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Size-dependent fluorescent properties of aggregates of a perylene ammonium derivative (PeryAm) were 
studied by steady-state and time-resolved spectroscopic methods. Quantitative analyses of aggregated 
states in aqueous solution indicated that the aggregation proceeded through dimer units of PeryAm. 
Fluorescence of the aggregate in the PVA film prepared from the aqueous solution continuously 
redshifted with an increase in the concentration of PeryAm in the mother liquor, while keeping the 10 

absorption spectra almost the same band shapes. Fluorescence anisotropy values of aggregates in the PVA 
film were dependent on the monitoring wavelength and time profiles of the fluorescence in longer 
wavelength showed fast rise just after the pulsed excitation. These results indicated the efficient energy 
transfer to the stable sites in aggregates. Fluorescence microscope images showed aggregates were 
segregated in the PVA film and the color of the emission was dependent on the size of the aggregate.  15 

Under the steady-state irradiation, the emission color of the aggregates was changed from green to yellow, 
which was attributable to the association of a small cluster of PeryAm with the green emission resulting 
in the formation of yellow-colored aggregates. On the basis of these results, we discussed the mechanisms 
and the dynamics of the aggregation and size-dependent emission in aggregates.  

Introduction 20 

Organic molecular aggregates take an important role in various 
photofunctional systems.1, 2 Fluorescence property of organic 
molecules in aggregates is different from those molecularly 
dissolved in solutions and various emission colors appear through 
the molecular interaction depending on the assembled states.3, 4  25 

So as to control these emissive properties, it is of crucial 
importance to obtain the detailed information on the origin and 
evolution of the emission in the aggregated state where the 
specific interaction can lead to the appearance of new colors.5-10  

Along this line, we studied fluorescence properties of 30 

aggregates in poly(vinyl alcohol) (PVA) matrix.11, 12 The 
segregation of solute molecules in PVA films prepares aggregates 
with a size of nm to µm and the high viscosity in the polymer 
film decelerates the temporal evolution of size and morphology 
of aggregates.13, 14 By applying this method of polymer matrix 35 

isolation, we found that the unique fluorescence in longer 
wavelength range appeared in the segregation processes of pyrene 
ammonium (PyAm)11 and perylene ammonium (PeryAm)12 
derivatives and, interestingly, this new emission continuously 
redshifted with increasing concentration of the solute. 40 

This gradual change of the fluorescence can provide the 
information on the aggregation and segregation processes through 
the evolution of the emissive species in the aggregates15 and 
suggested the possibility for the control of the emission color by 
the control of the size and morphology of the aggregate. So as to 45 

precisely elucidate the mechanism on the evolution of the 
aggregate and obtain the rational principle for the control of the 
emission, comprehensive information on the dynamics of the 
aggregation is indispensable. Along this line, we have undertaken 
concentration-dependent fluorescence change of anisotropy and 50 

fluorescence lifetime measurements of PeryAm in PVA matrices 
as well as the quantitative analyses of the aggregation in aqueous 
solution. Moreover, the fluorescence microscopy was applied to 
the detection of the aggregation and segregation processes in the 
present work. By integrating the continuous evolution of the 55 

emission properties of PeryAm in PVA films with increasing 
concentration, we discuss the evolution of the emissive state in 
the aggregates and the photoinduced switching of the emission of 
the aggregate in the following. 

Experimental 60 

Perylene ammonium derivative (trimethyl-(2-oxo-3-perylene-1-
yl-ethyl)-ammonium bromide; PeryAm Fig. 1) was synthesized 
according to previous report.12 PVA (Tokyo Chemical Industry, n 
= 1750 ± 50, degrees of saponification 97-100 mol%) was used 
without further purification. PVA thin films doped with PeryAm 65 

were prepared by drop-casting onto quartz plates. The PVA 
concentration in ion-exchanged and distilled water was fixed to 
0.113 mol·dm-3 (0.5wt%). The coated films were dried under 
vacuum condition for 24 h at 298 K. UV-Vis absorption spectra 
were measured by a Shimadzu UV-2450 spectrometer. 70 

Fluorescence spectra were recorded by a Shimadzu RF-5300PC 
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fluorescence spectrophotometer. Anisotropy of steady-state 
fluorescence was obtained by changing the polarization of the 
fluorescence either parallel or perpendicular to that of the 
excitation light. The anisotropy was calculated by using r = (IVV-
GIVH)/(IVV+2GIVH), where IVV and IVH respectively are the 5 

fluorescence intensity of the vertically polarized portion of 
fluorescence and that for the horizontally polarized portion under 
the excitation with the vertically polarized light. That is, the first 
and second subscripts represent excitation and detection 
polarization, respectively.16  The factor G is defined by IVV/IVH, 10 

which is equal to the ratio of the sensitivities of the detection 
system for vertically and horizontally polarized light.   
 Fluorescence lifetime was measured by a time-correlated 
single-photon-counting (TCSPC) system. Experimental setup for 
the TCSPC was described previously.17  The excitation light 15 

source was the second harmonic (400 nm) of a Ti:sapphire laser 
(Spectra Physics, Tsunami). The fluorescence lifetime was 
estimated by non-liner least square fitting with deconvolution of 
the actual instrumental response function (IRF). Typical time 
resolution by this method is ca. 5 - 10 ps. 20 

 The fluorescence color and the morphology of the films were 
captured by using an inverted microscope (Olympus IX71), 
equipped with a high-pressure mercury lamp, a dichroic mirror 
(Olympus WU filter cube), a UPlanFl 10×/0.3 (Olympus) 
objective lens, a CCD camera (Sigma Koki SK-TC202USB-AT), 25 

and a USB 4000 (Ocean Optics) spectrometer which was not 
corrected for the wavelength dependence.15  The photoirradiation 
of the films under the microscope was also performed with the 
same high-pressure mercury lamp, a dichroic mirror (Olympus 
WU filter cube; excitation: 330-385 nm, monitor: over 420 nm), 30 

the power of which was about 0.6 mW. All experiments were 
carried out at room temperature (298 K). 

O
N

Br-

 
Fig. 1 Molecular structure of PeryAm. 

 35 

Results and Discussion 
Concentration-dependent properties of PeryAm in aqueous 
solution 

Before the discussion on the concentration effect of PeryAm in 
PVA film system, we show the concentration-dependent 40 

properties of PeryAm in aqueous solution as a reference.  Parts of 
the results were described in the previous letter.12  Fig. 2a shows 
the absorption spectra of PeryAm in aqueous solution as a 
function of the concentration. New absorption band around 450 
nm, which is different from that of the monomer, increases with 45 

increasing concentration. Spectral features such as absorption 
maximum and bandwidth were independent of the concentration. 

In addition, the emission maximum and bandwidth of this new 
species were also independent of the concentration.21 These 
results indicate that this new absorption is safely ascribable to 50 

only one species in this range of the concentration and suggest 
the formation of the dimer.  
 In order to quantitatively analyze this new absorption band, we 
assumed that the monomer-dimer equilibrium is established in the 
aqueous solution as shown in eq. (1). 55 

 
  M +M D      (1) 
 
The equilibrium constant K can be represented as, 

 K =
[D]

[M][M]
=

x / 2

(M
0
− x)(M

0
− x)

   (2) 60 

 
where M0 is the total concentration of PeryAm in the solution and 
x /2 corresponds to that of the dimer, [D]. In the case that M0 is 
much smaller than 1/K, the dimer concentration, [D], is 
quadratically proportional to M0. On the other hand, the dimer 65 

concentration is proportional to M0 in the case where M0 is much 
larger than 1/K. In the range with M0 ≈ 1/K, the concentration of 
the dimer is expected to show the relation not being dependent on 
[D] ∝ M0α (α = 1 or 2) (see details in ESI). Accordingly, the 
analysis of the absorbance of the new species as a function of M0 70 

in this intermediate range may provide detailed information of the 
equilibrium constant.  
 The dependence of the absorbance at 450 nm on M0 is shown 
in Fig. 2b, where both axes are given in logarithmic scales. In this 
range, the absorbance of the new species can be approximated to 75 

be in proportion with M0α with α=1.3, indicating that the relation, 
M0 ≈ 1/K, holds in this range. The solid line is a curve calculated 
using eq. (2) with K = 4.2×104 M-1 and the molar absorption 
coefficient of the dimer as 44,800 M-1cm-1. The calculated curve 
in Fig. 2b well reproduces the experimental results, indicating 80 

that the new absorption band is due to the formation of the dimer 
of PeryAm with the large equilibrium constant. 
 As mentioned above and in the previous letter12, this new 
species shows the fluorescence at 610 nm. To confirm the 
validity of the molar absorption coefficient of the dimer as 85 

estimated above, we evaluated the radiative rate constant, kf, of 
the dimer fluorescence using the modified Strickler-Berg 
relation.18 Fluorescence quantum yield (Φ) and the fluorescence 
lifetime (τ) of the dimer at the concentration of 1.0×10-4 mol⋅dm-3 
were respectively obtained to be 0.22 and 360 ps, respectively 90 

(see ESI). From these values of the fluorescence properties, the kf 
value was obtained to be 6.0×108 s-1. On the other hand, the 
radiative rate constant was estimated to be 4.6×108 s-1 using the 
modified Strickler-Berg relation with the molar absorption 
coefficient of 44,800 M-1cm-1. These two values were comparable 95 

with each other and this result also supports the formation of the 
dimer in the aqueous solution. 
 Because the association constant of PeryAm in water is very 
large and the solubility in other solvent is very low, it was 
difficult to purely obtain the absorption spectrum of the monomer 100 

of PeryAm. Hence, the excitation spectrum for the fluorescence 
at 470 nm was measured in the aqueous solution of PeryAm 
(2.0×10-6 mol⋅dm-3) as shown in ESI. This spectrum showed three 
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vibrational peaks at 392, 414, 440 nm and was in the mirror 
image of the fluorescence spectrum with peaks at 460 and 490 
nm in Fig. 3b. 
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Fig. 2 (a) Ａbsorption spectra of PeryAm in aqueous solution. (b) The 5 

dependence of absorbance at 450 nm on the concentration of PeryAm in 
aqueous solution (closed circles). The solid line is a curve calculated 
using eq. (2) with the monomer-dimer equilibrium constant of K = 
4.2×104 M-1. (see text) 

 Fig. 3 shows absorption and fluorescence spectra of PeryAm in 10 

PVA films as a function of concentration. With increasing 
concentration, new absorption band around 465 nm increases. 
The absorption maximum and the bandwidth were almost 
independent of the concentration. Because the absorption 
maximum and the spectral band shape are similar to those in the 15 

aqueous solution in Fig. 2, this new band is ascribed to the dimer. 
 Fig. 3b shows fluorescence spectra of PeryAm in PVA thin 
films with concentration from 0.001 to 0.4 mol%, excited at 400 
nm. Part of the results was reported in the previous letter.12 
Although the absorption spectral shape was almost independent 20 

of the concentration as shown in Fig. 3a, the fluorescence spectra 
of PeryAm in PVA films were strongly dependent on the 
concentration. At the concentration of 0.001 mol%, the 
fluorescence peak was observed around 450 nm. This 
fluorescence can be safely ascribed to the monomer on the basis 25 

of the fluorescence spectrum in the aqueous solution with diluted 
concentration. At 0.01 mol%, the intensity at 450 nm decreases 
and new broad band appears around 530 nm. With further 
increase in the concentration of PeryAm, the band at 450 nm 
disappears entirely and the broad emission appearing in longer 30 

wavelength region redshifts with increasing concentration of 
PeryAm. The fluorescence peak reached at 565 nm under the 
concentration of 0.4 mol%. This broad emission shifting toward 
longer wavelength with an increase in the concentration is 
ascribable to the dimer in the PVA film. It is, however, worth 35 

noting that the emission maximum of the broad fluorescence 
band of the dimer in aqueous solution did not depend on the 
concentration and located at 605 nm.  The smaller Stokes-shift in 
the film suggests that the geometrical relaxation of the dimer in 
the excited state is restricted in the solid state. The continuous 40 

redshift of the emission of the dimer suggests that the energy 
migration to the stable dimer site occurs in the aggregate and the 
number and/or the property of the stable site are dependent on the 
size of the aggregate. In addition, as will be shown in Fig. 6, the 
segregation of PeryAm aggregates in the PVA film was observed 45 

under high concentration. Hence, inhomogeneity of aggregates 
could be attributed also to the gradual redshift of the emission in 
the PVA film.  
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Fig. 3 Absorption (a) and fluorescence (b) spectra of PeryAm in PVA 50 

films at 0.001, 0.01, 0.1, 0.2 and 0.4 mol%. The excitation wavelength is 
400 nm. 

To explore the contribution of the energy migration in the 
gradual redshift, steady-state fluorescence anisotropy (r) was 
measured. Details of the excitation anisotropy spectra were 55 

plotted as a function of concentration in ESI. The r value under 
the excitation in shorter wavelength region was small, while 
larger r values were observed by the excitation in longer 
wavelength region of the absorption band (see ESI). In Fig. 4, we 
show the r values monitored for the fluorescence at 530 and 650 60 

nm as a function of PeryAm concentration in order to simply 
compare the efficiency of the energy migration in the aggregates 
depending on the monitoring wavelength as a function of the 
concentration. In this plot, the r values were averaged in the 
range of 428 to 498 nm in the fluorescence excitation spectra. In 65 

the dilute condition at 0.01mol%, the r values were respectively 
0.39 (530 nm) and 0.35 (650 nm), indicating that the direction of 
transition dipoles is almost the same between the absorption and 
emission transitions. With an increase in the concentration, both 
the r values decrease but the decrement of the r value at 650 nm 70 

is more strongly dependent on the concentration. This result 
strongly suggests that the energy migration into more stable sites 
is pronounced with increasing concentration. 
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Fig. 4  Fluorescence anisotropy of PeryAm in PVA films. The monitoring 75 

wavelength is 530 (closed circles) and 650 nm (opened circles). The r 
values were averaged for the excitation in 430 - 500 nm region. 

 To more directly elucidate the energy migration, we measured 
fluorescence time profiles of PeryAm in PVA films excited at 
400 nm. The monomer and dimer of PeryAm in the film were 80 

excited at 400 nm and the population ratio could be estimated to 
be 1:3 on the basis of the association constant in aqueous solution. 
The ratio of the excited species may be inclined to the dimer to 
more extent, because the absorption coefficient of the dimer at 
400 nm is still large (close to 10-4 M-1 cm-1) as was shown in 85 

Fig.1. 
 Fig. 5 shows time profiles for the film with 0.4 mol% PeryAm, 
monitored at 470 and 650 nm.  Fluorescence at 470 nm (Fig. 5(a)) 
is mainly attributed to the emission from the monomer species as 
shown in the absorption and fluorescence spectra in Fig. 3. Time 90 
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profile at 470 nm was reproduced by a triple exponential function 
with time constants of 9 ps, 450 ps, and 3.49 ns and the major 
components of the decay were 9 and 450 ps. These behaviors 
strongly suggest that the monomer species underwent the rapid 
energy transfer to the dimer site in aggregates. On the other hand, 5 

time profile at 650 nm shows a fast rise component with 10-ps 
time constant and decay components of 3.8 and 12 ns. The time 
constant of the rise component is almost the same with that 
observed in the decay at 470 nm. These behaviors strongly 
support the efficient energy migration leading to the formation of 10 

the excited state of the stable dimer species. It should be noted 
that aggregates with different sizes are segregated in the film with 
0.4 mol% PeryAm. In addition, the fluorescence time profiles 
were measured for rather wide spatial region of the film. Hence, 
the fluorescence time profile is composed of those for many kinds 15 

of aggregates and multiple decay components may be attributed 
to these contributions. Actually, the multiple emissive species 
coexisting in the films also may contribute to the continuous 
redshift of the fluorescence shown in Fig. 3. 
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Fig. 5 Fluorescence time profiles of 0.4 mol% PerAm in PVA film 
excited at 400 nm and monitored at 470 (a) and 650 nm (b). 

 

Fluorescence images of PeryAm in PVA thin films under the 
optical microscope 25 

In order to acquire the information on the relation between 
fluorescence properties and the morphology of aggregates, we 
measured fluorescence microscope images of PeryAm in PVA 
films excited the UV light in Fig. 6. In the film with 0.01 mol% 
(Fig. 6a), fluorescence spots with blue and green color are 30 

observed. These emissions are respectively attributable to the 
monomer and dimer of PeryAm, of which results are consistent 
with the ensemble fluorescence spectrum shown in Fig. 3. At the 
concentration of 0.02 mol%, fluorescence image shows green 
color. Because the fluorescence intensity is not uniform in all the 35 

areas of the image and localizes in many tiny spots, the emission 
is mainly due to small aggregates at this concentration. Over 0.2 
mol%, the background emission turns from blue-green to 
yellowish green. In addition, bright spots and several types of the 
emission with green, yellow and orange, are observed. The 40 

yellow fluorescence is detected in large aggregates with the size ≥ 
10 µm. Because this yellow spot was independent of the 
polarization of the detection, the structure of the aggregate is in 
the amorphous state. The orange-colored emission is quite weak 
and the spot looks like dark shadow (Inset of Fig. 6d). This is 45 

probably due to the low fluorescence quantum yield of the 
orange-colored emission, of which value was estimated to be less 

than 0.1. The image of the aggregate with orange emission was 
dependent on the polarization, suggesting that this aggregate has 
crystal properties. The fluorescence spectra are also different in 50 

yellow- and orange-colored species under the microscope as 
shown in Fig.7. 
 From the comparison of the images between 0.2 and 0.4 mol%, 
one can find that the number of yellow-colored aggregates in the 
film with the 0.4-mol% PeryAm is much larger than that of 55 

orange one. As mentioned in the previous section, the structure of 
the yellow-colored aggregate is in the amorphous state, while the 
orange-colored emission was suggested to be in the crystalline 
phase. The larger number of the yellow-colored aggregate in the 
film with the 0.4-mol% PeryAm strongly suggests that the change 60 

of the fluorescence color is not simply due to the crystal 
formation.  
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Fig. 6 Fluorescence microscope images of PeryAm in PVA films; (a) 0.01, 
(b) 0.02, (c) 0.2 and (d) 0.4 mol%. Inset of (d) was an image expanded in 

scale, showing yellow- and orange-colored aggregates.   
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Fig. 7 Fluorescence spectra of PeryAm aggregates under the optical 

microscope. 

 

Dynamic change of emission color of aggregates under the 10 

steady-state irradiation 

To elucidate the dynamics of the aggregation and its relation to 
the change of the emission color, we measured the temporal 
evolution of the fluorescence image of the 0.3-mol% PeryAm in 
PVA film under the steady-state light irradiation in the 15 

wavelength < 420 nm (Fig. 8). The green emission was observed 
around the yellow-colored aggregate just after the 
photoirradiation. Under the continuous irradiation, parts of the 
green emission (indicated by the while circle) changed its color 
into yellow, as shown in the red arrows in Fig. 8.  The number of 20 

the yellow-colored aggregate increased with elapse of irradiation 
time.   

200 µm

Just after

after 18 s

 
Fig. 8 Fluorescence microscope image of 0.3 mol% PeryAm in PVA 
films before and after the photoirradiation. Red arrows indicate the 25 

yellow-colored aggregates appearing by the photoirradiation.  
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 As shown in Figs. 3 and 6, the green-colored emission was 
mainly observed in the PVA film with low concentration of 
PeryAm. On the other hand, the yellow-colored emission was 
dominant in the film with the concentration > 0.2 mol%. In 
addition, the yellow-colored emission was observed in rather 5 

large aggregates as was shown in Fig. 6. Fig. 8 shows that the 
change of the color from green to yellow is accompanied with the 
increase in the size of aggregates. This result directly indicates 
that the color of the emission is dependent on the size of 
aggregates, which is consistent with the results in Figs. 3 and 6. 10 

In addition, the result in Fig. 8 shows that the color of the 
emission of PeryAm aggregates can be switched by the light 
irradiation, probably by the photothermal effect leading to the 
fusion of small aggregates.  

Assembling process of PeryAm in PVA films 15 

On the basis of the above results, the concentration-dependent 
fluorescence spectral change could be summarized in Fig. 9. The 
fluorescence color at 0.01 mol% showed blue-green as was 
shown in Fig. 6a. These are mainly attributed to the monomer and 
the dimer. At 0.02 mol% where the segregation was observed in 20 

Fig. 6b, the color evolved into green-yellow. With further 
increase in the concentration, the size of the aggregate increased 
and the color of the fluorescence changed into yellow. The size of 
the aggregates was estimated to be ca. 10 µm at 0.06 mol%. The 
size increases with an increase in the concentration and it was ca. 25 

30 µm at 0.4 mol% while keeping the yellow color. Because the 
yellow-colored fluorescence was independent of the polarization, 
it was suggested that the morphology was in the amorphous state. 
The small aggregate with orange-colored fluorescence appeared 
at the concentration larger than 0.2 mol%. The polarization- 30 

dependent property of the orange emission suggested that the 
aggregate was in the crystalline phase. By comparing the present 
fluorescence spectrum with that of the crystal powder,12 it could 
be deduced that crystallization partially occurred in the films 
upon increasing local concentration during solvent evaporation. 35 

Because the orange-colored emission was not detected in the 
concentration lower than 0.2 mol%, it could be concluded that the 
amorphous phase turned into the crystalline phase. Actually, as 
was shown in Figs. 6 and 8, the orange colored region was 
located in the yellow-colored aggregate.  40 

 The characteristic fluorescence properties have been widely 
reported for organic nanoparticles.19-22 Kasai et al. reported that 
the optical properties of perylene nanoparticles prepared by the 
reprecipitation method.19, 20 The fluorescence spectra of the 
nanoparticles differ from that of the bulk crystals. They proposed 45 

the lattice softening in nanoparticles as a cause of the size-
dependent optical properties.21, 22 Such change of the properties 
of small particles allowing the geometrical relaxation may 
contributes to the present gradual shift of the emission and time 
profiles of the fluorescence to some extents.  50 

 In general, the organic molecules with bulky substituent and 
highly conformational freedom easily form the amorphous state. 
PeryAm has ammonium group which is probably affected by 
conformation freedom. PeryAm is preferentially formed of 
amorphous phase with yellow emission rather than crystal phase 55 

with orange emission. These findings suggest that the aggregation 
process is strongly dependent not only on the dispersion 
concentration of PeryAm, but also on the speed of the solvent 

evaporation during the casting process. 
 60 
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Fig. 9 Schematic representation of assembling process of PeryAm. 

 

Conclusions 
We have investigated properties and evolution of PeryAm 65 

aggregates in PVA matrices based on the fluorescence properties.  
The fluorescence lifetime and anisotropy depending on the 
monitoring wavelength indicated that different emissive states, 
depending on the concentration, were produced in the PVA film. 
Aggregates with the yellow-colored emission (in the amorphous 70 

phase) were produced prior to the appearance of the aggregates 
with orange-colored emission in the crystalline phase. The 
fluorescence image showing that the small part of the yellow-
colored emission turned into orange-colored spot indicated that 
the part of the amorphous area gradually turned into the 75 

crystalline phase.  
 The steady-state light irradiation induced the change of the 
emission color accompanied with the fusion of the small 
aggregates. This result suggests that the photo-thermal evolution 
of the emission color in the aggregate is attainable by the 80 

photoirradiation.  
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