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‘ Fluorescence Study of Nano-scale Cyanine Dye Association
Generated in Polymer Matrices. Size and Temperature
Dependent Effects

Tetsuo MORIYA and Takashi HIRAGA

Nano-scale association of 3,3'-diethyloxadicarbocyanine iodide (DODCI) is
experimentally realized by several preparation procedures such as thin film formation
with a hot-press process after coprecipitation of DODCI and a polymer. The size-
dependent phenomena of the associated molecular aggregate having dimensions less
than 100 nm have been found by performing optical measurements under controlled
conditions over a wide range of the dye concentration and the temperature down to 8 K.
We have proposed a model for the excited-state energy transfer kinetics between the
monomolecule and the aggregate of DODCI, which can consistently explain the
concentration and temperature dependence of fluorescence spectra and lifetimes we
have investigated. The appearance of the nano-scale aggregate is predictable by using
the model based on the analysis of the fluorescence intensity decay profile after a pulsed
light excitation; the activation energy of 6.0—8.2 kJ rhdbr the excited-state
deactivation processes of DODCI in poly(2-hydroxypropyl methacrylate) matrix have
been obtained from the temperature dependence of the long and short fluorescence
lifetime components and quantum yield. As the size of the aggregate or crystalline
decreases, the fluorescence peak position has shifted toward shorter wavelengths,
reflecting the confinement of the electronic state into an extremely small volume; the
fluorescence peak wavelength varied from ~730 nm for the crystalline powder to ~640
nm for the small DODCI aggregate.

association mechanism in matrices has a definite
81 Introduction internal molecular order depending on the shape of
molecules, interactions between them, and formation
Nanometer-scale molecular aggregates composed @rocesses. Photoresponses, such as absorption and
organic dyes which are either dispersed in solidfluorescence, contributed by each molecule in the
matrices such as polymer or suspended in solution araggregate are greatly affected by the self-organized
of current interest because of their novel characteristicocal environment and altered from those for an
fairly different from those of single moleculé$) Such  isolated molecular state. If it is experimentally
a microscopic substance constituted from moleculampossible to vary the size of the aggregate, say, between
building blocks by cohesive forces among them might~ 1 nm and ~ 100 nm, the number of molecules in it is
be called ‘supramolecule,’ because the physical andiaried widely from several to that for crystalline
chemical properties are beyond simple summation oanywhere less than hundred thousands. We have
extrapolation expected from the common knowledgealready developed the versatile technique that uses
about monomolecule or bulk crystd@l.The actual coprecipitation and hot-press methods to treat organic
molecular aggregate formed through a specificdye-polymer mixture4® By applying this to the case
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of 3,3'-diethyloxadicarbocyanine iodide (DODCI) inherentin a crystal. We can imagine that usual states
dispersed in a variety of polymers, it has actuallyare realized between the two extreme cases and the
become possible to control the size of aggregates imeviation can be experimentally traced by various
the polymer matrix and to change substantially thephotophysical measurements. We have carried out the
steric interactions between the polymer and theexperiment on temperature dependence of fluorescence
dispersed molecule or aggregate, which are a functiospectra and lifetimes as well as the basic concentration
of the concentration of the dye molecule and the typalependence, and have related optical response changes
of matrix polymer. Photoresponses are sensitive to thef the system to the molecular association in polymer
association state of the dye molecule and, in order tonatrices occurring over a wide range of conditions.
analyze the related phenomena, we have to know
physical parameters that can properly describe the 82 Experimental
characteristics of the condensed molecular system; we
have utilized a few of these such as fluorescence peak Commercially available 3-ethyl-2(5-(3-ethyl-2(3H)-
wavelength, fluorescence decay profile, averagebenzoxazolylidene)-1,3-pentadienyl) benzoxazolium
association size, degree of molecular order, etc. iodide (3,3'-diethyloxadicarbocyanine iodide, DODCI;
In the previous papér)the basic aspects of DODCI Exciton) was used without further purification. Three
nano-aggregate in various solid polymer matrices havpolymers were employed for the present work:
been reported. Direct and intact observation of thepoly(methyl methacrylate) (PMMA, MW=12,000;
condensed molecular aggregate of several to hundredldrich), poly(benzyl methacrylate) (PBzMA,
thousands associated molecules by means oMW=54,000; Aldrich), poly(2-hydroxypropyl
conventional measurements such as small angle X-rayethacrylate) (PHPMA, MW=93,000; Aldrich).
scattering(SAXS) and electron microscope has long Coprecipitation of DODCI and a polymer from
been hard to carry out. We could firstly estimate theseveral solutions was performed so as to make the dye
particle size distribution of the DODCI aggregate by molecule disperse in an appropriate polymer matrix in
means of SAXS in the densely DODCI doped polymeradvance of further treatments: in a typical case, acetone
films and also in the saturated solutions of DODCI,was used as a good solvent common to the dye and
because the counter ion bf the dye moiety has polymer to make a mixed solution, and a large excess
fortunately a high X-ray scattering ability. However, of hexane was used as a poor solvent to carry out
the existence of a statistical distribution of the size seemprecipitation®” The DODCI-polymer powder obtained
in the SAXS data and inhomogeneous broadening oby filtering was dried under vacuum keeping it just
optical spectra even at low temperatures should béelow the glass transition temperatureg)('ﬁf the
carefully examined to know the actual state of thepolymer® A DODCI-polymer film of good optical
molecular aggregate in the system prepared. quality with a thickness of several ten micrometers was
In order to know the supramolecular systemformed from the DODCI powder sandwiched between
composed of functional organic molecules underthin glass plates by means of the hot-press (HP) method
various microenvironments, the phenomenologicalunder vacuunt. The concentration of DODCI in the
analysis that can clearly categorize observablepolymer film is calculated with the molar ratio of the
phenomena is important at the start of the investigatiorstarting materials when they are dissolved in the good
in advance of detailed microscopic or quantitativesolvent. High quality crystalline powders of pure
analysis. As for DODCI in a solid polymer matrix at a DODCI were also produced by reprecipitation of the
very low DODCI concentration (<10M), the optical single component solution similar to the above-
properties such as absorption, excitation andmentioned coprecipitation.
fluorescence spectra, and fluorescence lifetimes are Small angle X-ray scattering (SAXS) of DODCI
almost identical to those in dilute solutions andaggregates was used to evaluate their association size
contrarily in the matrix with appreciably high DODCI distribution (RINT-1500; Rigaku). X-ray diffraction
concentration (~ XOM), they become similar to those from crystalline DODCI was measured on a



conventional diffractometer (RINT-2500; Rigaku). In sample conditions for different series of experiments,
respect of the DODCI aggregate embedded in a matrixalthough the results are qualitatively consistent and
the measurable SAXS signal was mainly generated bgnough for discussions: e.g., the dispersed DODCI
iodide ions bound to the positively charged dyeconcentration in the film could not be rigorously made
moieties due to the restriction for charge neutrality;the same as that inferred with the weighed amount ratio
the latter determined the basic structure of thebefore various film formation procedures, and fairly
aggregate through the molecular stacking likedifferent setups of the detection systems such as under
brickwork. The size distribution of a cloud of iodide ambient conditions and in cryostat changed
ions was actually estimated by the slope analysis of agpectroscopic sensitivity.

SAXS-intensity vs. scattering-angle curve using

Guinier's law with the assumption of quasi-spherical 83 Results and Discussion

associatior?) and the data have been cited in Table IlI

of Ref.7 3.1 Generation of DODCI association depending
Absorption spectroscopy over visible and ultraviolet on the DODCI concentration and the

wavelengths and fluorescence spectroscopy over surrounding materials

visible wavelengths were carried out on a commercial The size distribution of DODCI nano-scale
spectrophotometer (U-3400; HITACHI) and aggregates has been investigated by means of small
fluorescence spectrophotometer (MPF-4; HITACHI), angle X-ray scattering (SAXS) measurement, and the
respectively? Time resolved fluorescence analysis wasmolecular level interaction in the aggregate has been
performed by a combination of a pulsed diode laseranalyzed by'H NMR and solid-state*C NMR
(PLP-02; Hamamatsu Photonics: oscillation spectroscopy in the previous repoftst) Diameters
wavelength ~ 632 nm fixed, pulse width ~ 67 ps) with of X-ray scatterers produced from DODCI molecules
a time-correlated single-photon counting system (TC-in a reprecipitate (crystalline powder), solutions, and
SPC; ORTEC)Y? We have adopted Eg 1 shown in the polymer matrices have been cited in Table Ill in Ref.7.
next section for the time response of fluorescent center§he different values in the first three columns in the
to a extremely short excitation light-pulse and the dataable are to describe the distribution of association size
have been deconvoluted taking account of the reahnd the last column shows a weighted average.
shape of the excitation light-pulse with a software Photophysical properties of ideally dispersed
which could minimize residual errors. Fluorescencemonomolecular dyes in polymer matrices can be
decay data at each dye concentration was, at first, fittedtudied with advanced spectroscopy such as
with a single exponential decay curve and, if anphotochemical hole burning experime¥tbut, in
observable deviation was found, fitted with a doublerespect to the system containing various dye
exponential decay curve by adding a shorter lifetimeaggregates, relations between optical properties and the
component with a proper weight. Relative fluorescencemolecular state in the aggregate, such as the correlation
guantum yield compared with the one at roombetween the maximum wavelength of the fluorescence
temperature was estimated by the ratio of the collectiorspectrum and the size of each aggregate, and
time for accumulating a preset total photon count atdependence of the fluorescence lifetime on the
an appropriate wavelength in TC-SPC measurementdistribution of aggregates and monomolecules in the
Fluorescence spectroscopy and time resolvednatrix, must be known at first on a clear experimental
fluorescence analysis at low temperature (LT; 8 K)basis. The structure of the DODCI aggregate and the
were achieved with a closed cycle refrigerator systemmolecular interaction of DODCI with the polymer
(CCS-350; JANIS) which was combined with either matrix are determined by a subtle balance between the
MPF-4 or TC-SPC/PLP-02. Several data discussed iself-organizing ability of DODCI and the affinity
the following section occasionally show a little between the polymer matrix and DODCI, and also
incompleteness among them which may be due talepend on the history of thermal treatment applied to
inevitable difficulty in restoring exactly the same produce the sample films. In the case of organic



compounds which form van der Waals-type crystalsenergy acceptors. Typical fluorescence spectra at room
with a low melting or sublimation temperatures, temperature in several samples which will be discussed
sublimation due to the high vapor pressure and thénereafter are shown iRig.1.

spatial diffusion of constituent molecules in space are By using the hot-press method, it has become
commonly observed for most phases such as crystallinpossible to produce DODCI aggregates of various sizes
and dispersion in solid matrices, so that the system isn the polymer matrix at a fairly high DODCI
unstable under ambient conditiohsOn the contrary, concentration which cannot be attained by the other
ionic compounds like DODCI have far more rigid conventional methods. We found comparatively
crystalline state and the association structure is firmetlarge’ aggregates which were weakly fluorescent
than the van der Waals-type molecular crystals becauseontributing to a fluorescence shoulder around 710 nm
of the existence of an electrostatic force for thewith average diameters of ~14 nm for the DODCI-
association of molecular units. Based on suchPMMA films and ~12 nm for the DODCI-PBzMA films
fundamental characteristics of organic compoundsat the DODCI concentration as high as 0.1 M, while
together with good characteristics of polymers as a verywe predicted a smaller aggregate which was efficiently
stable host material, we have developed the new filnfluorescent contributing to a fluorescence peak around
formation process to constitute the nano-scale640 nm, probably having an average diameter less than
supramolecular system without using conventional2 nm, for the DODCI-PHPMA film at the same level
processes such as spin-coating, dipping, and spreadf DODCI concentratiorf? The overall DODCI
ing.” concentration dependence of the fluorescehceand

The wavelengths at absorption and fluorescencéifetime 7, _in PMMA, PBzMA, and PHPMA films has
intensity maximumsA__) are a measure of the average been shown in Fig. 7 of Ref. 7. Similar dependence
energy position of electronic transitions of the DODCI was also observed for the other polymers (PS, PPhMA,
monomolecule and the DODCI aggregate which has and VYHH)® Table 1 summarizes the variation in
variety of association states and is surrounded byptical responses of these films at various DODCI
various microenvironments of matrix polymers concentrations at room temperature and 8 K. In a very
produced through preparation processes; thdow DODCI concentration region less than 1¥1M,
fluorescence lifetime 1, ) supplies valuable DODCI molecules are thought to be dissolved
information on radiative and nonradiative deactivationmonomolecularly in the PMMA and PHPMA matrices,
processes and energy transfer processes from thgince the fluorescenck = was almost the same as that
photoexcited electronic states to a ground state oin dilute solutions and the lifetime_ could be
estimated by single exponential fitting. The
monomolecular fluorescence band always persisted
even in the very high DODCI concentration range
where the additional fluorescence band due to the
DODCI association appeared.

As clearly seen from the case of the PMMA film in
Table 1, the monomolecular fluorescence band peak
atA .~ 600—610 nm gradually shifted to longer
wavelengths with increasing the DODCI concentration
580 eﬁ_ sc') e'lso 760 — 360 before the fluorescence from the coexisting aggregates

Wavelength / nm appeared. This means that weak molecular interactions

. . . such as an induced dipole-dipole interaction between
mo-d ﬁ;%nr;p?e”ri%nefaft\l:?g?ESt,zlgOnzisncfra%?ei%e'gtrr%g%gv(eag,%earby monomolecules in the matrix may perturb the
1x10* M DODCI-PMMA film (b), 2.5x10> M DODCI- energy level of the electronically excited state and the
PHPMA film (c), and crystalline powder (d), where the ground state, thus showing larger Stokes shifts of the

noise level of (d) shows a extremely low fluorescent
intensity compared with the others. fluorescence band, and this may be a precursor of the

Intensity (arb. units)




Table 1 The excitation and fluorescence peaks, the lifetimer_, and the quantum yield pem at room temperture (RT) and 8K

for the DODCI reprecipitate and the polymer films with various dispersed DODCI concentrations.

A max mm Tem Mmsd ¢ em
Excitation Fluorescences) RT 8K Ratio ~ Ratio
DODCI-Matrix RT 8K RT 8K - rems)  SK/RT  SK/RT
Reprecipitate @740nm? @740nm
Sy 730 708+734 0.15 0.28,0.7 1.9---  0.60
PMMA film
[DODCI] @640nm  @640nm
1.0x101M 665 654 625;645;(705) (625);648;(705) 0.17;1.0 0.21;1.12  1.2;11 3.3
1.0x102M 624 615 622;643 621;641 2.7 29 1.1 0.91
5.0x10-M 617 612 621 620;(640) 2.7 29 1.1 0.70
1.0x10-M 593 589 599 598 --
PBzMA film
[DODCI] @640nm @640nm
5.0x102M 605 605 623;(715) 624;(705) 0.40:1.1 0.6;2.2 1.5;2.0 1.0
1.0x102M 606 604 622;(700) 622;(695) 0.45:1.45 0.7:2.5 1.6;1.7 1.1
1.0x10-sM 607 607 613 612 0.50;2.3 0.5;2.8 1L.0;1.2 1.7
PHPMA film
[DODCI] @640nm @640nm
1.0x10'M 650 645 640 644 0.17;1.0 0.24;1.35 1.4;14 3.8
2.5x102M 631 624 615,640 618,638 0.80;2.2 2.3;3.5 2916 35
1.0x10*M 599 590 611 608 2.5 2.5 1.0 3.5

a) + indicates the splitting of the fluorescence band, semicolon shows A max(monomolecule); 1

max(aggregate), and the value in the parentheses indicates a shoulder in the spectrum. The

underlined peak became dominant with changing the excitation wavelength from 550 nm to

500 nm. b) Excitation was performed with a pulsed laser diode at 632 nm..Semicolon shows

the short and long lifetime components tem®Y for the main fluorescence band. --- shows

insufficient fluorescence intensity to estimate the lifetime.

c¢) Wavelength for the

fluorescence lifetime monitoring. d) The excitation yield increased toward the fluorescence

band wavelength without a distinct peak.

tight-bound aggregate formation. Since the absorptiorfluorescence of the monomolecule and aggregate at a
spectrum is hard to obtain in the high DODCI fixed wavelength, e.g., 640 nm, where its decay starts
concentration film, the excitation peak wavelength isto deviate from a single exponential function to a

added in Table 1 for reference though the peak doedouble exponential decay characteristic, as well as the

not coincide with the absorption peak except for thechange in the spectral profile of the fluorescence: the
lifetime in the PMMA film became double exponential

case of a very low dye concentration.

The occurrence of DODCI association with the when the large aggregatg ( ~705 nm) appeared, and
increase in the DODCI concentration is clearly in the PHPMA film, when the small aggregate ( ~
predicted by looking at the lifetime change in the 640 nm) appeared. The overlap of the two kinds of



fluorescence bands does not affect this qualitativeDODCI-PMMA film at room temperature may have the
conclusion as will be mentioned later. The PBzMA same origin as these, though the lifetime remains
film occupied a special position, since the lifetime wasalmost single exponential at the DODCI concentration.
always of two components over the examined DODCIFluorescent isomer of the DODCI monomolecule
concentration range. Considering that the fluorescenceonsidered by several auth&¥s) does not explain the
band at around 700 nm was seen even atM@OODCI, concentration dependent new fluorescence we have
the aggregate is effectively generated in this matrixobserved and further the isomerization that rapidly
from very low doping density of DODCI and it was changes the molecular conformation is improbable in
difficult to prepare the film in which DODCI was in the rigid matrix like the polymers examined here.
complete monomolecular dispersion. As has been discussed hitherto, the preparation
The change in the fluorescence spectrum in thenethod of films and the choice of matrix substances
PMMA film is fairly drastic, beginning at the DODCI were so important for our study that we summarize
concentration of about M DODCI with the some characteristics of the matrices we have used to
appearance of the 640 nm-band and finally theproduce the molecular association of DODCI, i.e.,
additional 705 nm-shoulder. The lifetinrg in the PMMA, PBzMA, and PHPMA. PMMA, —[CH
PMMA film becomes double exponential at 0.1 M C(CH,)(COOCH,)],—, which has a methyl substituent
DODCI, clearly indicating the formation of the large in a polymethacrylate chain, becomes frequently a
DODCI aggregate, the existence of which has beerstandard matrix to make a comparison between various
proven by SAXS measurement at the same DODCIsolid-state properties, since the physical and chemical
concentration. The new fluorescence band at~ 700  data of PMMA have been well knowh. The solubility
—715 nm observed in the densely DODCI-dopedof DODCI in PMMA was appropriate for our purpose
PBzMA and PMMA films with the DODCI and we could produce the DODCI-dispersed PMMA
concentration higher than M is assigned to the film over a very wide range of the DODCI
fluorescence from an appreciably large nano-scaleoncentration. In order to stabilize the molecular state
aggregate or an ultrafine crystallite formed in theof an ionic compound like DODCI, polarity,
polymer matrix in a self-organized manner, becauséydrophobicity, and hydrogen-bonding ability of the
the DODCI crystalline of the reprecipitated powder matrix may be essential factors. PMMA provides a
contributed to the similar fluorescence band at aboutather nonpolar environment for DODCI due to the
730 nm. methyl substituent, so that the self-organizing force of
Although no aggregate with diameters larger than 2DODCI in the PMMA matrix naturally leads to the
nm was detectable by SAXS measurement in DODCIl-occurrence of ordered aggregates with about 10-nm
PHPMA films as shown in Ref.7, another change indimensions, which can be caused by the stabilization
the fluorescence spectrum different from the above-of charged ionic pairs, DOD®—, in the nonpolar
mentioned large aggregate was found above 2.8x10matrix to the molecular association.
M DODCI: this new type of fluorescence band which ~ PBzMA, —[CH, (CH,)(COOCH,¢)] —, which has
appeared ad _~ 640 nm and became dominant at 0.1a bulky benzyl substituent, forms a very hydrophobic
M DODCI seems to correspond to an extremely ‘small’environment, and the steric hindrance of the bulky
size aggregate or possibly fluorescent DODClbenzyl may make the formation of the DODCI
oligomer, although the DODCI dim#&t is non- aggregate easier. This is reflected in the persistent
fluorescent. We have also found a similar fluorescentexistence of the DODCI aggregate in the PBzMA
band in the saturated solutions of DODCI whosematrix down to a low DODCI concentration, where the
solvents are dimethyl sulfoxide, acetonitrile, fluorescence decay of the monomolecule still has two
dichloromethane, and trichloromethane, which meandifetime components showing the existence of DODCI
the microenvironment provided by the PHPMA matrix aggregate, so that PBzMA is thought to be a proper
is similar to the one produced by these solvents. Thenatrix polymer to produce a large amount of
fluorescence band at 643 nm appeared in theNM0 aggregates between the high DODCI concentration and



the DODCI concentration as low asd. PHPMA, intensity change are:

—[CH,(CH,) (COOCH,CH(OH)CH)] —, on the other ~M'+A - M+A" : Excited state energy transfer (@
hand, forms a little h);drophilic enivironment due to the from the monomolecule to the aggregatglA]
hydrogen-bonding ability of hydroxypropyl and the - from the aggregate to the monomoleculg[W]
PHPMA matrix was revealed to dissolve DODCI most M*+M - M+M" : Resonant excitation transfer or reabsorption of
efficiently among the polymers examined. This emitted light; |,,[M], (b)

situation for the PHPMA matrix is well elucidated by where k’s are the transfer rate of the excited state and
the absence of a large crystalline aggregate detectab[@] and [M] are the concentration of A and M. If only
by SAXS measurement, though we believe that a typeghe monomolecule, M, is excited hyfunction-like

of ultrafine aggregate smaller than 2 nm contributinglight pulse in the absence of the aggregate, A, the
to the fluorescence band around 640 nm (Fig.1(c)) ifluorescent time-response of the excited

stabilized. monomolecule, |(t), is described simply by
l,(t) O exp(-tir M.
3.2 Excited state energy transfer model It is naturally presumed from the absorption and

Except for the PBzMA film which did not contain excitation band wavelength of M and A, and also the
the small aggregate represented by the 640 nmfluorescence band wavelength of Mnd A, that the
fluorescence, there occurred at the high DODClexcitation transfer by dipole-dipole interaction occurs
concentration the overlap of the monomolecular andvery efficiently from M to A, i.e., k,, in process a is
small-aggregate fluorescence bands having the peaksxpected to be large. For most realistic cases
at ~ 615 nm and ~ 640 nm respectively, the latter beingontaining M and A, both of which can be
the wavelength where the fluorescence decay waghotoexcited, we can very generally apply a double
frequently monitored. Nevertheless, we determined theexponential decay function for the fluorescence decay
lifetime constants independently of weather theof M":19
fluorescence band overlaps or not, and we thought thel (t) Oexp(-t/r, )+F, - exp(-tf_ 9, (2)
generation of the molecular aggregate predictable in 7/, long lifetime;z, s short lifetime; F, amplitude factor.
all the DODCI-polymer films by monitoring the change t_'andr_ *arethe functionsaf ¥, 7 A,k ,,andk ,and written:
in fluorescence decay profile at an appropriate 1/, 5= 1/2-+v) £ 1/2-{(v-p)* + 4 k. [A] k . ,[M]} *2, (2)
wavelength with taking no account of the complexity and
of the fluorescence spectrum. p= 1t M+ Kk [Al, v=1f A +k, [M].

In order to reasonably understand such fluorescencé 1/t ™ +k [A] O 1/t A+ kAM[[M] and 1,0 k,, [M]
lifetime characteristics and the excited state energyare satisfied and process b discussed later is negligible,
relaxation in the complex DODCI-matrix systems thenrt_'sis simply written:
under various conditions, we have adopted a 1/t ~ 1k, " +k,[A] and 1/, 5~ 1/r, A
sufficiently generalized model which may cover most The form of Eq 1 is very versatile for the
phenomena observed in our optical measurements. Fgthenomenological analysis of the experimental data of
this purpose, it is necessary to include the DODCIcomplex systems as has been studied here. In respect
monomolecule, M, with the absorptioh)  ~ 590—  of the fluorescence decay of Ave readily obtain |(t)

610 nm and the DODCI aggregate, A, with the by substituting the suffix M for A, which gives the
absorptionA _ ~ 600—670 nm; their photoexcited samer_'s and different F. Therefore, even when the
states, M*, with the fluorescencg  ~ 600—625 nm fluorescence from M* and A* overlaps and the pulsed
and the lifetimer_ " =1/(k+k ), and A*, with the lightis absorbed by both M and A simultaneously, the
fluorescencel  ~ 640— 715 nm and the lifetimeg * sum intensity, | (t)+ I (t), monitored at an appropriate

= 1/(k'+k'), behave as the fluorescent centers, wherevavelength is again described by the same form as Eq
k's and k's are the radiative and nonradiative 1 where the F value becomes a formal fitting parameter.
transition rates, respectively. In addition to these,Because we discuss about changes_jfs, not the F
essential processes which determine the fluorescencealue, it is not necessary to consider much weather the



fluorescence from Mand A at the monitoring crystalline is realized. Possibly, excitonlike excitation
wavelength is overlapped or not: F values are not cite@&nergy transfer through molecular interactions in the
in Table 1 for this reasof? aggregate becomes an important factor as well as the
Although the spatial diffusion of dye molecules is other energy deactivation. In spite of such ambiguity,
hard to occur in the rigid matrix, energy transfer duer, ™ >>1_ # is though to be reasonably satisfied and
to process b between the monomolecules at the higbhe final results for the fluorescence decay
DODCI concentration results in a time-dependentcharacteristics are describable by Eq 1 and the
diffusion of the excited state population of M space approximation is good between room temperature and
and causes a fluorescence decay which is not describe?lK.
by Eq 1. Based on the rigorous formulation of excited Based on both the assumed model and the measured
state deactivation taking account of this transientdata, it has been concluded that the concentration at
effect, it has been shown that such a component ofvhich the one-component decay is switched to the two
fluorescence decay is always smeared out very rapidlgomponent one is where the DODCI aggregate starts
and the decay component following the long lifetime to interact appreciably with the excited state of the
constantr_!, becomes soon dominant after a time monomolecule. This crossover concentration for the
elapse!® Equation 1 is widely applicable in good DODCI-polymer matrix system aligned as
approximation when the long lifetime component hasPBzMA<PMMA~PHPMA, while the size of the
an order similar to the lifetime of Mi.e., 7, '~ 1, ", DODCI aggregate in the most densely DODCI-doped
andr_ '>> 1 s where the second exponent factor?, polymers estimated by SAXS measurement ranked as
which is an additional short lifetime component, PMMA>PBzMA>>PHPMA. This shows the particle
represents qualitatively the early-time transient effect.size and density of the generated aggregate in the
We can gain no further insight into the system by thematrix is not the monotonic function of the DODCI
successive addition of another exponent for higherconcentration initially introduced into the films.
approximations, though it is possible to carry out by a
numerical procedure. Consequently, the problem is 3.3 Effects due to temperature reduction
seen very perspectively by using the double To see the overall temperature effect upon the
exponential analysis for all the data over a very widemolecular systems, the excitation and fluorescence
range of DODCI concentration and for a variety of properties of the DODCI reprecipitate and the DODCI-
polymer matrices at a variety of temperatures. polymer films at room temperature (RT) and 8 K are
The radiative transition rate of'Mk, which is  compared in Table 1. The low temperature effect on
estimated in Ref.19 and also evaluated by thethe reprecipitate was the_lengthening by 1.9 times
integrated intensity of the absorption band spectrumwith 740-nm monitoring; there was no notable change
of M, is of the same order as the @/ obtained in in the excitation spectrum, but the spectral shape of
this experiment, so that the nonradiative transition ratethe fluorescence band altered at 8 K. The reason why
k,, is comparable to or much less thands k+k =1/ the lifetime of the reprecipitate becomes of two
r. M, that is, the monomolecule is an efficient components is unclear though correlated with the split
fluorescer. As for the radiative transition rate df,A of the fluorescence band at 8 K. The increasg, irat
the quantitative estimation as the above was difficultlow temperature with long-wavelength monitoring was
to make. The overlap of the absorption bands of Mexperimentally common in crystalline states such as
and A and the persistent existence of the monomolecul&irly large crystal, ground crystal and reprecipitated
over the whole DODCI concentration range preventedpowder. To judge with the semiconductor band-edge
the examination of deactivation characteristics of thefluorescence by analody,the fluorescence-band shift
A" fluorescence independently of the Ruorescence. toward shorter wavelengths and the lifetime
Considering the data of the powdered crystalline, thdengthening in the band-edge transition are expected
very short lifetime is expected for the photoexcitedwith the reduction of the temperature if the crystalline
aggregate if the molecular stacking similar to theordering or molecular stacking of the dye molecule



induces a band-like energy level inferred by a

structureless broad-band absorption. Thevalue of 0-0255)':‘6”302'?1%’ PHPMA
the reprecipitate has shown weak dependence on the 0 EM. 650nm
10°- |

distribution of crystalline size. The ratio of the
quantum yieldsg, (8 K)/¢, (RT), for the reprecipitate L

was 0.6; curiously, it was less than unity and this might g

be due to the deactivation through imperfection of the §

crystalline though not definite. =103~ il
In the dilute DODCI-polymer films containing less g

than 5x16 M DODCI, there was little low temperature F [

effect onA__ andrt,, while the ratio of the
fluorescence yieldg, (8 K)/¢@, (RT), varied over 0.7
—3.5. The matrix dependence of the ratio may become 10
a qualitative measure to classify the molecular L
microenvironment around the monomolecule or the

guality of matrix. For a normal monomolecular state

ko
of DODCI, the percentage of the excited state which 1 kb E |
nonradiatively decays by various thermally activated (IJ ' 110 1 210 . 1
processes should decrease toward low temperatures an : i
Time/ns

in effect ¢, will increase: this was realized in the

DODCI-PHPMA and DODCI-PBzMA films, giving a Fig.2 Typical fluorescence intensity decay profiles in the
lifetime measurement for the overlapping monomolecular

ratio of 3.5 and 1.7 respectively, but was not applicable and aggregated DODCI fluorescence bands of DODCI-
to the DODCI-PMMA film. Considering all the PHPMA films with 2.5x10* M DODCI at room

. temperature (a) and 8 K (b). The wavelength of the
factors, DODCI is thought to be monomolecularly excitation light pulse (c) was 632 nm and the fluorescence
dispersed at least in PMMA and PHPMA in the dilute intensity was monitored at 650 nm.

limit. If the homogeneous broadening of the optical
spectrum of DODCI due to the matrix phonon (thermal2.5x102 M DODCI-PHPMA, respectively. As the
vibration of the polymer chain) at an extremely low temperature of the DODCI-PBzMA film with 5x0
temperature becomes competitive with theM DODCI was decreased from room temperature to 8
inhomogeneous broadening due to statisticalk, the fluorescenca _ at 715 nm of the aggregate
fluctuations in electrostatic potential of the matrix band shifted to 705 nm and both the long and short
microenvironment around the dye molecule, thelifetime components at the 640-nm fluorescence were
temperature decrease will induce narrowing of theelongated, while the position of the monomolecular
monomolecular fluorescence band. Because suchiuorescence band at 623 nm showed no noticeable
effect has not been observed for all the DODCI-change. In the DODCI-PHPMA film with 2.5x M
polymer systems, the inhomogeneous broadening i®ODCI, the coexistence of the monomolecule and the
much larger than the homogeneous broadening over themall aggregate at room temperature is very clearly
examined temperature range since most thermashown by the contribution of the fluorescence bands
motions are thought frozen at 8 K. at 615 nm and 640 nm, respectively (Fig.1c). The
When the aggregate in the polymer films isfluorescence spectrum at 8 K remained almost the same
generated with increasing the DODCI concentration,but the fluorescence lifetime was appreciably elongated
the lifetimet_ became of the two components showingas seen fronFig.2. Because the monomolecular
reasonably the existence of the DODCI aggregate anfluorescence band observed singly at the low DODCI
was elongated at 8 K: e.g., for the longer lifetime concentration showed little lifetime change with the
componentr_ (8 K)/t_ (RT) ~1.1,2.0and 1.4in 20 temperature, the coexisting aggregate of the dye
M DODCI-PMMA, 10?2 M DODCI-PBzMA, and molecule is concluded to be the cause of the observed



T T T fluorescence intensities changed with a monitoring
wavelength but did not affect the result. The lifetime

ar increased from the values at room temperature toward
ce e e o o lower temperatures and the change was saturated below
. 165 K.
m 3+ Based on the temperature dependencg odndg,
c ° , we discuss further the excited-state deactivation
\E cooo o © ® - processes to separate them into the one which can be
E_U‘J ok <= 0 ® . 4 *é‘ thermally activated and the others. Although the actual
S lifetime constants are complex functions of many rate
o .
ha aa A A © 5 13 5 constants, k's, these rates are phenomenologically
s =~ separable into two parts which are temperature
a £ . oL
1F A 12 o dependent and independent: e.g., the radiative
A_—L-—> -

LN transition rate of A k', is temperature independent
under normal conditions and most nonradiative
transitions are thermally activated. We have described

1
-y

1 1 1 0
0 100 200 300 such essential behavior af '<(T) as a function of
T/ K temperature, T, with
I,s, - I,s I,s,
Fig.3 Temperature dependence of the fluorescence lifetimes Tem (M=1Rk*+k{T)}, ©)
T.! (e )andr *(o ), and the fluorescence yielg where ks and ks(T) are the effective deactivation rates
(O ) for the DODCI-PHPMA film with 2.5x18 M . .
DODCI. The fluorescence was taken at 650 nm with 632_be|ng independent of and dependent on temperature,
nm excitation. respectively, and the superscripts, | and s, indicate the
long and short lifetime components, respectively.
temperature dependence of the lifetime. Although this assumption oversimplifies the situation

The respectivep, ratios seem to vary rather widely if the derivation of Eqs 1 and 2 is recalled, there comes
among the polymers: 1.0—1.7 in the PBzMA films, out a good merit to extract a phenomenological
3.5—3.8 in the PHPMA films, and 0.7—0.9 in the parameter from the measured data which can
PMMA films except for the 0.1 M DODCI-PMMA film  characterize molecular interactions in the dye-polymer
which has an abnormally large ratio of 3.3: the excessystem. If the main process to determine the
doping of DODCI into PMMA might induce an special temperature dependence of k(T) is the rate process
effect on the matrix-dye interaction. Such situationshaving a representative activation enerfyi, we have
are essentially attributable to the microscopic structure 1/t '5(T)-k"s=k"s(T)=Kk 's-exp(AE"*/RT), (4)
of the polymer matrices and their interactions with thewhere k'* are the frequency factor for the deactivation.
dye aggregate which can be modified by pendentAs for the fluorescence monitored at 650 nm in the
substituents of polymer chain as mentioned earlier2.5x10> M DODCI-PHPMA film, the temperature
The reabsorption of emitted light in the very high variation int_ '* is saturated below 165 K as seen from
optical density (OD) films may alter the apparent Fig.3, and the temperature-independéentvialue was
value but it does not explain the polymer dependencereadily known from these saturated valuEsgure 4

In the case of the 2.5x20 DODCI-PHPMA film, shows the logarithmic plots of 4/ (T)-k vs. 1/T, from
the temperature dependence of the lifetime of thethe slope of which we can obtalYE of Eq 4. The
overlapped fluorescence emitted from the activation energies wedE'~ 8.2 kJ mat for the long-
monomolecule and the small aggregate was fullylifetime component andEs~7.9 kJ mot for the short-
measured at 650 nm between room temperature and I&etime component, which were very close to each
K as shown inFig.3 in spite of a very low detection other.
efficiency from the small aperture inherent in the In order to correctly discuss the quantum yigld,
cryostat system, where the percentage of the twove must take into account the situation that some



T T T T T T deactivation rate, and ‘kand K(T) are the
corresponding effective deactivation rates being

109 temperature independent and dependent. By
introducing the static quenching process, it has become
[ (_,_0\_00\ possible to explain the experimental result thatghe

value is very sensitive to the type of matrix polymer
and changes with T evenif_ does not change with T
as is the case for the very low DODCI concentration.
Experimentally, the temperature dependence of the
relative ¢, value is measurable by monitoring the
fluorescence intensity at an appropriate wavelength if
the temperature change in fluorescence band spectrum
is small. Concerning the quantum yield of the
monomoleculeg, ", at the low DODCI concentration,
! ) A X | , it behaved reasonably in the PHPMA film giving a
3 4 5x1073 larger value at low temperature but abnormally in the
1T /7 KT PMMA film giving a value less than unity at low
Fig.4 Logarithmic plots of 17_ s~ k=and 1fp,_- k*/k vs. 1/T, ~ temperature, considering the quenching effect will be
where k* and k*/k are estimated from the saturated suppressed at low temperature due to the decrease in
values at the low temperature reagion in Figr3! (e ) . . . .
. 7,°(0 ), andg, (0). o the thermal fluctuation of the matrix media. This may
be partly because the PMMA matrix is rigid compared
amount of M will suffer from the instantaneous to the PHPMA matrix and, without an appropriate
quenching caused by a contact-type strong interactiommount of strain reducing additives, the static
between polymer chains and"Mt a confined small quenching centers such as microscopic cracks in the
site which deactivates it directly to the ground statematrix increase in density or in quenching ability with
without fluorescence. This is the ‘static quenching’ the temperature reduction. If the high concentration
factor described as procesg%¢? of DODCI works as the strain reducer, the quantum
1-W: (M- matrix)—» (M---matrix), (c) efficiency recovered to the normal value as seen from
where W=exp(-V[quenching site close to']jis a  Table 1 for the 0.1 M DODCI-PMMA film is rather
factor dependent on the quenching site density closeeasonable.
to M and the static quenching constant, V, indicating The fluorescence from the DODCI-PHPMA film at
the strength of the quenching interaction betwe€n M 2.5x102 M DODCI which is monitored around 640—
and the quenching site. The fraction of W of M 650 nm contains the components from the
follows the normal deactivation processes discusse@nonomolecule and small aggregate, so that we have
hitherto and the fraction of 1-W of Mollows the observed the sum of the, values for these two
instantaneous deactivation because it is inside thepecies, i.e.p, = ¢ " +@ *. Because of efficient
strong affection range of quenching sites. W isfluorescence of the two components, the temperature
assumed to depend on the thermal fluctuation ofchange ing,, can be experimentally traced, being
polymer chains at the quenching site. Even if thissaturated below 100 K similarly tg_: the k*/k value
factor is introduced, the conclusion obtained for thewas readily estimated from this saturated value. The
T..S characteristics is not altered, but the resultantiogarithmic plot of 14, (T)-k'/k vs. 1/T is shown in
fluorescence intensity is reduced and the actuaFig.4, from the slope of which we can obtaii* of
guantum yield is replaced by: Eq 6. The activation energy wa& ~ 6.0 kJ maol.
@, (T)=Wkrt Wt =1k’ +k(T)} (5) The activation energies of 8.2 —6.0 kJ rhof the
lig (T)-K'Ik =k'(T)/k =(k, /K )-exp(AE/RT), (6) same order were obtained fay '(T), _ 5(T), and
where k is the temperature-independent radiativeg, (T). It is noted that the values fay_andg,_are
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derived from the independent analyses and these valuetate deactivation among the others. In the case of
contain an important phenomenological meaning inDODCI, the excitation transferred from singlet to
relation to the microenvironment of the DODCI triplet state decays nonradiatively because
monomolecule and the DODCI aggregate in thephosphorescence inherent in the triplet state has not
PHPMA matrix. The activation energies are been observed even at low temperatures. If contact or
comparable to the hydrogen-bonding energies such athrough-bond interactions such as the hydrogen
C-H--N, C-H--0, and O-Hwrelectron which are all in bonding between the outerelectron shell of DODCI

the range of 5-20 kJ mdJ and it is conjectured that and polymer chain pendants can thermally promote the
these intermolecular binding mechanisms or weakintersystem crossing through the excited energy levels,
attractive forces which are effective between organicthey become a possible mechanism for the static
molecules possibly determine the temperaturequenching which has explained well the temperature
dependence of the lifetimes and quantum efficiencychange ing, and givenAE'~ 6.0 kJ mat.

measured between room temperature and 8 K. It has

already been shown from the NMR data in the previous 3.4 Excited state energy scheme of the DODCI-

reportd that the intermolecular binding through a polymer system
hydrogen bond is important for the molecular In order to clearly understand the optical property
association of the DODCI aggregate-matrix system, we have

In respect of the temperature changerjp the proposed inFig.5 an energy diagram which is
dependence is mainly due to the lifetime changg ih consistent with the characteristics analyzed in this
of the aggregate, becausg" of the monomolecule report including the excited-state energy transfer
is temperature insensitive as seen from the results at kinetics between the dispersed monomolecule and the
10° M DODCI in Table 1. The binding between the randomly distributed aggregate. The energy levels for
associated molecules would be loosen by thethe ground and excited states are schematically shown
temperature elevation, which may induce the increasas a function of the number of molecules, N, which
in deactivation rate by the fluctuation of the associationspreads from monomolecule (N=1), dimer (N=2),
structure. k. and k which determine the excited oligomer or small aggregate (N=) large aggregate
state energy transfer between the monomolecule anfN=n), precipitate (N=|;>>na) to crystal (N=0): the
aggregate are essentially temperature independent ground states are drawn relatively shifted to lower
the molecular conformation and relative position areenergies with the increase in the molecular association
fixed, but, as the structure of the aggregate thermally

. . . < 2nm 10 n 40
fluctuates, they contribute indirectly to temperature ot > — —
| | ibut =l I-Rd |
change int__as well as the direct contribution from Potential I‘E'
' . ) oo P —_
k'. We ha.ve known the Ia-rge gggregate generate.d i Egtc;:d 2 (/_d = W\ 7
these matrices has crystalline-like molecular ordering AN Continuum CW,EJ;"

since it has an fluorescence band around 700 nr
similarly to the crystalline powder, and it might be

600 nm

Energy

700~720 nm 730 nm 790 nm

<>
- 9
S 9
5
g
=
5
5
5

Transition

natural thatr_ ! (T) andt_ 5(T) which contain common Ground _|
. . .. State - 1
terms expressed in Eq 2 have given the very simila . Mono- ——
values ofAE'~ 8.2 kJ moltand AEs~ 7.9 kJ m0’|1, molecule Dimer Aggregate Precipitate  Crystal
respectively, but further experiments are needed t ? oo -
E—
understand quantitatively which deactivation pathway Number of Molecules

is most effective and temperature-dependent in the dye-. _ _ ) _
Fig.5 Schematic drawing of the change in electronic energy

polymer system. levels of DODCI molecules for various states according

Generally, intersystem crossing between the to the increase in the number of molecules in the

o . ] aggregate. The typical transition energy from the excited
electronic singlet and triplet states is thought to be an state to the ground state in each case is indicated by the

efficient mechanism for the monomolecular excited fluorescence peak wavelength



number considering the stabilization with attractivechains. The DODCI concentration where the
forces in the association. The dimeric association ofluorescence decay after a light pulse excitation
DODCI has been observed by absorption spectroscopghanges from single to double exponential time-decay
in several solutions of concentrated DODCI such asprofile has been a very clear measure of the generation
an aqueous solutidfl and also in polymers such as of the DODCI aggregate or crystalline, as well as the
PHPMA. The excited state splits into two sublevels,change in the absorption and fluorescence spectra. We
an upper branch of which is dipole-allowed, but a lowerhave proposed the energy diagram for various degree
branch of which is dipole-forbidden so that there is noof the molecular association, which could explain very
florescence from the lower branch. The excited statavell the experimental results.
of the aggregate having more than several molecules We believe that the ideally clean organic system
splits into much more sublevels depending on themade of the associated dye-molecule and the polymer
molecular association number and becomes dipolenatrix by means of the totally in-vacuum proceds&s
allowed with appreciable fluorescence intensitythe  will become more and more important in the work of
small aggregate found in the DODCI-PHPMA film has engineering side as well as the basic investigation
a fluorescence peak at a shorter wavelength comparecarried out here. We have clarified some aspects of
to the large aggregate found in the DODCI-PMMA andthe phenomena concerning nano-scale dye association,
PBzMA films because of the stronger confinement ofbut further effort to analyze rigorously the internal
electronic states in the smaller volume. The sublevelstructure and order of the involved molecules is
for a large size aggregate merge into a broad singleequired by using much advanced observation
band, or a continuum band, if the constituent moleculegechniques such as optical near field scanning
is closely packed as the DODCI crystal. The proposednicroscope with a nanometer resolution.
energy scheme is sufficient for consistently explain the The authors would like to express their hearty thanks
fluorescence spectrum change which is controlled byto Norio Tanaka and Hiromitsu Yanagimoto of
the DODCI concentration in the system and the energypainichiseika Color & Chemicals Manufacturing co.,
deactivation kinetics of the photoexcited DODCI lItd., for preparing the samples and treatment of organic
monomolecule and aggregate under various conditionsieagents. Thanks are also due to Professor Emeritus
K. Honda of the University of Tokyo for his continuous
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