, 667 ¥(Coy—H) +7(H-Cpy—Cp,—H)
B, 619 617 587 O(C—C) +7(Cp—Cypp)
+7(C—C)+0(Cp—Cpp)
608 #(D6)!
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Table 3. (Continued)

Literaturel® Observed!”! Calcd
Symmetry IR Raman Vibration typel®
type IR Raman KBr Zeolite L Crystalline Zeolite L
582 unassigned'!
A 566 566 561 558 533 O(Cpy—Cpp) + 7(Cp—Chp)
+7(C-C)
B, 551 576 7(C—C—C—C) +7(Cpp—H)
+y(C=0)
A, 513 7(Cpy—H)
B, 501 509 509 510 504 #(C—C) +3(Cpy—Chr)
+ 17(CPh_CPh)
500 o(0-T-0)!¥
A, 487 7(Coy—H) +7(H-Cpy—Cp,—H)
B, 436 404 Y(Coy—H) +7(C=0)
+7(H-Cp,—Cyp,—H)
A, 343 7(C—C—C=0) +y(Cp—H)
A, 403 41 412 413 45 8(C—C) +(Cpy—Chy)
+7(C-C)
B, 392 363 2(H—Cpy—Cpy—H) + y(Cpy—H)
B, 278 282 276 277 259 H(C—C) +0(Cpy—Chy)
+ 17(CPh_CPh)
A, 273 22 7(Cpy—H) + 7(H—Cpy—Cpy—H)
A, 204 207 210 196 8(C—C) +0(Cpy—Chpy)
+7(C—-C)
B, 159 160 167 164 7(C—C~C—C) +y(C=0)
A, 27 2(H-Cpy—Cpy—H)
+7(C—C—C—C) + y(Cpy—H)
B, 120 19 7(C~C~C—C) +y(C=0)

+7(H-Cp;—Cpy—H)

[a] Taken form ref. [21], all frequencies given in cm™

motion, t=torsion. [d] Zeolite bands, see refs. [20,22-26]

C—H bending motions (1030-890 cm™): Three of the four
C—H bending modes in this region also display an aromatic
C—C stretching character. Only two of them are present in
either the IR or the Raman spectra. They do not show any
sign of being influenced by the zeolite host.

6-Ring deformation modes (710-530 cm™): These bending
modes exhibit an additional 5-ring stretching character.
Only the A, fundamental at 562 cm™' is influenced by the
host. It is shifted to higher energy in the Raman spectrum of
fluorenone/zeolite L (A7=8 cm™).

5-Ring deformation modes (590-190 cm™): The 5-ring defor-
mation modes also show 5-ring stretching and 6-ring bend-
ing character. They do not seem to be very influenced by
the zeolite host.

Torsional and out-of-plane vibrations (400-19 cm™"): Most of
the higher energy modes of this type have A, symmetry and
are therefore inactive. The few modes present in the Raman
spectra are not influenced by the host.

Molecular orbital calculations: Molecular orbital calcula-
tions have been performed in order to understand the elec-
tronic structure of the guest, host, and the host—guest
system. We first consider the one-electron orbitals of fluore-
none and study the influence of configuration interaction
(CI) on the m-electron states. Then we investigate the influ-

Chem. Eur. J. 2004, 10, 2391 —2408 www.chemeurj.org

. [b] All frequencies given in cm™". [c] Types of vibration: #=stretch, d =bending, y = out-of-plane

ence of the zeolite host on the electronic structure of the
guest.

One-electron orbitals: The frontier-orbital region of fluore-
none, as obtained by an extended-Hiickel molecular orbital
(EHMO) calculation, is depicted in Figure 12. The HOMO
is an n orbital of b; symmetry and the LUMO is a & orbital
of b, symmetry. The largest contribution to the HOMO
stems from the carbonyl-oxygen atom and the remaining
part is concentrated on the “upper” half of the molecule.
The & and mt* orbitals in the frontier-orbital region are of
either a, or b, symmetry. The former have a node at the car-
bonyl group for symmetry reasons. The 1n(a,) orbital, which
lies well below the 1n(b,), is spread out over both phenyl
rings, while the LUMO 1x*(b,) is more concentrated on the
central ring and has a large contribution from the carbonyl
group. From this we conclude that the most important fron-
tier-orbital interactions of the carbonyl group with the zeo-
lite framework are to be expected with the LUMO, HOMO,
and HOMO-2 levels. All electronic n—m* transitions are
symmetry forbidden, as the & orbitals are of either a, or b,
symmetry. Only x or z polarized transitions will have non-
zero oscillator strengths. Calculated oscillator strengths and
the square of transition-dipole lengths for relevant transi-
tions are given in Table 4. As expected, the square of the
transition-dipole lengths of all n—x* transitions is zero and is
small for the first m—x* transition (1m*«—1mx). The oscillator
strength of the latter is about 30 times smaller than that of
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Figure 12. One-electron energy level diagram of fluorenone and MO dia-
grams.

Table 4. Calculated oscillator strengths f and the square of transition-
dipole lengths | D,,|% A dash (<) replaces the values for symmetry for-
bidden transitions.

Transition Symmetry Polarization | Do |? flxyz)
[A%]
lm*«—1n A, - - -
1k e—1m B, X 0.243 0.030
1n*2m A z 0.983 0.556
1m*«2n A, - - -
1lo*—3m B, X 0.846 0.449
1m*«3n A, - - -
2m*«—1n A, - - -
2t —1mn B, X 1.101 0.993
2t —2n A z 0.412 0.149
2n*—2n A, - - -
2mn*—3n B, X 0.266 0.066
2m*—3n A, - - -

the 2m*«—1m transition which has the largest value (0.993).
The 1a*—2x and 1x*<3m transitions also display large os-
cillator strengths.

Configuration interaction: Mixing of the HOMO 1n(b;) with
o orbitals of the same symmetry is negligible, mainly be-
cause they are too far away in energy. Hence, it is sufficient
to study the influence of CI on the m levels, which was car-
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ried out by using the Pariser—Parr—Pople (PPP) procedure.
The result of a CI treatment with 49 configurations is shown
in Figure 13. The electronic configurations given in this
figure are identified only by the two highest occupied orbit-
als, so the ground-state configuration (2n)*(2x)*(1m)*(1n)?* is
abbreviated to (1n)%. We observe that the S, state is shifted
to higher energy, but can still be mainly attributed to the
1lm*—1m transition. However, the energy splitting between
the S, and S,, states is large (about 0.8 eV). The S,, and S,
states come very close, but the successions of symmetries
remain unchanged in the region of interest. The gap be-
tween the S;; and the S, states is about as large as the gap
observed between the S, and S, states. The S,, and S;;
states display significant contributions from high-energy
configurations, such as (27*)!(2x)! and (3m*)'(1m) for S,,,
or (2m*)!(1mw)' for Ss.. The higher lying S,, and Ss, states
show contributions from low-energy configurations, like
(1z*)'2m)! or (1m*)'(3w)' for S,, and Ss,, respectively. The
six ;—m* transitions obtained at 389, 314, 312, 257, 249, and
231 nm are in good agreement with the measured electronic
absorption spectrum shown in Figure 5. Calculated oscillator
strengths and the polarization for relevant transitions are
given in Table 5. Charge is redistributed upon electronic
transition. We illustrate this in Scheme 1 for the S, and S,
states. The main observation is that charge is transferred to
the carbonyl group upon S,,«<S, electronic excitation, with
the oxygen atom displaying the largest increase (from 1.19
to 1.48).

G (', a,
Sge
Q' @0, a
5.0— y * 4l S by
St @)
@' (am', b,
ol 1
. (L*) (4m) , a
2 4.0 Sy by
- Sy 2y
(19 Gy by
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30— an®'am', b,
Y,
é/
20— (aH'(In), 8, ———eeeaaaa —_— S,
p
4/
2
0— (M,2,  ———aaan —_— s,

Figure 13. Correlation of the electronic configuration of fluorenone (left)
and the electronic states after CI (right). The contribution of an electron-
ic configuration to a state is indicated by the number above the connect-
ing line.
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Table 5. Calculated oscillator strengths.

Transition AE Wavelength Polarization f
[em™] [nm™]

SixSy 25697 389 X 0.066
S S 31813 314 z 0.204
S3, S, 31999 312 x 0.052
Si S 38910 257 z 0.488
S5 S, 40160 249 X 1.107
Sex—So 43290 231 z 0.002

Scheme 1. Charge distribution for the S, and S states.

Influence of the zeolite host on the electronic structure of the
guest: Based on our experimental findings and on chemical
reasoning, we expect that the main influence of the zeolite
on the frontier orbitals of fluorenone can be expected from
interaction of the carbonyl group with the AI’* and Si**
sites of the zeolite. A way to model such an interaction is to
study the behavior of the fluorenone orbitals in a molecular
approach, as a function of the distance between the AP*
ion and O atom, in the arrangement illustrated in Scheme 2.

A
poaty

Scheme 2. Geometrical arrangement used for modeling the interaction
between fluorenone and AI(OH), . The distance d is measured from the
center of the oxygen atom to the center of the aluminium atom. Oxygen
is shown in dark grey, hydrogen in white, carbon in light gray, and alumi-
num in black.

Chem. Eur. J. 2004, 10, 2391 —2408 www.chemeurj.org

Figure 14. Orientation of a fluorenone molecule in a channel of zeolite L
as used in the calculation. Fluorenone is oriented so that its oxygen atom
points towards a zeolite AI’* site, with an AI**+.O distance of 0.24 nm.
Oxygen is shown in red, hydrogen in white, aluminum in light gray, and
silicon in dark gray. Green spheres represent counterions (Na* and K*).
The whole system consists of 1606 atoms.

A more involved way is to place the fluorenone at different
positions in the zeolite L channel as illustrated in Figure 14.
In the molecular approach, a fluorenone molecule was
placed at a large distance from an Al(OH),” ion (9.9 nm).
The molecule was oriented in such a way that the carboxyl
group is pointing towards the aluminum ion with a mini-
mum of symmetry reduction, as shown in Scheme 2. Distan-
ces are measured from the center of the oxygen atom to the
center of the aluminum ion. The distance between the mole-
cule and the ion was then gradually reduced and the effect
on the energy levels and MO was monitored. Results of this
simulation for the relevant frontier orbitals are depicted in
Figure 15. Up to a distance of 0.5 nm, the MOs and energy
levels remain unperturbed. At a distance of less than
0.23 nm, the model of a separate molecule and ion breaks
down and severe mixing of MOs occurs. The energy of the
2m orbital increases strongly with decreasing distance, but
always remains below the 1w MO. As expected, the 1w orbit-
al is not affected by the presence of the aluminum cation.
The 1n and 1m* levels move to higher energy with decreas-
ing AP*..O distance. The lm-1m* gap increases when a
fluorenone molecule approaches an AI’* ion, which corre-
sponds to a hypsochromic shift of the transition. We note
that this correlates well with the observed behavior.
Another way of studying the carbonyl-zeolite interaction
is to place a fluorenone molecule inside a zeolite L channel.
The channel section chosen is large enough so that border
effects can be neglected. The system, consisting of the chan-
nel section and a dye, contains 1606 atoms. The fluorenone
molecule was oriented so that the oxygen atom is directed
towards an aluminum ion in the channel wall. The AP**...O
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Figure 15. Correlation diagram of the energy of frontier orbitals of fluo-
renone as a function of decreasing AI’*-O distance.

distance was set to 0.25 nm. Care was taken to insure that
the fluorenone’s oxygen atom was at least 0.18 nm away
from the closest oxygen atoms of the zeolite. The distance
between the hydrogen atoms and the walls was always
larger than 1.00 nm. This arrangement is illustrated in
Figure 14. It should be stressed that this is only one of many
possible meaningful orientations. This orientation was
chosen according to simple theoretical reasoning. The main
interaction is expected to occur between the oxygen atom of
the carboxyl group and an AI’* site. The distance of the re-
maining atoms of fluorenone to the channel walls should be
kept large in order to minimize their interactions. The densi-
ty of levels (DOL) and the local density of levels (L-DOL)
are very useful in order to investigate the effects of the host
on the fluorenone molecule. For an explanation of the con-
cept of DOL and L-DOL, we refer to refs. [29-31].
Figure 16 displays the calculated DOL of a) fluorenone and
c) zeolite L , as well as b) the L-DOL of fluorenone/zeo-
lite L. An important feature is that the HOMO of zeolite L

47 1) 'b) §C)
T L
| = R MO
[ 37r*____l 3n*
87 o 2m*
>
2
) L - .
-10- 17 In
HOMO
-124 In In
It 17

Figure 16. Calculated DOL of a) fluorenone and c) zeolite L, and b) the
L-DOL of fluorenone in zeolite L. Curves a) and b) have been magnified
by a factor of 100.
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lies at a higher energy than the HOMO of fluorenone. The
simulation also shows that the 1m, 2t*, and 3m* orbitals are
not influenced by the presence of the zeolite host, whereas
the 1szt* shifts to higher energy. The 1n level is pushed to a
slightly lower energy by the interaction with the host. Some
additional fluorenone L-DOL appear in the case of b) in
the HOMO-LUMO gap. This is due to some slight mixing
of oxygen orbitals of fluorenone with the orbitals of zeo-
lite L. This more complex model also shows that the 1m—1mx*
gap increases when the fluorenone’s oxygen atom ap-
proaches an AI’* site, which corresponds well with the ob-
served hypsochromic shift of the lowest emission.

Discussion

The properties of fluorenone/zeolite L were investigated ex-
perimentally by means of electronic absorption, lumines-
cence, IR, and Raman spectroscopy, TGA, and DSC. The
experimental results show evidence of interactions between
fluorenone and the zeolite host. The MO calculations and
normal coordinate analysis allowed us to understand and
model these observations. The combined experimental and
theoretical results give quite a clear picture of the host—
guest interactions that will be described in this section.

Influence of coadsorbed water on the dye location: The
washing of dry dye—zeolite L material with 1-butanol, which
was first studied for resorufin/zeolite L,*? allows the distinc-
tion to be made between dyes located inside and outside of
the channels. It is also used to remove molecules from the
surface of the crystals, which is necessary for all spectroscop-
ic measurements. The washing procedure can only remove
dye molecules adsorbed onto the outer surface of the zeolite
crystals. The steric conditions of fluorenone located in a
channel prevent large solvent molecules like 1-butanol from
passing the dye. This implies that the solvation of fluore-
none located inside the channels is not possible, and hence
cannot be removed. The washing experiments showed that
there is no difference between the amount of fluorenone lo-
cated on the surface of dry and rehydrated material. In addi-
tion, the quantity of fluorenone found after dissolving the
zeolite framework was identical for both materials. This
proves that coadsorbed water does not displace fluorenone
from the channels of zeolite L.

Thermal analysis: Two important differences can be ob-
served between the TGA of fluorenone/zeolite L composites
and those of its components alone. Firstly, the desorption
maximum of water appears at a lower temperature in the
fluorenone/zeolite L system (100°C instead of 110°C). Sec-
ondly, the loss of dye in this material happens in two steps
at much higher temperatures (at 500°C and 680°C instead
of 270°C). This shift to higher temperature points to a sig-
nificant interaction between the dye and the zeolite frame-
work. The lower desorption temperature of water can be re-
garded as fluorenone acting like an impurity. Another possi-
ble explanation is that fluorenone molecules occupy the po-
sitions that water would otherwise be bound to. Because
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fluorenone is not displaced by water from these positions,
some water molecules will be less strongly bound to the zeo-
lite channel. This in turn results in a lower desorption tem-
perature. The DSC analysis shows that the zeolite phase
transition occurs at lower temperature in the case of the
fluorenone/zeolite L material. This behavior could also be
explained by looking at fluorenone acting as an impurity
from the point of view of the zeolite.

Electronic spectroscopy and molecular orbital calculations:
The results obtained from electronic spectroscopy and MO
calculations are summarized in Figure 17. The left side
shows the calculated energy levels and the oscillator
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Figure 17. Energy states diagram for fluorenone/zeolite L. Left side: cal-
culated energy levels (with CI) and oscillator strengths. Right side: ob-
served luminescence (ST, ST,), excitations (L;, L,), and lifetimes. Excita-
tion spectra are depicted as boxes and the shading corresponds to the
spectral intensity. Darker shading represents a stronger signal.

strengths. According to the oscillator strengths, fluorenone
can be excited from the S, state to the S, S, Si S, and
Ss,; states, but not to the lowest lying state (1n). The right
side of Figure 17 summarizes data obtained from the lumi-
nescence spectra of fluorenone/zeolite L. The two observed
luminescence maxima are labeled as ST; and ST,. Excitation
spectra are depicted as boxes (L; and L,) with the shading
proportional to the spectral intensity, darker shadings stand
for stronger signals. Using light with a wavelength of
240 nm, the molecule can be excited to the Ss; or S,; state.
It is interesting that the molecule shows two distinct lumi-
nescence bands instead of just relaxing radiationlessly into
the lowest state and emitting light from there. From the cal-
culation, the ST, state could correspond to either S,; or T,
while the ST, state could be attributed to S,, or T,,. We
name these states ST; and ST, because their spin state has
not been proven. The long lifetime would be consistent with
an assignment as T, and T,,, respectively. The temperature-
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dependent spectra show that ST, is populated by means of a
thermally activated process. It should also be noted that the
ST, band is much weaker in solution. The interaction with
the zeolite host seems to favor the populating process of the
ST, state. The luminescence spectra show no band that
could be attributed to the S,,<S, transition. We can con-
clude that the zeolite—fluorenone interaction does not lead
to a sufficient symmetry reduction that would make the
Si,<S, transition allowed.

Influence of the zeolite host on the electronic structure of
the guest: One point that has to be considered is the signifi-
cant hypsochromic shift of the luminescence and the excita-
tion bands for the fluorenone/zeolite L composite. The MO
diagrams give some clues to the nature of the interactions
between fluorenone and the zeolite host and its influence on
the electronic spectra. Transitions from the 1m to the 17* or-
bitals involve a shifting of the m-electron density from the
phenyl rings to the carbonyl group. This is the reason for
the blueshift of the S,,<S, emission band. The shift of the
second band is more difficult to explain, because substantial
CI takes place. An interaction of the fluorenone’s oxygen
atom with a framework AP’" ion or counterion would have
little-to-no effect on the 1 energy level, as this MO has no
contributions from the carbonyl group. The 1n* and 2x
MOs, however, would be destabilized in such a situation.
The simulations we performed tended to confirm this. The
ln—-1n* gap increases when a fluorenone molecule ap-
proaches an AI’* ion, which corresponds to a hypsochromic
shift of the transition. The models of fluorenone interacting
with AI(OH),” and of the dye located inside a channel sec-
tion succeeded in a qualitative reproduction of the observed
trend in the luminescence spectra of fluorenone/zeolite L.

Zeolite-framework vibrations as internal standard: The
quantitative determination of the dye loading by evaluation
of the vibrational spectra has been successfully applied to
the fluorenone/zeolite L system. The zeolite-framework vi-
brations can be used as internal standards and provide us
with a fast, nondestructive method of measuring the dye
content of such samples. Taking the weaker zeolite bands as
internal standard instead of the intense v,(T—O—T) vibra-
tions makes it possible to work with thicker layers. The ben-
efit of using thick layers is an increase in sensitivity to dye
vibrations, without having a saturated internal standard.
This modification to the method allows the accurate deter-
mination of loadings of even less than 0.05 dye molecules
per unit cell, which is quite an improvement compared with
results reported earlier.”” The results obtained in this study
are proof that this method can also be extended to other
dye—zeolite material.

IR and Raman spectra: Comparing the spectra shows that
the zeolite bands are not influenced by the inserted dye
molecules. The spectra lead to the conclusion that the struc-
ture of fluorenone is left nearly unchanged upon insertion
into zeolite L. The most important change occurs in the
C=0O bond, which gets weakened by the interaction of the
oxygen with an AI’* site of the zeolite. Aluminum sites with
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coordination numbers higher than four have been recently
reported in Mordenite and zeolite Beta at room tempera-
ture.®™ Other modes that are influenced by the zeolite host
are motions that display mainly aromatic ring bending and
5- and 6-ring stretching character. These modes are shifted
to higher energy. This suggests that the molecule sits close
enough to the channel walls so that the aromatic 6-rings can
interact with the zeolite’s counterions (K*). Experimental
results and calculations have shown that the preferred ad-
sorption sites for benzene in zeolite L are the counterions
located in the channel walls.®?**” Such a position would
result in a slight hindrance of these motions and an increase
of the energy needed to activate them. These observations
led to the model shown in Scheme 3.

Scheme 3. Model of the interactions between fluorenone and zeolite L.
Most of the observed changes in electronic spectra can be attributed to
the strong AI’**+-O interaction. The interaction of the aromatic rings with
a zeolite counterion (K*) is visible in the vibrational spectra only.

Conclusion

We conclude that the fluorenone/zeolite L material is now
so well understood that it would make an excellent system
for applying advanced force field and quantum chemical cal-
culations. With the help of MO calculations, the presence of
two luminescence bands can be understood. The changes in
electronic spectra and in desorption temperature can be at-
tributed mainly to the AI**+.O host-guest interaction. This
interaction, as well as that of the aromatic 6-rings with a
counterion of zeolite L (K*), can be seen in the vibrational
spectra. Through these investigations, a better comprehen-
sion of the unconventional behavior of fluorenone has been
achieved.

Experimental Section

Materials: The pure potassium form of zeolite L (Ko(AlO,),-
(Si0,),7221 H,0) was synthesized as described in ref. [38]. The morpholo-
gy of the zeolite L crystals is shown in Figure 1. The average length of
the crystals used in this study was about 600 nm. Fluorenone (Fluka,
99%) was used as received. 1-Butanol (Aldrich, for UV spectroscopy,
>99.5%) and cyclohexane (Merck Uvasol, 99.9 %) were used as solvents
without further purification. The extinction coefficients of fluorenone in
1-butanol and cyclohexane were determined as &gsypm)=9.0x 10* and
€@sonmy=1.0x10° Lmol 'em ™, respectively. Fluorenone sublimates at
100°C at a pressure of 0.7 mbar.

Synthesis of fluorenone/zeolite L composites: Fluorenone can be inserted
into the channels of zeolite L through the solid-gas equilibrium shown in
Equation (10):

ZD, .+ D(g) = ZD, (10)

2406 — © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

in which D(g) denotes the dye molecules in the gas phase and ZD, those
in the channels of the zeolite. The parameter r is the number of sites oc-
cupied by dye molecules. Its value ranges from 0 to n, for which n; is
equal to the number of sites in one channel. Fluorenone/zeolite L can be
prepared by using the double-ampoule method.”) The zeolite was first
dried at 400°C for 12 h under vacuum (10~% mbar), then the insertion was
carried out in a rotating oven at 130°C for 24 h. The samples were left
another 6 h in the oven at 140°C to insure a homogenous distribution of
the dye molecules in the zeolite channels. With this method, samples of
different fluorenone concentrations can be prepared with a maximum
loading of up to 1.1 molecules per unit cell. For the electronic spectrosco-
py measurements, samples with lower loadings (e.g., 0.15 molecules per
u.c.) are advantageous because of saturation effects, while for the vibra-
tional spectroscopy measurements, samples with higher loading (e.g.,
0.5 molecules per u.c.) are favored.

Physical characterization

Washing of fluorenone/zeolite L with 1-butanol: To remove the dye mole-
cules on the zeolite surface, the following washing procedure was used.
In a glove box, dry fluorenone/zeolite L (10 mg) was filled in a weighed
10 mL volumetric flask equipped with magnetic stirrer and septum. 1-Bu-
tanol (10 mL) was then introduced through the septum by a syringe. The
suspension was put in an ultrasonic bath for several minutes, and then
stirred at room temperature for 24 h before being centrifuged (15 min,
4000 rpm). The fluorenone concentration in the supernatant was deter-
mined spectrometrically. The same method was applied to rehydrated
fluorenone/zeolite L material. Rehydration of fluorenone/zeolite L took
place in air of 18-22% relative humidity at room temperature for 24 h.

Determination of fluorenone loading: The effective loading of washed
fluorenone/zeolite L samples was determined by dissolving the zeolite
framework in an aqueous solution of hydrogen fluoride (8% HF). The
fluorenone concentration was determined spectrometrically.

Thermal analysis: The composition of a typical sample was determined
by means of TGA. Thermogravimetric measurements were performed on
a Mettler Thermobalance TG50. Rehydrated fluorenone/zeolite L
(15 mg) was put into a 70 uL. aluminum oxide crucible, placed in the
thermobalance, and heated in an N, stream (ca. 15 mLmin™") from 25 to
900°C at a rate of 5°Cmin~'. Reference measurements for pure zeolite L
and crystalline fluorenone were performed following the same method.

Differential scanning calorimetry (DSC): DSC measurements were per-
formed on a Mettler Toledo DSC 822°. In a typical experiment, rehydrat-
ed fluorenone/zeolite L (1 mg) was heated in a sealed aluminum crucible
from 35 to 600°C at a rate of 10°Cmin~', and an N, stream of
80 mLmin'. Reference measurements for pure zeolite L and crystalline
fluorenone were performed following the same method.

X-ray powder diffraction: The data collection from the unloaded zeolite
and the fluorenone/zeolite L samples was performed using a STOE auto-
mated powder diffractometer system (Debye-Scherrer scan mode, with
small position sensitive detector). A 0.5 mm capillary was used as a
sample holder. The observed 26 range went from 0 to 120°, with a step of
0.02° and a time per step of 1800 s.

Electronic spectroscopy

UV-visible: The absorption spectra were recorded on a Perkin Elmer
Lambda 900 UV/VIS/NIR spectrometer. Fluorenone was dissolved in cy-
clohexane (~10°m). Quartz cuvettes were used.

Luminescence spectra: The emission and excitation spectra were recorded
on a Perkin Elmer LS 50 B luminescence spectrometer. Fluorenone was
measured either in solution (cyclohexane, ~10~°m) in quartz cuvettes, or
incorporated in zeolite L as thin layers on quartz plates (¢1.6 cm). The
layers were prepared by suspending fluorenone/zeolite L in 1-butanol
(~1mg in 300 puL), 100 pL of which was placed on a plate, and the sol-
vent evaporated.

Time-resolved spectra: Time-resolved spectra of fluorenone in cyclohex-
ane (~107m) and fluorenone/zeolite L were recorded on a Perkin Elmer
LS 50 B luminescence spectrometer. Quartz cuvettes were used for solu-
tions, whereas fluorenone/zeolite L was measured as thin layers on
quartz plates. The layers were prepared in the same way as described
above. Solutions were degassed by three freeze-pump-thaw cycles, while
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fluorenone/zeolite L samples were measured in the presence of air. Spec-
tra were recorded at room temperature and at 80 K.

Vibrational spectroscopy

IR spectra: The IR spectra were measured on a BOMEM DAS8 FTIR
spectrometer equipped with a liquid-nitrogen-cooled MCT detector
(500-5000 cm™') and a KBr beam splitter. All spectra were taken in a
high-vacuum cell (2x107° mbar) with a resolution of 8 cm™'. All fluore-
none/zeolite L and zeolite L samples were measured as thin layers coated
on ZnSe plates (¢8 mm). The layers were typically prepared by suspend-
ing about 1 mg of the fluorenone/zeolite L sample in 500 pL of 1-butanol.
45 uL of such a suspension were placed on a ZnSe plate and left to dry.
Raman spectra: The FT-Raman spectra were measured with the Raman
accessory of the BOMEM DAS. The spectrometer was equipped with a
liquid-nitrogen-cooled InGaAs detector and a quartz beam splitter. A
continuous-wave, diode-pumped, Nd**:YAG laser (Coherent Compass

Figure 18. Bond lengths (A) and angles (°) for fluorenone (C,, symme-
try).["]

1064-2500 mn) was used as the excita-
tion beam. Rayleigh scattering was re-
moved by two holographic super

A+

iy
My My

Figure 19. Internal coordinates for fluorenone. Top: in-plane coordinates.
Bottom: out-of-plane coordinates.

Normal coordinate analysis: The vibrational analysis was performed by
using the Wilson GF matrix method with the extended computer pro-
gram package QCMP0676 used in ref. [43]. The values for the bond
lengths and angles shown in Figure 18 were taken from ref. [6]. They cor-
respond to the average values from an X-ray diffraction analysis of fluor-
enone. Molecular symmetry was taken as C,, and the molecule was
placed in the xz plane. Figure 19 shows the numbering of the internal co-
ordinates and Table 6 summarizes the symmetry coordinates used for the
normal coordinate analysis.

Table 6. Symmetry coordinates used for the normal coordinate analysis.

notch filters (Kaiser Optical Systems A,

HSPF-1064.0-1.0) in 0° position. All

Raman spectra were measured with a 21 §o+ R :9 fs'_:_rRs” 2'7 géigb

resolution of 8 cm™'. Duran glass capil- SZ Rl + RS S“’ r1: +r1: S”‘ ’+ ”5”

laries served as sample holders for 53 Rz ¢ S“ ri +r2,, Sw Z 1’ +le

both crystalline fluorenone and fluore- S: Ri R, SZ r: +er, SZ) pj +p?

none/zeolite L samples. S, Ry+Ry Su 0,42, Sy Os+py

Molecular Orbital Calculations S, Ry+Ry Sis Q2,4+ 9, Sy Po1+Po2

Molecular orbitals: Molecular orbitals ~ Sg Ry+ Ry Sis Q,+ 8y Sa 21+ 9y

(MO) were investigated by means of B,

the extended Hiickel molecular or-

bitals method (EHMO).®) MO and S35 Ri=Rs S3s EanES S4 25—Ks

EDiT  (Electronic  Dipole-induced S Ry=R, Sas Ty =Ty Sa pr=pPr

Transition) were calculated using S Ry=Ry S5 e =Ty S Pr=pr

ICONC-EDIiT.*  Off-diagonal ele- 22* 22”?” ;36 g"g“ 2“3 P3=Ps

ments were calculated by the weighted Szg Rgi RSH 537 sz Qs SM Py f e

Wolfsberg-Helmholtz formula with a SSU R4:7 R4 538 sz an 345 ZOLS)?

distance-dependent Hiickel constant. Sz; rlrs—rlnj » o “ e

The parameters used are given in

refs. [17,32]. DOL (density of levels) A,

and L-DOL (local density of levels) g, . S5, -1, Ss4 Ty—Ty

were calculated as described in S, Uy —Ily Ss, T4—Ts Sss Ty—Ty

refs. [30,31]. Sa Uy —Uz Ss3 Tr =Ty Sse 73

Configuration interaction (CI): The  Sso Ha—ly

PPP (Pariser—Parr-Pople) method was B,

used to calculate the S, singlet

states.'!! 49 (m-m*) configurations Ss7 Ho Sei Mty Ses h e

were included in the CI calculations. O =t Se2 bt Ses T

All parameters were taken from S50 S Ses e S s
Seo Hy—H3

ref. [42].
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