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Solid state dodecyl perylene diimide (DDPDI) fluorescent materials (DDPDI/MCM-41) with strong
fluorescence were successfully prepared by incorporating the DDPDI molecules into the nanopores of
MCM-41 in toluene solution with subsequent ultrasonic treatment. The solid materials were characterized
by small-angle X-ray diffraction (SAXRD), high-resolution transmission electron microscope (HRTEM),
ultraviolet-visible spectra (DR UV-vis), fluorescence spectra, and elemental analysis. The results
indicated that the DDPDI molecules were incorporated into the mesopores of MCM-41 in the monomeric
or dimeric state after ultrasonic treatment, and the DDPDI content was 41.0 (mg/g). In addition, the
Stokes shift of the DDPDI in MCM-41 decreased to zero in contrast to that in toluene solution. Emission
of DDPDI/MCM-41 composites splitted into two peaks at 543nm and 551nm in water, indicating that
DDPDI molecules attached at internal and external surface of pore of MCM-41. Difference of spectral

shift was proportional to permittivity of solvent.

1. Introduction

Perylene diimide derivates (PDIs) are well-known
fluorescent dyes and have received considerable attention in
organic light-emitting materials due to their brilliant colors,
outstanding photochemical stability, relatively high fluorescence
quantum yield (®; =1)."! Because of its specific molecular
structures, tunable morphology of aggregated structures,” and
photophysical and photochemical performance, PDIs are
promising candidates for applications in electronic and optical
devices such as field-effect transistors,” electrophotographic
applications,” photovoltaic device,” and organic light-emitting
diodes.® However, such high fluorescence quantum yield can be
obtained only in the monomer state in dilute solution, and in the
solid state or concentrated solution it would strongly be quenched
due to the strong m-m aggregation, which is a great disadvantage
in applications of light-emitting materials where the high
fluorescence quantum yield is desired. A very attractive method
of solving this problem is to mix them with polymer, but there are
also a series of disadvantages such as phase separation and lower
stability. On the other hand, combining PDIs with inorganic
materials might be a new way of obtaining high performance
light-emitting materials. A. B. Djurisic and his coworkers have
demonstrated that 3,4,9,10-perylenetetra-carboxylic ~diimide
aggregated nanoclusters grown on ZnO nanorods could exhibit a
blue-white photoluminescence. ' Dodecyl perylene diimides
(DDPDI, shown in Fig. 1) was one of derivatives with alkyl
chains. The DDPDI monomers in dilute CH;Cl solution gave
strong fluorescence intensity with the A, at 537 nm,® which
would have potential applications as light-emitting materials and
molecular probe if the solubility in common solvent would be
increased and m-m aggregation between perylene backbones
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Fig. 1. Molecular structure of DDPDI.

Mesoporous materials, owing to their unique mesoporous
structures, are one of the most promising hosts for incorporating
host molecules into mesoporous materials to obtain functional
nanocomposites. Many types of host molecules such as
naphthalene and 8-hydroxyquinoline have been successfully
incorporated into the mesoporous materials to form
nanocomposites.” These composites often show unique electronic
and optical characteristics, which have potential applications in
optics, photonics, biosensors, and so on. Incorporating perylene
diimide derivates into the mesoporous materials has also been
reported in a few literatures. F.L. Castro and coworkers were the
first to report that a type of perylene diimide derivates has been
encapsulated into MCM-41 successfully, producing a solid red
fluorescence material with an aggregates emission band at about
640 nm, which is similar to the fluorescent spectrum of PDIs
assemblies. D. Li et al reported perylene bisimide derivates were
incorporated into MCM-41 channel through impregnation, which
resulted in red shift and broadened adsorption and emission
spectra and prolonged PL lifetime compared to the molecules in
CH;CL. ' However, it is uncertainty that perylene diimide
derivates molecules are in the pore or on the surface of MCM-41.
According to mechanism of PL spectra, the peak of PL spectra
should be shifted with the polarity of ambient molecules. The
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stronger polarity the ambient molecules, the more red shift the PL
spectra of fluorophores.

The aims of this work attempted to incorporate DDPDI
molecules into 1D mesopores of MCM-41 to obtain high
quantum yield of solid monomeric composites. We also
attempted to develop a new method to identify the attachment site
of DDPDI molecules in MCM-41.

2. Experiments
2.1 Materials and reagents

Dodecyl perylene diimide (DDPDI) was synthesized by the
reaction of perylene tetracarboxylic acid bisanhydride with
dodecyl amine according to the literature.'' Cetyltrimethyl-
ammonium bromide (CTAB),ethanol, and toluene were analytical
grade. Water glass was from Sinopec Catalyst Company
Changling Division. The silica content of water glass was 250
g*L"" and the module was 3.2.

2.2 Synthesis of DDPDI/MCM-41

MCM-41 was synthesized from glass water and
cetyltrimethyl-ammonium bromide (CTAB) according to the
following literature procedure: '* 4.8 ml water glass was added to
a solution containing 2.20 g CTAB and 60 ml deionized water.
After stirring the gel formed at room temperature for 2 h, the
resulting homogeneous mixture was transferred into an autoclave
and kept at 373 K for 24 h. The solid products were obtained after
filtering, washing, and drying at 353 K. Finally, the solid was
calcined at 773 K for 5 h in the atmosphere. The BET surface
area and pore size of the MCM-41 material is 907 m%g ' and
2.8nm, respectively.

The synthesis procedure of DDPDI/MCM-41 was as follows:

MCM-41 was treated in vacuum for 7 h, and then the activated
MCM-41 was added to the DDPDI toluene solution (the
concentration of DDPDI is 4.0 x10™* moleL™"), keeping the ratios
between MCM-41 and DDPDI at 1:320(g/mL). The mixture was
stirred for 14 h and then the toluene was vaporized completely
and the solid-state dodecyl perylene diimides fluorescence
material was obtained (DDPDI/MCM-41), and the DDPDI
content of the DDPDI/MCM-41 was about ca. 96.5 (mg/g). Then,
the solids were dispersed in toluene, divided into two portions,
and treated in an ultrasonic processing instrument (Maximum
power 450 W, frequency 20 KHz, China) and mechanically
agitated for 30 min twice, respectively. The samples were dried at
333 K in the atmosphere (Signed as DDPDI/MCM-41-U and
DDPDI/MCM-41-M, respectively.). The DDPDI content of the
DDPDI/MCM-41-U and DDPDI/MCM-41-M were calculated
according to the nitrogen content that was obtained from
elemental analysis. The calculation procedure was as follows:

M (1)

C =Cy—
DDPDI Nom

where CDDPDI is the DDPDI content, Cy is the nitrogen
content, M is the molecular weight of DDPDI, and m is the
atomic weight of nitrogen.

2.3 Characterization of MCM-41 and DDPDI/MCM-41

Small-angle X-ray diffraction (SAXRD) patterns were
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obtained on a Rigaku D/max 2550 with a rotating anode and
CuKa radiation at 40 kV and 300 mA; slit width of 0.25° and 26
varied in the range of 1° to 10°.The microstructure of MCM-41
was observed by a high-resolution transmission electron
microscope (HRTEM) (Tecnai G* 20, FEI Co.). Diffuse
reflectance ultraviolet-visible spectra (DR UV-vis) were
measured with a spectrometer of UV-2450 (Shimadzu, Japan),
and BaSO, as an internal reference. Fluorescence spectra were
measured with a spectrometer of F-4500 (Shimadzu, Japan) using
excitation and emission slits of 2.5 nm and PMT voltage of 700 V.
Toluene, ethanol, water, mixture of toluene and 30% ethanol, air
with 50% relative humidity were applied to be solvent or ambient
during fluorescence measurement. Elemental analysis was
performed with a PE2400 SERIESII CHNS/O analyzer.

3. Results and Discussion
3.1 Structure characterization

The small-angle X-ray diffraction (SAXRD) graphics of
MCM-41, DDPDI/MCM-41, and DDPDI/MCM-41-U are shown
in Fig. 2. Three characteristic diffraction peaks indexed to the
(100), (110), and (200) diffraction are observed for the MCM-41
mesoporous materials. However, the diffraction intensity of
DDPDI/MCM-41,DDPDI/MCM-41-M and DDPDI/MCM-41-U
decrease slightly compared to that of the MCM-41 (Shown in
inset of Fig.2.), indicating that the incorporation of the DDPDI
molecules into mesopores of MCM-41 result in slight distortion
of the mesoporous structure.
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Fig. 2. XRD patterns of MCM-41, DDPDI/MCM-41,DDPDI/MCM-41-M,
and DDPDI/MCM-41-U.(Inset is part presentation of XRD patterns)

Fig. 3 shows the high-resolution transmission electron
microscope (HRTEM) images of MCM-41, DDPDI/MCM-41,
and DDPDI/MCM-41-U, respectively. It is obvious that the
MCM-41 possesses distinct one-dimension mesoporous
structures (Fig.3a). However, when the DDPDI molecules are
loaded, the image of DDPDI/MCM-41 shows a surface coating
layer and it is difficult to distinguish the mesopores (Fig. 3b).
During the incorporation process, the DDPDI molecules could be
absorbed on both the internal and external surface of MCM-41
material. Some of them stacked on the surface of MCM-41 in a
disordered state after the toluene was vaporized resulting in a
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dark image. After ultrasonic treatment, parts of the DDPDI
aggregates stacked on the outer surface were removed. As a result,
the mesoporous structure became distinct again (Fig. 3c).
Considering both the SAXRD and HRTEM results, it could be
concluded that the mesoporous structure of MCM-41 is not
destroyed by the DDPDI aggregates either on the internal surface
or external surface of the pores.

Fig. 3. HRTEM images of MCM-41(a), DDPDVMCM-41(b) and
DDPDI/MCM-41-U (c).

3.2 Fluorescence of DDPDI/MCM-41

Fig. 4 shows the DR UV-vis spectra and corresponding
fluorescence spectra of DDPDI/MCM-41, DDPDI/MCM-41-U,
and DDPDI/MCM-41-M together with spectra of monomeric
DDPDI in toluene solution for comparison. In the toluene
solution, the DDPDI molecules display a monomer UV-vis
spectrum with the 0-0 transition at 527 nm and the well-resolved
vibronic structure that can be ascribed to the ring-breathing
vibration of the perylene skeleton. In the case of the spectrum of
DDPDI absorbed on MCM-41, the absorption spectrum shifts
about 10 nm for the 0-0 transition at 537 nm (Shown in inset of
Fig.4).
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Fig.4. Fluorescence spectra of DDPDI/MCM-41 (short dash),
DDPDI/MCM-41-U (solid) and DDPDI/MCM-41-M (dash dot).
Fluorescence spectrum of DDPDI in toluene (2.48x107 mol-L™) (short
dot) is also shown as a comparison. (Insets are corresponding UV-vis
spectra of samples )

700

Compared to fluorescence spectrum of the monomer in the
toluene solution, the fluorescence spectrum of DDPDI/MCM-41
illustrates a significant fluorescence quenching (Shown in Fig. 4).
After normalization, it demonstrates a significant red shift 0-0
transition (to 547 nm) as well as a structureless broad band at
600-700 nm. This structureless broad band has same shape and
peak position at different excitation wavelengths from 480 nm to
530 nm. These phenomena indicate that the aggregates have
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formed because of the strong intermolecular interaction. Upon
photoexcitation,  pronounced and  energetic
reorganization process occurs among the aggregates to form
excimers." Such an excimer state usually emits weakly due to the
symmetry forbidden transition to the ground state.”
Consequently, a significant fluorescence quenching and a weak
structureless emission band were observed in the emission
spectrum.

After ultrasonic treatment, the excimer emission band
disappeared absolutely and the fluorescence intensity increased
sharply (Shown in Fig. 4). Moreover, the fluorescence spectrum
was similar to a monomer state spectrum with the 0-0 transition
at 537 nm. These features indicate that there were no aggregates
on the MCM-41 after treatment by ultrasonic waves.'"* In the
ultrasonic field, through a series of compression and expansion
cycles created by acoustic waves, gas bubbles appeared, grew
violently, and eventually became unstable and imploded in the
solution, producing high-speed acoustic streaming, intense
localized heating, and high-pressure shock waves."” In such
extreme conditions, the DDPDI aggregates were disassembled
into monomers or dimers, which diffused in the mesopores and
re-adsorbed on the pores’ walls. In comparison, a mechanical
stirring process for DDPDI/MCM-41 was carried out (Signed as
DDPDI/MCM-41-M). The elemental analysis results show that
the nitrogen content of DDPDI/MCM-41-U and DDPDI/MCM-
41-M was 1.58 (mg/g) and 1.34 (mg/g), respectively. According
to equation (1), the DDPDI contents were calculated and the
results are listed in Table 1.

structure

Table 1. DDPDI content of samples through elemental analysis

Samples N% DDPDI content (mg/g)
DDPDI/MCM-41 0.372 96.5
DDPDI/MCM-41-U 0.158 41.0
DDPDI/MCM-41-M 0.134 34.7

It can be seen that the DDPDI content of DDPDI/MCM-41
is comparatively higher than that of DDPDI/MCM-41-U and
DDPDI/MCM-41-M. Consequently, a significant red shift of the
fluorescence spectrum together was observed due to n-m
interaction of the aggregation of the DDPDI molecules in large
quantities. However, as shown in Fig. 4, the fluorescence
spectrum of DDPDI/MCM-41-M shows an aggregate spectrum
with the 0-0 transition at 547 nm, although the DDPDI content
was lower than that of DDDPI/MCM-41-U. These results further
prove that the ultrasonic process disassembled DDPDI aggregates
into monomers or dimers. Although MCM-41 was made up of
polar covalent bond, an equal force field distributed around the
inner wall of pore occurred owing to symmetric structure of pore.
The fluorophore of DDPDI molecules located in the pore of
MCM-41 like one in nonpolar solvent.

More interestingly, after the DDPDI were incorporated into
the mesopores of MCM-41, the Stokes shift decreased to zero,
which was quite different from that of DDPDI in toluene. Stokes
shift of DDPDI molecules was 10 nm in toluene (Shown in
Fig.5a). When molecules were incorporated into the mesopores,
the organic molecules were confined in the nanoscale pores and
the band gap of the frontier molecular orbital was reduced
resulting in a red shift of the absorption spectrum.'® On the other
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hand, in solid monomer or dimer state, the structural and
energetic reorganization might not be feasible for the excited
molecules due to the restriction of the finite mesopores space and
the immobilization of symmetric mesoporous structure for
DDPDI molecules. The same phenomena was found in
rhodamine fluorophores that gas phase stokes shift was
significantly smaller than that in solution phase.'” It was similar
to Stark effect spectroscopy which yielded the difference between
the absorption spectrum of DDPDI in presence of an externally
applied electric field and the spectrum without the electric field.
The electric field acted on DDPDI in channels of MCM-41
resulted from -OH groups which symmetrically distributed on the
surface of pore. In other words, the relaxation did not exist in the
excited state. Therefore, although the absorption spectrum of
DDPDI in MCM-41 shifted to red significantly, there is no red
shift of the fluorescence spectrum, and, as a result, a zero Stokes
shift of the spectrum can be observed (Shown in Fig.5b).
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Fig.5. Normalized DR-UV-vis (solid) and fluorescence spectra (dot) of
DDPDI/MCM-41-U and DDPDI in toluene.

3.3 Effects of permittivity of ambient on fluorescence of
DDPDI/MCM-41-U

The solvent relaxation introduces an additional red shift to
the Stokes shift of the fluorophore. Spectra of fluorophores in
more polar solvents tend to be shifted more to the red. The more
polarity the surrounding compounds, the larger the red shift of
fluoresence. Fig.6 presents the fluorescence spectra of
DDPDI/MCM-41-U in toluene, toluene with 30% ethanol,
ethanol, air with 50% relative humidity and water, respectively.

The results illustrate that there is obvious red shift in
fluorescence spectra of DDPDI/MCM-41-U assemblies with
increase in polarity of surrounding compounds. Emission peak at
543nm, corresponding to 0-0 transition, splits into two peaks at
543nm and S551nm respectively while DDPDI/MCM-41-U
composites were measured in moist air and water. It clearly
indicated that there were two types of species fluorescing from
different environments. As we known, fluorescence spectrum was
affected by polarity and refractive index of solvent at an exact
temperature through induced dipole moment of fluorophore
resulting from surrounding compounds. Solvation effects were
approximately described using the conductor-like screening
model with the default refractive index.'® DDPDI molecules
attached in MCM-41 have two probabilities, namely, in the pore
and on the outer surface of MCM-41. When DDPDI molecules
were attached into the channel of molecular sieves, the molecules
were in the symmetric electric field caused by hexagonal pore of
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MCM-41 similar to fluorophore in the nonpolar solvent. However,
a small amount of polar molecules, i.e. H,O and ethanol

so molecules, diffused into pores assembled DDPDI monomer to

break the balance of force field in the pore of MCM-41.
Occurrence of a limited red shift for monomers in the pore of
MCM-41 was analogous to that weak polarity of solvent was
executed on fluorophores. Emission peak at 543 nm was assigned
to 0-0 transition of DDPDI molecules in the pore reasonably.
However, water is assigned to a protic solvent which cause
drastic quenching of fluorescence because of the presence of H-
bonding-induced excited-state deactivation.'” On the contrary,
emission peak of DDPDI/MCM-41-U at 551nm was intensified
significantly in water. This peak could be assigned to interaction
between water molecules and DDPDI molecules on the surface of
MCM-41. In the presence of a polarizable environment, each
state corresponds to a specific collective polarization of the
ambient molecules. In the case of situation that DDPDI molecules
were on the outer surface of MCM-41, the collective polarization
applied to fluorophores could be discomposed into asymmetric
electric field on the surface of MCM-41 and the dielectric
continuum of polar solvent resulted from water molecules.
Additionally, steric hindrance of C;, hydrocarbon chains
substituted for imino N site decreased the effect of protic solvent
on fluorescence of mono-dispersed DDPDI molecules located
outside of pore in MCM-41. It was reasonable that emission
peaks at 55Inm were attributed to collective electronic
perturbation by -OH groups of water and surface groups of
MCM-41 to the carbonyl oxygen of surface DDPDI molecules.
Furthermore, we hereby proposed a method to characterize
whether the guest molecules were in the pore or outside during
research on host-guest assembly in porous materials.

—=— Experimental data
Linear fitting of experimental data)

e

Intensity/au.

0.0
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wavelength/nm

80 Fig.6. Normalized fluorescence spectra of DDPDI/MCM-41-U in

different ambient and dependence of difference of spectral shift on
permittivity of ambient (Inset).

1-Toluene;2- toluene mixed with 30% ethanol;3-Air with 50% relative
humidity;4-Deionized water;5-Ethanol

As results reported by Horng et al, difference of spectral
shift was directly proportional to the polarity function of
environmental molecules surrounding fluorophore.”’ Polarity of
surrounding compounds could be defined as dielectric constant.
Dielectric constant of surrounding compounds at 20°C could be
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arranged from small to large on the order of toluene (permittivity
of 2.4), toluene mixture with 30% of ethanol(permittivity of 7.04),
air with 50% relative humidity (permittivity of 22), ethanol
(permittivity of 25.3) and water (permittivity of 80.4).>' The
linear regression fits the data to the model of following form:
y=0.72+0.17x

where y denotes the wavelength of red shift, and x is permittivity
of ambient compounds (Shown in inset of Fig.6, R=0.994.).
Herein a linear dependence of spectral shift on difference
permittivity of ambient was observed as well. The deviation from
linearity shown in figure was due to the fact that the refractive
index of ambient was omitted probably.

4. Conclusions

In summary, solid monomer dispersed DDPDI/MCM-41
composite with strong fluorescence were successfully prepared
through incorporation of the DDPDI molecules into the
nanopores of MCM-41 in toluene solution with subsequent
ultrasonic treatment. The DDPDI content of composite was 41.0
mg/g. Through cavitation and acoustic streaming of ultrasonic
waves, the DDPDI aggregates in the MCM-41 could be
disassembled into monomers or dimers, which presented zero
Stokes shift in toluene solution. The fluorescence spectrum red
shift of 0-0 transition was proportional to permittivity of ambient.
Split of emission peak at 543 nm in polar ambient indicated that
DDPDI molecules were attached at both sites of internal and
external surface of pore of MCM-41.
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Graphical abstract
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“, Exciting light light

PL spectra of DDPDI/MCM-41 illustrated peak splits in protic solvent with
different attachment sites of fluorophore, and linear change of red shift with
permittivity of ambient after ultrasonic treatment.
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Fig.1. Molecular structure of DDPDI
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Fig.2. XRD patterns of MCM-41, DDPDI/MCM-41,DDPDI/MCM-41-M, and DDPDI/MCM-41-U.(Inset is part
presentation of XRD patterns)
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Fig. 3. HRTEM images of MCM-41(a), DDPDI/MCM-41(b) and DDPDI/MCM-41-U (c).
430x142mm (72 x 72 DPI)
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Fig.4. Fluorescence spectra of DDPDI/MCM-41 (short dash), DDPDI/MCM-41-U (solid) and DDPDI/MCM-41-M
(dash dot). Fluorescence spectrum of DDPDI in toluene (2.48x10-5 moleL-1) (short dot) is also shown as a
comparison. (Insets are corresponding UV-vis spectra of samples )
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Fig.5. Normalized DR-UV-vis (solid) and fluorescence spectra (dot) of DDPDI/MCM-41-U and DDPDI in
toluene.
199x119mm (300 x 300 DPI)



RSC Advances Page 12 of 12

— =— Experimental data
12 Linear fitting of experimental data|

£

=

a ol

o

2

&

=)

=

E

et
o 2

]
E\‘ g
= 3
72}
=
QL L L L L L
= ¥, 0 15 30 45 60 75
— o I

% Permittivity

o
R

RS SRR,

0.0 . . . e e U S
550 575 600 625 650 675 700
wavelength/nm

Fig.6. Normalized fluorescence spectra of DDPDI/MCM-41-U in different ambient and dependence of
difference of spectral shift on permittivity of ambient (Inset).
1-Toluene;2- toluene mixed with 30% ethanol;3-Air with 50% relative humidity;4-Deionized water;5-
Ethanol
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