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Surprising Properties of a Furo-Furanone

Gion Calzaferri,*'*! Dominik Briihwiler,*”’ Tao Meng,"”! Le-Quyenh Dieu,™
Vladimir L. Malinovskii,” and Robert Hiiner*!*!

Abstract: The electronic absorption,
fluorescence, and excitation spectra of
furo[3,4-c]furanone (1) have been mea-
sured in different solvents at different
concentrations. We observed a complex
dependence of absorption and excita-
tion spectra as a function of the con-
centration in CH,Cl, and THF due to
aggregate formation. Interestingly, the

posites. The geometry of the ZL chan-
nel system ensures a well-defined ori-
entation of the embedded dye mole-
cules, thereby leading to a preferred
orientation of their electronic transi-
tion dipole moment (ETDM) and thus
to objects with pronounced optical an-
isotropy properties. This enabled us to
understand that in solution the mono-

mers that are present at low concentra-
tion form an aggregate in which the
molecules sit on top of each other and
arrange into a J-type aggregate config-
uration at higher concentrations. The
signature of the latter is observed in
the 1-ZL composites. This seems to be
the first example in which the insertion
of molecules into a nanochannel micro-

fluorescence spectra were not affected.
Resolving the puzzle was made possi-
ble by the fact that 1 fits perfectly into
the channels of zeolite L (ZL) micro-
crystals to form 1-ZL guest-host com-

systems

Introduction

Diaryl diketopyrrolopyrroles (DPPs) have found widespread
use as technical pigments and dyes.'>! DPPs, as well as their
oxygen analogues the difurofuranones (DFFs),** are also
promising for use as components in electronic devices.*”! In
our work directed towards the synthesis of natural-product-
like polycyclic compounds,®"! we found that diaryl furofur-
anones such as 1 are readily accessible from furopyranone
precursors.” Due to their obvious structural similarity to
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crystal has helped in understanding the
weak intermolecular interactions that

take place in solution.
supra-

the DFFs, we subsequently investigated the spectroscopic
properties of this new class of chromophores. Preliminary
experiments indeed indicated notable parallels between the
DPPs and DFFs, including high absorptivity and fluores-
cence with a Stokes shift that increases along with solvent
polarity. Closer inspection revealed a complex dependence
of absorption and excitation spectra as a function of the
concentration in CH,Cl, and THF due to aggregate forma-
tion. Interestingly, the fluorescence spectra were not affect-
ed. Resolving the puzzle was made possible by the fact that
1 fits perfectly into the channels of zeolite L (ZL).'®l The
geometry of the ZL channel system ensures a well-defined
orientation of the embedded dye molecules, thereby leading
to a preferred orientation of their electronic transition
dipole moment (ETDM) and thus to objects with pro-
nounced optical anisotropy properties."¥ Comparison of the
spectroscopic properties of 1 in solution at different concen-
trations and of 1-ZL host—-guest samples enabled us to un-
derstand that in solution, the monomers, which are present
at very low concentration, form aggregates in which the
molecules sit on top of each other. They then arrange into a
J-type aggregate configuration at higher concentrations. We
report the first example in which insertion of molecules into
a nanochannel host helped in understanding processes in
solutions.

View this journal online at
wileyonlinelibrary.com
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Results and Discussion

Absorption and fluorescence spectra in solution: The elec-
tronic absorption, fluorescence, and excitation spectra of 1
have been measured in different solvents at different con-
centrations. Shape and band positions of the absorption
spectra of diluted solutions are nearly the same in solvents
of different polarity and proton strength. This is illustrated
in Figure 1, which shows spectra in THF, MeOH, CH,Cl,,
and toluene. The value of the extinction coefficient at
358 nm in THF is 30000m 'cm™'. It was determined at dif-
ferent concentrations in the range of 107 to 5x107°wm, in
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Figure 1. A) Electronic absorption spectrum of 1 in 1.5x10°m THF at
RT. B) Comparison of the absorption spectra of 1 measured in different
solvents and different conditions: 1) 10~*m, THF, RT; 2) 5x10~*m, THF,
RT; 3) 10~°M, MeOH, RT; 4) 10*M, CH,Cl,, RT; 5) 10 M, toluene, RT;
and 6) 10-3M, toluene, measured at 5°C.
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which the Beer-Lambert law is fulfilled. The excitation
spectra correspond to the absorption spectra as seen in Fig-
ure 2A. The fluorescence spectra measured in diluted solu-
tions (107°m) show a considerable Stokes shift in all sol-
vents, only moderate dependence on solvent polarity and re-
fractive index, and they do not deviate much from mirror
symmetry (Figure 2B). They are independent of excitation
wavelength. Well-developed vibrational structure is dis-
played in n-hexane. Three vibrational bands and a shoulder
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Figure 2. Excitation and fluorescence spectra, scaled to the same height
at the maxima, of diluted solutions (10°°m) of 1 in different solvents:
A) Excitation spectra observed at 390 (lower group) and 450 nm (upper
group): 1) CH,Cl, (black), 2) THF (blue), 3)n-hexane (green), and
4) MeOH (red). B) Fluorescence spectra excited at 270 (lower group)
and 385 nm (upper group): 1) CH,Cl, (black), 2) THF (blue), 3) n-hexane
(green), and 4) MeOH (red). The spectra measured upon excitation at
270 and 385 nm superimpose so well that hardly any difference can be
seen.
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are seen. These features disappear to a large extent in sol-
vents of higher polarity, a behavior that is common for
many organic molecules. The bathochromic shift correlates
with the solvent polarity and the refractive index as antici-
pated by the Lippert-Mataga theory.” The data indicate
that the geometry of 1 is little affected by the solvent in the
electronic ground state S, but that considerable relaxation
takes place in the electronically excited state S, in all sol-
vents. The latter effect becomes more pronounced with an
increase in solvent polarity.

We were surprised to observe a pronounced concentration
dependence of the excitation spectra of 1 in THF and
CH,CI, at concentrations above 107°M, because this was not
expected on the basis of the data reported so far as well as
what has been known from literature for this kind of mole-
cules. The spectrum suddenly splits in two new bands. We
show this in Figure 3 for a 10 *m solution of 1 in THF. At
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Figure 3. From monomers to aggregates in solutions of 1 in THF: A) Ex-
citation spectra observed at 480 nm: 1) 107 (=+=+), 2) 107 (++++), 3) 107
(-----), and 4) 10°m (—). B) Comparison by scaling the spectra to
equal height at their maxima.

even higher concentrations above 107*m, a new sharp band
appears at 396 nm. The three different spectra observed at
low, medium, and high concentration cannot be superim-
posed. Figure 3B shows that there is no difference regarding
the shape of the spectra 1 and 2. It is also clear that spec-
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trum 3 is not a superposition of spectrum 1 plus 4. Numeri-
cal analysis supports this observation. The three different
spectra 1, 3, and 4 are linearly independent. This means that
they represent three different species, two of which must be
aggregates. We name them M for monomer, MM for the
first appearing aggregate, and J for the second.

The evolution from MM- to J-aggregates is shown in
more detail in Figure 4A. The intensity of the two new
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Figure 4. Excitation and luminescence spectra of aggregates formed by 1
at high concentrations: A) Excitation spectra observed at 480 nm in
THF: a) 2x107*M, b) 3x107*M, ¢) 4x107*m, and d) 5x107%, 6x107%, 7x
107%, 8x107*, and 9x 10 *m. B) Excitation spectra 1) and 2) observed at
480 nm and luminescence spectra 3)-7) excited at 310, 360, and 397 nm
of 107*m solutions: 1) CH,Cl, and 2) THF; 3) CH,Cl,, 310 nm; 4) THF,
310 nm; 5) CH,Cl,, 360 nm; 6) THF, 397 nm; and 7) CH,Cl,, 397 nm.

bands (a), with maxima at 329 and 387 nm, which character-
ize the MM-aggregates, is nearly the same at a concentra-
tion of 2x107*m and the band at 396 nm is not yet seen.
This changes with an increase in concentration as seen in
spectrum (b) and becomes even more pronounced in (c) in
which the 329 nm band does not change position but be-
comes less important with respect to the longer wavelength
feature. The latter appears to be shifted to a longer wave-
length because the new J-aggregate band mixes in. At a con-
centration of 5x107*mM, the spectrum that represents MM
has disappeared and only the sharp 396 nm band (d) is visi-
ble. We show the spectra measured at concentrations of 5x
1074, 6x107*, 7x107, 8x 107, and 9x10*M scaled to the
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same height at the maximum. No further dependence of the
shape of the spectrum is observed once the sharp band at
396 nm has been developed. The properties of this band
have been further examined by comparing the shape in
CH,Cl, and THF and by comparing the fluorescence spec-
trum upon excitation at different wavelengths. No important
difference was observed with regards to the shape of either
the excitation or the emission spectra by changing these pa-
rameters, as can be seen in Figure 4B.

The appearance of the 396 nm band at high concentra-
tions of solutions of 1 in THF and CH,Cl, is reminiscent of
what has been often observed, especially for cyanine dyes,
and has been interpreted as J-aggregate formation.'®!”] The
remarkable change in the electronic absorption spectra
caused by this kind of aggregate formation has been under-
stood as being caused by ETDM coupling between resonant
states of two or more chromophores."®!”! The interaction
depends on the relative orientation between the ETDM of
the involved species, explained in Scheme 1. The weak reso-
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Scheme 1. Angles that describe the relative orientation of the ETDM g,
and u, of two molecules. Left: representation of the ETDM as oscillators.
Right: vector representation of the ETDM.

nance interaction between excited and unexcited molecules
can lead to exciton splitting of excited states, which we
denote as (M*M)«—(M-+M*), thus resulting in the appear-
ance of new absorption bands. The magnitude of interac-
tions f¢ caused by exciton coupling, and hence the resulting
splitting of the levels, depends on the oscillator strength f,
the relative orientation k, and the distance R between the
interacting ETDM. It further depends on the S,—S,; elec-
tronic excitation energy AE, and on the refractive index n of
the environment, as expressed in Equations (1) and (2):

_ f 1 1
fe = AD R .
Kk = sin6;sin 6,cos ¢, —2cos O,cos 6, (2)

The value of the constant AD is equal to 1.615x
10" m*cm ™ if we express B¢ in cm™, which is convenient.
This equation is valid for the interaction between two
ETDM if their separation is large with respect to their
length. The theory can easily be generalized for three or
more interacting chromophores."”?! The most often dis-
cussed situations are those in which the interacting ETDM
are in a plane (¢,=0) and in which 6, and 6, are equal.
This situation is explained in Figure 5, which shows that the
interaction f3¢ is largest for inline or collinear orientation of

11292 ——

www.chemeurj.org

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

4 @
E
=
D,
_—
—— O
P, @, E;
—a— o, : v I I
J-coupling H-coupling

Figure 5. Phase-relation and energy-level diagram for ETDM interaction
between the electronically excited state configurations (M-M,)—
(M;My). Left: diagram that shows the phase relation of the wave func-
tions that describe the interaction caused by the ETDM. Right: energy-
level diagram that shows the exciton splitting of two chromophores. The
wave functions that describe the states in absence of any interaction are
denoted as W,W,, W;*W,, and W W}, whereas the states induced by the in-
teraction are denoted as ®,, ®,, and ®_. The interaction causes only a
splitting of electronically excited states but has no consequences on the
ground state. The different splitting of the excited-state levels for ETDM
oriented inline or parallel, as represented by means of double arrows, is
due to the angle dependence of k. The allowed electronic transitions are
indicated by the dotted arrows.!*?!)

the ETDM and changes sign if they are parallel. Collinear
assembly leads to J- and parallel to H-coupling. The corre-
sponding array of chromophores is usually designated as J-
aggregates and H-aggregates, respectively. Crossing of the
@, and @_ states occurs when cos?(9) is equal to '/4. The
transition ®,— P, is allowed, whereas @,—@_ is forbidden.
This means that the formation of J-aggregates is manifested
by a new band that appears at longer wavelengths, whereas
the formation of H-aggregates causes a new band at shorter
wavelengths. Both are accompanied by a decrease of the
original Sy—S, absorption band because the monomer M is
used up.

The new sharp 396 nm band fits well with the interpreta-
tion of it being due to J-aggregate formation. The splitting
observed at medium concentration, however, could only be
understood based on Figure 5 if both transitions @y—®,
and @,—@_ were allowed, which is not the case. Configura-
tions in which the interacting ETDM are not in a plane,
which means ¢;,#0, must be taken into account, because
then situations exist in which both transitions are allowed.
Assuming this, we can envisage processes as illustrated in
Scheme 2 taking place. This means that we imagine that the
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Scheme 2. Aggregate equilibrium. Upper: two of the nonsymmetrical
monomers M form an aggregate MM. Lower: at higher concentrations
an additional M is added to MM, thereby forming an aggregate J in
which the ETDM are collinear.
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three specific types of excitation spectra observed in THF
and CH,Cl, are due to equilibria between monomers M and
two different types of aggregates. The ETDM are not in a
plane for the first appearing species MM, whereas they are
collinear for the J formed at higher concentrations. This is
the simplest possible hypothesis we can make. It implies
that at medium concentration two monomers M form an ag-
gregate MM in which the ETDM, indicated in Scheme 2 as
double arrows, are not in a plane. At higher concentrations
an additional M is added to MM. The structure of the mole-
cule is, however, such that MM can only grow if the mole-
cules arrange in a way so that the ETDM become collinear.

These equilibria can be described by means of Equa-
tion (3), in which Ky, and Kj are the equilibrium constants
and ¢, is the total amount of M dissolved, expressed in
molL™" (m). The parameter [a,] is equal to 1m. It makes
sure that the equilibrium constants are dimensionless. We
must add it because we use concentrations and not activi-
ties.

N _ MM] g
M+M=MM Kym = 7[]\/[}2 [a]
. ] 3)
M+MM =] KJ:W[%]

¢ = [M] +2[MM] +3[J]

To find out if this hypothesis is consistent with the observa-
tions, we can solve Equation (3) for the concentrations [J],
[MM], and [M] as reported in Equation (4).

22 (Kum ; 1 [aoﬁ Co
U]+ 5 > ] | +IPp—————-75=0
> ( K ) 3K K )S

[MM] = [Jﬁ(%M [“"]f

M] = ¢, =2 [MM]-3 [J]

It is clear that Ky, must be larger than K; because other-
wise the sharp band at 396 nm would appear first; and it is
also clear that Ky, is expected to be on the order of the
magnitude of the concentration at which the double band,
characteristic for the formation of MM, appears. Calcula-
tions have been made by using Ky =10* and K;=0.4 Ky
for a large total concentration ¢, range starting at 10 °m, in
which we know that the concentration of aggregates is negli-
gibly small. Results are shown in Figure 6. We observe that
the concentration of M changes at the beginning nearly line-
arly with an increase in ¢, but then starts to level off. At
10~°M, the concentration of MM is already significant, and
becomes larger than that of M above 7x 107> M at which the
concentration of J has also already grown considerably. The
latter becomes dominant at about 5x 10~*m. This is in quali-
tative agreement with the data reported in Figures 3 and 4.

Equation (3) can be extended to the more general case
expressed as follows [Eq. (5)]:

Chem. Eur. J. 2010, 16, 11289 -11299
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Figure 6. Numerical evaluation of the equilibria in Equation (3) with
Kyv=10* and K;=0.4K;.. Concentration of monomer M (solid) and of
the aggregates MM (dash-dot) and J (dotted) are reported as a function
of the total amount ¢, of dissolved M. A) ¢, in the 10~°m range. B) ¢, in
the 10°m range. C) ¢, in the 10~*M range.

— [Ml’l} n—1
nM = Mn Ky, = ™M [aq]

= [Jm] m—1 (5)
mM = Jm KJm = [M]m [ao]

¢y = M] + n[Mn] 4+ m|J]
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A general solution in terms of the concentrations [M],
[Mn], and [Jm] can be derived similarly as reported above.
Using n=2 and m=3, we find the situation reported by
Equations (3) and (4), with K=Ky, and Kj;;=KynK;
Nothing of importance with respect to the problem we want
to solve changes by extending the numbers n and m of in-
volved species, only the discrimination would become even
more pronounced.

Excitation and fluorescence spectra in a confined medium:
The data and the reasoning reported so far support the in-
terpretation of the concentration-dependent process pro-
posed in Scheme 2. Confidence could be gained by means of
an experiment, in which the formation of one of the two
types of aggregate, MM or J, could be suppressed because of
steric reasons. The influence of steric confinement has been
explored in much detail.'**?1 ZL crystals provide hexago-
nally ordered one-dimensional nanochannels with a free di-
ameter of 0.71 nm and a largest diameter of 1.26 nm. The
length of a unit cell is 0.75 nm.[™! The geometry of the ZL
channel system ensures the defined orientation of the em-
bedded dye molecules, thereby leading to a characteristic
orientation of the ETDM and thus to crystals with pro-
nounced optical anisotropy properties.”"??! The shape and
size of 1 is such that it would fit well into the channels of
ZL where it could stack in collinear arrangement of the
ETDM. It would, however, be too bulky for the MM config-
uration as can easily be deduced from a simple van der
Waals model. This means that we can expect that situations
as schematically illustrated in Scheme 3 can be realized, in
which we see on the left side two molecules that are so far
apart that they behave as monomers, whereas on the right
side two of them are so close that coupling of the ETDM
becomes important. J-aggregate coupling of some dyes in
the nanochannels of zeolite L has recently been ob-
served.?"?"]
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Scheme 3. Illustration of dye molecules in a ZL channel. Left: noninter-
acting molecules. Right: stacking that occurs at higher dye loading. The
orientation of the ETDM is indicated as a double arrow.

Following this idea, we found that 1 can be inserted into
the channels of ZL from the gas phase under mild condi-
tions. The obtained material is stable in air and handling is
therefore convenient. Easy substitution by water, which is a
common phenomenon for nonpolar, neutral dyes like bi-
phenyl, terphenyl, anthracene, and many others,™ is not ob-
served. This is most probably due to interaction of the car-
bonyl group with the potassium cations in the channel, as
has recently been reported for fluorenone.” Only part of
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the ZL volume, namely, the large channels, is available for
the guest species. It is convenient to introduce a parameter
that provides information on dye concentration but is based
on purely geometrical (space-filling) properties of ZL as a
host (i.e., showing to which extent the ZL channels are
filled with dye molecules). The loading, or occupation prob-
ability (p) of a dye-ZL material is defined in Equa-
tion (6):14

_ number of occupied sites ©6)
P = "{otal amount of sites

The number of unit cells that a given dye occupies is usually,
but not necessarily, an integer. It is equal to 2 in the present
case, because the length of a unit cell is 0.75 nm and the van
der Waals length of 1 is about 1.4 nm The loading p can
range from 0 for an empty ZL to 1 if every site is occupied
by one molecule. The dye concentration c¢(p) of a 1-ZL ma-

terial in mol L' can be expressed as follows [Eq. (7)]:['Y

¢(p) =0.376 (molL) x p (7)
We show in Figure 7 a comparison of the excitation and

emission spectra of a 10~°wm solution of 1 in THF and in ZL
at a loading of p=0.01. The excitation maximum is at ap-
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Figure 7. Electronic spectra of highly diluted 1: Excitation (dashed, mea-
sured at 470 nm) and emission (solid, excited at 320 nm) spectra of 1 in
THF (gray) and in ZL (black).

proximately the same wavelength in both media. This obser-
vation is in agreement with the data reported in Figures 1
and 2 in which we have seen that the absorption and excita-
tion spectra of diluted solutions of 1 are little affected by
the solvent. This fact very much facilitates interpretation of
the data. The Stokes shift in THF is about —5000 cm™
(75 nm). It is —7000 cm™' (100 nm) in ZL and therefore
comparable to that observed in MeOH (see Figure 2). The
shape of the emission band in MeOH and in ZL is very sim-
ilar.

Fluorescence microscopy images of individual dye-ZL
crystals allow for the determination of the orientation of the
ETDM of dyes inside the channels and have been shown to

Chem. Eur. J. 2010, 16, 11289 -11299
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be an important tool for understanding such sys-
tems.?1#273031 We therefore report polarized fluorescence
microscopy images of 1-ZL in Figure 8 for crystals with a

Polarizer

/v
8 |

Figure 8. Orientation of ETDM of 1 inside the channels of ZL: A) Distribution of the ETDM on a double
cone with a half-opening angle 5. B) Polarization of emission observed when a single crystal is examined by
means of a polarizer. C) Relative intensity of the observed fluorescence as a function of the observation angle
¢ with respect to the c axis, for different half-cone angles 5. D) Orientations of the ETDM of 1-ZL. Not polar-
ized (left) and polarized (middle and right) fluorescence-microscope images of 1-ZL crystals of about 2 um
length (p=0.1). The sample was excited at 330-385 nm and detected with a 420 nm cut-off filter. The direction
of the polarizer is indicated by a double arrow. The scheme on the right shows the resulting orientation of the

ETDM of 1.
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loading p=0.1 and a length of about 2 pm. They show that
the ETDM of 1 is aligned nearly parallel to the channel
axis. This means that it should be possible to realize a pack-
ing as shown on the right side
of Scheme 3.

Figure 9 shows excitation and
emission spectra of four 1-ZL
samples of different loading,
p=0.01, 0.1, 0.27, and 0.47. We
observe in Figure 9A and B
that a new absorption band
with a maximum at about
400 nm develops with an in-
crease in loading but that the
emission spectra are hardly af-
fected. They show a moderate
redshift, which is caused by
self-absorption and therefore
mainly seen when comparing
the spectra of the p=0.01 and
0.1 samples. It is remarkable
that the shape of the emission
spectra is the same at 293 and
at 77 K and independent of the
excitation wavelength; only the
emission intensity increases at

I(e,p) | a.u.

¢/ degree

500

250

Intensity

Wavelength / nm

Relative Intensity / a.u.

T T T T

400 500

Wavelength / nm

300 600 700

Figure 9. Excitation and emission spectra of 1-ZL observed at different loadings and different temperatures: A) Excitation and B) emission spectra mea-
sured at different dye loadings: 1) p=0.01 (dotted); 2) p=0.1 (dashed); 3) p=0.27 (dashed-dotted); (4) p=0.47 (solid). C) Excitation (dotted, recorded
at 550 nm) and emission (solid, excited at 380 nm) spectra of 1-ZL (p=0.26) measured at 1) 77 K and at 2) room temperature. (D) The same as (C) but
the spectra have been scaled to the same height at their maxima. In addition, an emission spectrum observed after excitation at 320 nm (gray) and mea-
sured at 293 K has been added. The three emission spectra are so similar that hardly any difference can be seen.
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lower temperature. The new band in Figure 9A is shown as
difference spectra in Figure 10: spectrum (1) was subtracted
from the spectra (2), (3), and (4). The result obtained for

o
o
1

Intensity / a.u.

0.0

T T T
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Relative Intensity / a.u.

300 350 400 450
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Figure 10. A) Difference spectra of 1-ZL obtained by subtracting the ex-
citation spectrum with p=0.01 from the excitation spectra of samples
with 2) p=0.1, 3) p=0.27, and 4) p=0.47. B) The spectra are scaled to
the same height at their maximum.

the p=0.1 sample is noisy because the new band is weak. It
then, however, progresses rapidly into a well-shaped band at
p=0.27 and becomes more intense at higher loading. The
feature at about 310 nm remains unchanged. The develop-
ment of the shape is better seen in the spectra that have
been scaled to the same height at the maxima. The well-
grown band at p=0.47 shows some broadening and is slight-
ly redshifted with respect to the J-band in solution; see Fig-
ures 3 and 4 .

Conclusion

The weak influence of the solvent on the absorption spectra
of diluted solutions of 1, the near mirror symmetry of the
excitation and fluorescence spectra in n-hexane, which is
still present in THF and even in ZL, and the large oscillator
strength of f=0.57 indicate that the first intense electronic
absorption band at about 360 nm is of m—n* type. This is in
agreement with molecular-orbital calculations. The AM1-op-
timized structure of 1 is shown in Scheme 4, in which we
also indicate the orientation of the ETDM.P Up to 8x8
configurations have been included for calculating the elec-
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QR g

Scheme 4. AM1-optimized structure of 1 and orientation of the ETDM,
indicated as a yellow double arrow, of the Sy—S; m—m* transition. On the
right are the HOMO and the LUMO.

tronic transitions. The absorption maximum of the first elec-
tronic transition is at 391 nm with oscillator strength 0.6.
This corresponds well with the experimental observation.
Configuration interaction turned out to be of minor impor-
tance, which means that the first absorption band can be un-
derstood essentially as a HOMO-to-LUMO transition. From
this we conclude that the electronic absorption band and the
fluorescence band of diluted solutions of 1 and also of 1-ZL
at low loading is of Sy—S;, m—=x* and of S,—S,, n*—mn
type, respectively. The length of the ETDM /. is equal to
0.136 nm as can be calculated by means of Equation (8), in
which AE is equal to the energy of the transition in cm™":?"!

f = 3036 10 e’y [ L (8)

The exciton splitting S expected for a J-aggregate as a func-
tion of distance can be calculated by means of Equation (1).
Results obtained for ¢ =0, three different values of 6, and a
refractive index of 1.4 are reported in Figure 11. The angle
0=0 corresponds to an “ideal” J-aggregate situation and
0=m/2 to an “ideal” H aggregate situation, as illustrated in
Figure 5. The calculation for § =m/6 shows that small devia-
tions from the “ideal” angle are of moderate influence on
the magnitude of interaction. The splitting increases with
the number of molecules that form the J-aggregate; see, for
example, refs. [19] and [20]. We do not consider this explicit-
ly but keep it in mind when comparing the calculated with
the experimental data.

The position of the Sy—S; transition is at 358 nm, and the
new sharp band appears at 396 nm, as seen in Figures 3 and
4. From this we find the experimental value [(exptl)=
2680 cm™. Comparing this with the data reported in
Figure 11 allows one to draw the conclusion that the ETDM
distance in the J-aggregate is about 0.5 nm. To calculate the
interaction (¢ for the double band of the MM-aggregate,
Figure 3, we need to know the angles ¢,,, 6,, and 6,. We do
not have this information but we know that ¢,, is not zero,
because otherwise only one of the two transitions would be
allowed. The two transitions have, however, the same oscil-
lator strength at angles: ¢, =m/4 and 0, =0,=m/2.”"*1 We
further know that the MM-aggregate does not form in the
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Figure 11. Exciton splitting: A) Magnitude of the interaction - as a func-
tion of separation of the ETDM obtained for ¢ =0 and 6=0 (solid), Bt/
6 (dotted), and /2 (dashed). B) The solid line shows the bathochromic
shift of the J-aggregate absorption band as a function of distance be-
tween the ETDM. The dotted line marks the wavelength of the Sy—S,;
transition and is used as reference. The dash-dotted line shows the posi-
tion of the short wavelength J-aggregate band, which is, however, not
seen in the experiment, because it is forbidden; see also Figure 5.

ZL channels because the corresponding spectral signature
has not been observed in any of the 1-ZL samples we have
investigated. This is in agreement with the drawing of the
ETDM arrangement in Scheme 2. The spectral features and
the luminescence microscopy images observed for 1-ZL
samples are consistent with noninteracting monomers at low
loading, as illustrated on the right side of Figure 12. Two dif-
ferent ways are possible with the same probability, one with
the methoxy group pointing to the right and one where it
points to the left. This allows in principle three different
combinations for J-aggregate coupling. We illustrate two of
them in Figure 12.

The broadening of the J-aggregate band reported in Fig-
ures 9A and 10 may to some extent be caused by the fact
that the spectra represent an average of a huge number of
small crystals. The existence of three different arrangements,
but also the fact that the average distance may become
shorter with an increase in loading, can cause some broad-
ening and bathochromic shift. Time, space, and spectrally re-
solved near-UV confocal microscopy excitation spectra of a
representative selection of individual crystals—data that are
still difficult to obtain—would be needed to check this hy-
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Figure 12. Molecule 1 in a channel of ZL. The length of 1 is about
1.4 nm. On the right we see two isolated molecules oriented with the
ETDM parallel to the channel axis as deduced from the optical microsco-
py data reported in Figure 8. Three different combinations for J-aggre-
gate coupling are possible, two of which are illustrated on the left.

pothesis.”! In summary, we can conclude that the proper-
ties of the 1-ZL samples support the interpretation schemat-
ically illustrated in Scheme 2. An intriguing question, how-
ever, remains: Why are the shape and position of the lumi-
nescence spectra independent of the loading, the excitation
wavelength, and the temperature; and why are they always
essentially the same independent of the concentration? The
answer to this, consistent with all facts available, is that the
Stokes shift for the fluorescence under all conditions we
have investigated is larger, typically on the order of 80-
100 nm or about 5000 cm™', than the shift due to J-aggregate
coupling, which is on the order of 40 nm or about 2800 cm'.
The consequence is that the excited @, state of the aggre-
gates rapidly reaches the relaxed S; state of M, which is the
lowest emitting state, and which emits in the same wave-
length range, independently of whether or not it has been
reached by direct excitation or by relaxation from the @&,
state. This is illustrated in Figure 13. It means that the
energy-resonance condition, which must be fulfilled for ob-
serving ®,—S, emission, is broken before this process can
take place. The lack of symmetry of 1 is expected to favor
this behavior because only little relaxation is needed to
break the resonance condition.

Luminescence of J-aggregates is usually observed for dyes
that show mirror symmetry and small Stokes shifts between
absorption and emission. If the Stokes shift is larger than
the bathochromic shift caused by J-aggregate coupling so
that the relaxed state of the monomer is lower than that of
the J-aggregate, as shown in Figure 13, then the system has
the option to evolve rapidly into this lowest state. We con-
clude that the surprising observation of the pronounced con-
centration dependence of the excitation spectra of 1 in THF
and CH,CI, at concentrations above 1073 M, and the fact that
the fluorescence spectrum is independent of concentration,
are caused by the formation of aggregates of binding energy
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Figure 13. State diagram and relaxation processes. A) Energy-level dia-
gram for fluorescence of a monomer with relaxation, thereby resulting in
a large Stokes shift. B) Energy-level diagram of a J-aggregate, which sug-
gests a relaxed monomer emission.

on the order of 20 kImol ™!, which change the relative orien-
tation of the ETDM and hence their conformation upon
growing from MM to J. Unambiguous interpretation was
made possible by the fact that 1 can be inserted into the
nanochannels of ZL and that it is small enough to enter the
channels under mild conditions but too bulky for formation
of H-type aggregates inside. The geometry of the ZL chan-
nel system thus ensures the defined orientation of the em-
bedded molecules, thereby leading to a preferred orienta-
tion of the ETDM. This seems to be the first example in
which the insertion of molecules into a nanochannel host
material helped to understand weak intermolecular interac-
tions that take place in solution. It will be interesting to see
if more general methods for the elucidation of similar phe-
nomena can be derived from this study.

Experimental Section

Compound 1 and ZL" have been synthesized and characterized as re-
ported previously. UV/Vis spectra were collected with an optic path of
1 cm over the range of 210-500 nm at 20°C using a Varian Cary-100 Bio-
UV/Vis spectrophotometer equipped with a Varian Cary block tempera-
ture controller. Fluorescence data were collected at 20°C using a Varian
Cary Eclipse fluorescence spectrophotometer equipped with a Varian
Cary block temperature controller using 1x1cm quartz cuvettes. All
spectra were measured in spectroscopy-grade solvents.

Inclusion of 1 into K*-exchanged zeolite L crystals®™ with a length of
1.2-2.8 um and a diameter of 0.7-1.2 um was performed by sublimation.
A weighed amount of zeolite L and 1 was introduced into a glass am-
poule. After vigorous vortexing, the mixed powder was dried at 80°C in
a vacuum for 16 h. The evacuated ampoule was sealed and heated to
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165-170°C in a rotating oven for 24-96 h. Long heating times were ap-
plied to maximize the loading. The material was washed several times
with methanol to remove molecules adsorbed on the external surface of
the crystals. Photoluminescence spectra of 1-ZL (deposited on a quartz
plate) were measured using a Perkin—-Elmer LSS0B spectrometer. For
low-temperature measurements, the spectrometer was equipped with a
nitrogen cryostat (Oxford Instruments PE 1704). Fluorescence microsco-
py images were recorded using an Olympus BX60 microscope and an
Olympus SIS CC-12 CCD camera, which has a resolution of 196 nm for
an emission at 450 nm; the numerical aperture is 1.4. Molecular-orbital
and force-field calculations have been carried out using Hyperchem Pro-
fessional, Release 8.04 software.
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