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Emission lifetime and steady-state spectral measurements of aggregated and monorrdieth$|3,5-
dichloro-9-phenylthiacarbocyanine (DDPT) in methanol and aqueous solutions at room temperature have
been conducted. We deduce that in aqueous solution DDPT molecules that maintain their monomer emission
lifetime and spectral properties exist intimately with molecules that are coherently interconnected in the excitonic
structure. Simultaneous superradiance and monomer fluorescence from DDPT molecules occur and allows
for a direct comparison of superradiance emission properties of aggregated molecules to the emission properties
of the single molecule. We have found that the fluorescence lifetime of the aggregate is excitation wavelength
dependent, and are led to conclude that superradiance by aggregated molecules and energy transfer from
monomeric species to the aggregate play important roles in determining the optical dynamics of the aggregated
system. We also report some of the photophysical properties of DDPT.

I. Introduction azolocarbocyanine (TTBC) and BIC adsorbed at room temper-
ature onto colloidal silica and silver particles, respectivély.
Implicit in the phenomenon of superradiance is the concept
of a coherence size for the emitting entity, often considered
a localized region of the physical aggregate structure. The latter
may be comprised of an enormous number of monomeric
species, while the superradiant emitting entity is assumed to be
gomposed of a small number of molecules that collectively and
coherently emit radiation. The coherence size specification is
used to designate the number of molecules in the superradiant
entity, and the radiative decay probability of the aggregate, in
Phenomena such as superradiant emission, nonlinear opti(:aFhe simplest case, is related. to the. radiative depgy probability
of the incorporated monomeric species by a multiplicative factor

response, excitonexciton annihilation and excitorphonon corresponding to the coherence size. The issue of coherence
interactions have been specific research foci for many molecular ~. P 9 :

aggregate systems. These phenomena represent system paraﬁ]'—ze may also arise when absorption and scattering of radiation

eters that might be utilized to develop new materials with unique b yFa(l)grgrtﬁgeaterdessérrl]Jtct;Itrﬁg arvt?/eof r:r;\t/eereit(.)n ducted steadv-state
photonic and optoelectronic properties. P y y

The focus of this manuscript is on superradiance from a fluorescence and time-resolved fluorescence lifetime measure-

cyanine dye system that simultaneously evinces monomer andE?eefr;trsrefgrtOS,ﬁgrlgmg;gséilClg:glr:’c')l:'g-spehee?ngrlta?:rlg?clj/rznTefor
aggregate emissions, allowing for a more direct comparison of ’ 9

. o : structure) in methanol (where the monomeric species exists
superradiance characteristics relative to those of the monomer: ) ( P )

Superradiance (viz., coherent spontaneous emission (CSE))anCI In aqueous homogeneous solution (where the aggregate

it might be noted, is a somewhat difficult concept to comprehend Ere?grc’mn?:]nezﬁessér;heogfg:‘h;noﬂggeL'Ssiscglll p:gsgmésvgf Sg\éﬁrilosro
in terms of the structural geometry of the aggregate and thethe same solution s stemg forV\I/Jhizh Iifeti?nepmeasurements were
influence of structure on the cooperative emission rate, though Y

several studies have provided clear evidence of the basic phe-.made' We have deduced that superradiance plays a crucial role

nomenon. Systems in which superradiance has been verified}?o%ﬁ)t'ﬁqaéggrr:i?'ig 0; thfea%%;egr:tsﬁt:yisgemr?ngrefﬁ'jg?gstgz?]sgeer
include 1,1-diethyl-2,2-cyanine (PIC) in ethylene glycol/water lifetime for th ggt 9 9

glass at low temperatufePIC adsorbed onto an AgBr surface letime for the aggregate.

at room temperaturél, 1 -diethyl-3,3-di(3-sulfopropyl)-5,56,6-
tetrachlorobenzimidazolocarbocyanine (i.e., BIC) in ethylene
glycol/water glass at low temperatut@nd, recently from this All spectroscopic measurements were conducted at room
laboratory, 1,1,3,3-tetraethyl-5,56,6-tetrachlorobenzimid- temperature. DDPT was purchased from the Japanese Research
Institute for Photosensitizing Dyes, Ltd., Okayama, Japan, and

* Corresponding author. used without further purification.

Research dealing with exciton dynamics within molecular
aggregated structures that are formed by noncovalent, self-
assembly of molecules has become extremely actvimcipally
because of the interest in exploiting molecular structures for
optical information processing and device applications. The
inherent participation of the quantum states of molecules in
defining the state-energies of such aggregated structures provide
a means for control of both the energies of the composite
structure and the dynamics of energy flow, upon excitation,
within the structure.

II. Experimental Section
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Figure 2. Absorption and fluorescence spectra of 4% DDPT in
\ CHs water. Scale factors for enhancements of signals for weak bands are
D:}/\N{j@\ indicated as numbers tagged to bands.
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CHs 2Hs suggestive of the mirror-image structure that is expected of most

Figure 1. Absorption and fluorescence spectra of DDPT in methanol molecules. The emission has a peak at ca. 582 nm.
at ca. 10° M concentration in a 0.1-mm cuvette. Insert shows the Figure 2 shows absorption and emission spectra of DDPT in
chemical structure of DDPT with chloride counterion. aqueous solution, in which DDPT exists predominantly in an
) . . aggregated form. The absorption spectrum has two bands, an
Absorption spectra were recorded using a Perkin-EImer jianse hand at ca. 673 nm and a much weaker one at 566 nm.
Lambda 19, UV-Vis/NIR spectrometer. Steady-state fluores- o nang at 673 nm is attributable to the J-aggregate, while
cence spectra were acquired using a SPE).( I_:Iuom}bg- the band at 566 nm, corresponding to a separation from the
spectrofluorimeter. Time dependent spectral emission measureg73 nm band of some 2809 cfr-unlikely to be due to a
ments utilized a Hamamatsu streak camera (Model C4334) and, ;p, - onic absorption band of the aggregate attributable to
optically coupled charge-coupled-device (CCD) array detector 4,qqntion by the monomer. The emission spectrum in Figure
combination, positioned at the exit plane of a Chromex 250i , (excited with 560 nm radiation) likewise shows two bands
imaging spectrometer. The. limiting time resolution fqr t_he at 673 and 578 nm: the narrow emission at ca. 673 nm is
system, as indicated by the instrument response to the incidentyy i taple to J-aggregate, and essentially is in resonance with
laser pulse of. 10 ps (see below), is ca. 30 ps, as shown in Figurey,e 3 aggregate absorption, while the emission band at 578 nm
3 below. N (consistent with the red-shift expected between absorption and
. The excitation light source was a Coherent 702 mode-locked, g,qrescence bands) is attributed to monomeric fluorophores).
picosecond dye laser that was pumped by a Coherent Antares g 14 pe noted that the simultaneous presence of both monomer
76s Nd:YAG laser. The excitation wavelengths used for the ;4 aggregate emissions allows for the determination of the
aggregate were _575 and 615 nm, the latter near the ‘]'aggregat?elative fluorescence efficiency of J-aggregated DDPT, since
absorption maximum (seg Figure 2, belovy). The excitation qnomers exist in the same microenvironment as the aggregate.
wavelength for monomer in methanol and in aqueous homo-  the patyre of the putative monomer in an environment in
geneous S(_)Iution was 575 nm. This latter wavglength is near,,pich aggregates predominates is of interest. An obvious
the absorption maximum of the monomer (see Figure 1, above)'possibility is that two types of monomers are involved in the
_ To prepare J-aggregated DDPT, 0.4 mL of 4.0 mM DDPT  qiea| aggregate: one type, though intercalated in the ag-
in methanol was mixed with 135.6 mL of 0.1 M KCl aqueous g eqate structure is essentially isolated and differs from another
solution. The samples were excned_wnh pulses o_f_energy of type that is coherently coupled to other monomers and col-
ca. 0.13 nJ/pu.Ise an_d of 10 pPs dgranon, V‘,”tr_' repetition rate of lectively form the superradiant emitter. Another possibility is
76 MHz. The intensity of the incident radiation was adjusted 1ot there might be free monomers in solution that exist
through the use of calibrated neutral density filters and was kept separately from those that are involved in the physical aggregate.
below 16* photons/criiin order to minimize lifetime shortening A aid in assessing whether one or both of the possible
effects attributable to exciton-exciton annihilati§mlso, front- monomer/aggregate pictures apply is provided by a determina-
surface luminescence measurements, using a 0.3 mm singlgiqn of the direction of spectral shift of monomer features in
optical fiber to collect emission, were conduct_ed_(see b_elow), the aggregate system when compared to free monomer at low
and the sample was flowed through the excitation region 0 ;qncentration in an organic solvent. It is expected that the

minimize photodecomposition of the sample. monomer when intercalated within the aggregate structure would
lIl. Results and Discussion experience a somewhat more rigid environment than do free
) monomers, whether in agueous solution or in MeOH (the

Figure 1 shows absorption and emission spectra of monomericorganic solvent we have used in this work). We have found, in
DDPT in methanol. The absorption spectrum has two main fact (as mentioned above), that the monomer in MeOH absorbs
bands at ca. 566 and 528 nm, attributable to thé®@nd -0 at 566 nm and emits at 582 nm, while the monomer in the
vibronic transitions, respectively. The emission spectrum is red- aggregate environment absorbs at 566 nm and emits at 578 nm.
shifted with respect to the absorption spectrum and has a shapdience, a blue shift of the monomer’s emission occurs, sug-
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gesting that monomers experience a constricting environment, TABLE 1. Photophysical Parameters of Monomeric DDPT
such as would be expected if they were intercalated within an in (';AEOH and Aqgec;\us 50'““2”? (M and M:RreSPeCtlvely)
aggregate structure. This picture is also consistent with earlier 37 J-aggregate in Aqueous Solution (J) at Room

T . . R . emperature

findings from this laboratory regarding 2s@yanine (viz., PIC)

and 4,4-cyanine’-12 We ascertained from Raman scattering parameters M M J
studies of both 2,2cyanine and 4,/4cyanine adsorbed onto  Aa{nmp 566 566 673
smooth, polished surfaces that the Raman spectra consist ofAva{cm )" 650 178
bands due to adsorbed J-aggregate as well as effectiveIy’k“m(”(Tr):rl)d ?gg =78 fgg’
monomeric molecules. In the case of'2cRanine—as revealed Azfs":;’ke@m_l) 485 366 0

from pH-dependent Raman frequencies with 488 nm excitation g, (575 nm) 0.015+ 0.002 1.0 10

we were able to correlate numerous Raman bands of the  (615nm) 22
adsorbate with those of the crystalline mateHaWe further Tiuo(PS) (575 nm) 71207 708+ 0.4 64.5+04
found that Raman overtone and combination bands for both K x 108((68%15)””1) 20404 25.3:05
adsorbates could be excited by pumping the respective mono-y * "1 go(sY) 13401

mer’s adsorption frequency;*?and such bands (incidentally) ¢ 15(Mtem?)  3.0+0.1 6.54 0.1
could be used in determining the common parentage (e.g., originkyky (575 nm) ~11

due to protonated or nonprotonated species) of various funda- (615 nm) ~62
mental band$!*2 a Absorption spectra maximi.The bandwidth of the 8- 0 lowest

In the present work, we have also determined the relative excited electronic state transition is obtained by decomposing absorption
room-temperature fluorescence efficiency of aggregated DDPT. Spectrar Fluorescence spectra maxinfalhe bandwidth is obtained
Fluorescence spectra were taken using front-face excitation withP?Y SPectrally decomposing fluorescence speétrbsorbance values

01 tte. L | trati af M0 were less than 0.06 for the samples and reference, rhodamine 6G in
a 0.1-mm cuvette. Low sample concentrations (ne ) EtOH. T Taken as reference and set equal to 1Bingle exponential

were used to eliminate self-absorption, which may result in gecays withy?2 varying between 1.1 and 1.4A double exponential
radiation trapping between excited-state and ground-state ag-decay with shorter lifetime 64.5 ps (95%) and longer lifetime of 335
gregates, since the absorption and emission spectra of theps (2%) durationy? = 1.44." A triple exponential decay with shorter
J-aggregate overlap almost completely with nearly equal lifetime of 25.3 ps (97.7%), second of 86.9 ps (2.2%) duration, and

bandwidths. third of 510 ps (0.1%) duratiory? = 1.3.
To determine the fluorescence efficiency, fluorescence emis- 1.0

sions of aggregated and monomeric DDPT were excited using

560-nm radiation. The respective bands were integrated with 0.9

respect to wavelength and divided by the absorbance at 560

the 615-nm excitation, the fluorescence efficiency of the 0.2
aggregate was enhanced 22-fold. We interpret these results as
evidence for superradiance from J-aggregates of DDPT at room

temperature. These data are summarized in Table 1. 0.0

To confirm superradiant enhancement, fluorescence lifetime 0 100
measurements were also carried out for the J-aggregate and Time (ps)
monomer in MeOH_ and in the agueous system N which Figure 3. Fluorescence decay of DDPT in aqueous solution for
aggregation predom_lnates. The putative monomers in MeOH J-aggregate band excited at 575 r@) &nd 615 nm@©), and monomer
and aqueous solutions were excited at 575 nm, while J- pand excited at 575 nn#). Laser pulse excitation was of ca. 10-ps
aggregates were excited at both 575 and 615 nm. Figure 3 showsjuration and a streak-camera (see text) was used to capture decay. The
typical fluorescence decays using our streak-camera system ofl-aggregate fluorescence decay for 575-nm excitation utilized a
the J-aggregate excited at 575 and 615 nm, and the monomegetection band-pass ranging from 650 to 750 nm, and was centered on
in the aggregate environment, excited at 575 nm. the aggregate emission .peaklgt 673 nm. The J-aggregate fluqrescence

. decay for 615-nm excitation utilized a detection band-pass ranging from

The fluorescence lifetime of the aggregate was found to 640 to 715 nm, and was centered on the aggregate emission peak at
change with excitation wavelength (see Table 1). The fluores- 673 nm. For the monomer, the excitation frequency was 575 nm and
cence lifetime of the aggregate was found to be 64.5 ps for the detection range was 585 to 650 nm, with the emission centered at
excitation at 575 nm, while the lifetime found using 615-nm 580 nm. The sqlid_line represents tht_a temporal response of the detection
excitation was 25.3 ps. The similar magnitude of the fluores- SYStem to the incident laser excitation.
cence lifetimes of the aggregate and monomer when 575 nmaggregate (with 615-nm radiation) in this picture would derive
excitation was used can be rationalized as the creation of afrom the elimination of the rate-limiting energy transfer (or
higher excited state (in the present case, the excited monomeryelaxation) step as well as avoidance of energy depletion
that subsequently transfers energy (incoherently and with losspathways that occasion the indirect process. A similar finding
channels) to the aggregate, thus prolonging the aggregate’swas reached by us in a study of a water-soluble porphyrin
lifetime. The shorter lifetime with direct excitation of the aggregate, whose excitonic Q-state when indirectly excited by

0.1

nm. This approach was also used for the fluorescence band of 0'85
the aggregate obtained with 615-nm excitation; an additional %‘ 0.7F
correction factor was used to correct for the absorbance 8 :
difference at 615 nm. The monomer’s integrated fluorescence £ 06¢
divided by the absorbance at 560-nm in the aggregate environ- 8 05E
ment was used as reference and it was taken as 1.0. As a result 8 2
of this procedure, the fluorescence efficiency of the aggregate Lg 0-4;'
for 560-nm excitation was found to be 10-fold increased T 03k
compared to the monomer in the aggregate environment. For mo E



http://pubs.acs.org/action/showImage?doi=10.1021/jp991627a&iName=master.img-002.png&w=192&h=209

Superradiance of Aggregated Thiacarbocyanine Molecules J. Phys. Chem. B, Vol. 103, No. 42, 1998929

relaxation from the porphyrin aggregate’s singlet S(Soret) energy manuscript, and decomposed with 10 ps resolution into com-
state has a longer lifetime than when excited directly to the ponent emissions attributed to transient states.

excitonic Q-band3 The explanation that we have provided is
that nonradiative pathways in the relaxation process lead to a
diminished coherence length and a resultant longer quorescenc%
lifetime when compared to an aggregate formed directly through 0

IV. Conclusion

Steady-state spectral and time-resolved lifetime measurements
r monomeric and aggregated DDPT have been conducted and
absorption of radiatiod? are interpreted as supporting the concept _of room-temperature

superradiance by the aggregate. Systems involving monomeric

In the present case, the energy transfer from the monomer to - : -
the aggregate would also be expected to be less than 100% effi-DDPT in MeOH and aggregated DDPT in aqueous solution have

. . been studied using selected excitation frequencies. It is deduced
cient and to result in a smaller coherence length and thus Iongerthat when monomer and agareqate steadv-state absorption/
lifetime. But another way of explaining the increased lifetime emission spectral features exi%?atgthe same ti)r/ne unincor oeated
would be to think of the singlet excited state of the monomers pectral . ’ P

P ; . e .~ monomers entitiesi.e., monomer that is not coherently coupled
as a “bottle-neck” state, since the lifetime of the monomer is

. .__.—_to other monomers in the aggregate but is spatially constricted
longer than that of the aggregate, which would slow the emission by being incorporated in the phvsical agare ist as part
process, prolonging the effective lifetime of the emission. y 9 P Phy ggreg P

o . o of the physical aggregate.
a Inrear;)t/e C;k)sser t:gnII{E:IOTJehut?]znuglereo? 6?;0:1?:1'0& d?a{ti:)rl]]eis Fluorescence quantum efficiencies of the aggregate (at two
ta?k%ngb S as t?]e frue megas re of the anarecate’s emissio different excitation wavelengths) relative to the monomer are
yu ue measu 9greg 1SSl rEletermined, as are lifetimes and other photophysical parameters
rate, unimpeded by rate-limiting steps.

. . - for DDPT. An important determination is that energy transfer
Table 1 also provides the relative radiative rate constajt ( P 4

. . . from monomer to aggregate occurs and results in a longer
of aggregated DDPT, as estimated from the relationship fluorescence Iifetimegf%r t%le aggregate 9
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