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Superradiant lasing from  J-aggregated molecules adsorbed
onto colloidal silver

Serdar Ozgelik,? Isin Ozgelik,” and Daniel L. Akins®
Center for Analysis of Structures and Interfaces (CASI), Department of Chemistry,
The City College of The City University of New York, New York, New York 10031

(Received 21 May 1998; accepted for publication 3 August 1998

The picosecond time-resolved emission spectrum of the cyanine dyediéttyl-3,3-
bis<(3-sulfopropy)-5,5',6,6 -tetrachlorobenzimidazolocarbocyanit@so known as Bl adsorbed

onto colloidal silver was examined as a function of laser pulse energy at room temperature. BIC is
found to aggregate on colloidal silver, and the number of coherently responding molecules involved
in the one-exciton statg.e., the coherence lengttvas estimated to involve 8—9 molecules. Lasing

at a remarkably low incident pulse energy threshold was found for this system and explained in
terms of a mechanism involving superradiant states created in coherently coupled adsorbed
molecules that emit photons which stimulate emission from other spatially distributed superradiant
states. ©1998 American Institute of Physid$0003-695(98)03140-4

The formulation of nanostructural devices from mol- original description of the phenomenon by oth&?$. The
ecules, i.e., molecular nanoscale devices, promises the sarare-exciton band of states result from the N molecules of the
potential photonic/optoelectronic applications as the moreggregate sharing one single-molecule excitation, while in
conventional systemsuch as those formed using epitaxially the two-exciton band, N molecules of the aggregate share
prepared inorganic semiconductor superlattices or conjuiwo single-molecule excitatior’s, We have suggested that a
gated organic polymerse.g., as nanoscale light emitters, askey element of the optical and population dynamic schemes
nonlinear light manipulators, as nanoscale sites in matricewhich explains exciton—exciton annihilation is the stimula-
for optical storage, as light emitting diodes, etc., as well agion of one-exciton emission by photons derived from the
special opportunities for applications as prosthetic devices itransition between the two-exciton state and the one-exciton
molecular environmentsAdditionally, the use of molecules state’*°
as building blocks for nanoscale devices is particularly at-  Also recently, in a paper from this laboratory, we re-
tractive since their inherent quantum energy states can beorted on an extremely low threshold for lasing for a system
expected to play a fundamental and flexible role in determincomposed of the cyanine dye TTBQspecifically,
ing device properties. 1,1'-3,3 -tetraethyl-5,5,6,6 -tetrachlorobenzimidazolocarbo-

Many photoinduced properties of molecules can be exeyanine iodide adsorbed onto colloidal silic®. Absorption
ploited for device applications, including electron conductionspectra were interpreted as indicating that aggregate domains
by linked molecules, intramolecular/intermolecular electron(coherently responding subgroups of molecules along the
transfer, conformational switching, and rapid changes irphysical length of the aggregatierm on the colloidal, while
absorption/emission. Quite often, molecular excitons play dluorescence lifetime measurements indicate that the emis-
fundamental role in such processes. sion is superradiant. In the model developed to explain opti-

Excitons can interact with each other and/or the surcal dynamics, the superradiant emission was conjectured to
roundings resulting in complex dynamics. At low exciton stimulate superradiance from other spatially distributed do-
density, one expects to observe single emission bands witihains on the colloidal particles, and to result in an extremely
monoexponential decay. At high exciton density, howeverjow threshold for lasing, estimated to be a factor of B)
multiemission bands with nonmonoexponential decays are times smaller than any reported in the literattite!
be expected. Such behavior results from creation of higher Wwe have advanced the idea that the superradiant lasing
multiexciton states and exciton—exciton interactions, both Ofnechanism, which differs from more common four-level las-
which have been assumed to play a role in exciton—excitojhg schemes'2 as for example used to explain amplified
annih“ation?_6 Recent time-resolved, WaVGlength-reSOlvedspontaneous emissideE),l3 app"es for aggregated mol-
emission studies from this laboratory have shown, in factecyles dispersed throughout an excited medium.
that exciton annihilation can be quite complex, depending on  |n, this letter, a report is provided on the exciton dynam-
both optical and population dynami€sSpecifically, exciton  ics of aJ-aggregated cyanine adsorbed onto colloidal silver
dynamics has been discussed in terms of the existence qfgrticles. This study makes use of analyses of time-resolved,
so-called, one and two excitons that occupy states within th@\/avelength-resolved, and incident intensity dependent
one- or two-exciton manifolds, respectivélin line with the  emission spectra. The specific focus of this work is the
potassium salt of 1/idiethyl-3,3-bis{3-sulfopropy)-5,5',
Apresent address: Chemistry Department, Bilkent University, 06533 Ankard, 6 -tetrachloro-benzimidazolocarbocyanifBIC; see Fig.

Turkey.

bpresent address: Tubitak-National Academic Computer and Information All spectroscopic measurements were conducted at room
Center, Ankara, Turkey.

9Person to whom reprint requests should be sent. Electronic maill€mperature. BIC was pl_Jrchased from MQ'_ECU_'ar Probe, Eu-
akins@scisun.sci.ccny.cuny.edu gene, OR, and used without further purification. Aqueous
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710 placed at the entrance slit of the Chromex spectrometer.
0 E Figure 1 shows the absorption and emission spectra of
‘ E 08 J-aggregated BIC. Both spectra have band maxima %85
ER nm.
08 ER- For the emission, reabsorption effects have been mini-
f, J06 & mized by usig a 1 mmoptical path length cell and front-
2 06 3 & face detection. The excitation spectrumot shown was
“?2 304 é found to be essentially identical to the absorption spectrum,
% 04 ; ] H confirming that reabsorption effects were effectively absent.
j E 2 Figure 2 shows emission decays as a function of incident
02 402 excitation intensity. For all measurements, unfocused laser
E radiation was used. At the lowest incident intensity, 0.2 pJ/
. pulse, a single exponential decay is observed; with decay
400 500 600 700 time of 149.5-1.4 ps. We have assigned this value as the

Wavelength (nm) decay time of the one-exciton state. A similar observation
o has been made by Yoshihara and co-workef§ for the
> sodium salt of BIC. The difference in alkali counter ion used

7 |
Cl1 N. Cl1
OQ N\ in this work and that of Yoshihara and co-workers*(knd
al |+ K \ . Na®, respectively as well as difference in the nature of the

C3He50; C3He50; systems(dye adsorbed onto colloidal silver particles, and
FIG. 1. Absorption and emission spectraledggregated BIC adsorbed onto aggregate formed in a low-temperature water/glycol solution,
a silver colloid surface. respectively are sufficient to rationalize difference in one-

exciton decay rate for BIC in the two environments.

colloidal silver suspension was prepared by reduction of 2 FTom the one-exciton decay time that we measured, one

mM AgNO; with 5 mM of NaBH,. Briefly, 1 ml AgNO; was can estimate an upper limit for the coherent length of the
dropwise added into 50 ml of NaBHwith vigorous stirring. ~ 299regateat room temperatujeassuming the decay time

This mixture was stirred fol h in an icebath. The resultant corresponds to the radiative lifetime, and using the reported
silver sol had an absorption peak-6B82 nm, was yellow in  'adiative rate constant (78L0° s )" of the monomeric so-
color, and stable for several days. Similar preparations havdium salt of BIC. The ratio of radiative rate constants sug-
been shown by transmission electron microsc6pgM) or ~ 9ests that the .coherence Iength involves 8—9 mol_ecules. .
scanning electron microscopySEM) to be essentially The emission decay profile changes when incident exci-
spherical with diameter ranging from 10 to 50 Afrt> tation intensity is increasegee Fig. 2 At ~2 pJ/pulse, an

In order to prepard aggregates, 1 ml of 1 mM BIC in additional narrower emission feature, which has a faster de-
methanol was mixed with 4 ml of aqueous silver colloid. cay rate than the one-exciton state, appears early in the emis-
Such samples were excited using various incident intensitiesion relaxation. An emission decay component that has the
supplied by a picosecond Nd:YAG laser; see below. Thesame decay time as indicated above for the one-exciton state
intensity of the incident radiation was adjusted through thedlso exists. We interpret the additional emission feature as
use of calibrated neutral density filters. Front-surface lumifevealing the existence of a coherent emission fromJhe
nescence measurements, utiligia 1 mmthickness fluores- aggregate/colloid system which is distinct from the superra-
cence cell and an optical fiber for emission collection, werediance associated with the coherently responding molecules
conducted. that define the excitonic state. The pulse width of this puta-

Absorption spectra were recorded using a Perkin-Elmefive coherent emission is estimated to-bé0 ps for the 2 pJ
Lambda 18, UV-vis/near-IR spectrometer. Steady-state flugncident pulse. It is to be noted that the presence of coherent
rescence spectra were acquired using a SPEX Fluordog- €mission is likely not the result of a population inversion
spectrofluorometer. Time-dependent emission measuremeri/olving the one-exciton state since resonance trapping, at-
utilized a Hamamatsu streak camera, Model C4334, opticalljfibutable to the resonance overlap of the one-exciton emis-
coupled to a charge-coupled-devi6@CD) array detector. Sion and absorptiosee Fig. 1, would make it impossible
This system allowed the measurements of both the emissidier there to be a net stimulated emission gain path length
decay rate and the time-resolved emission spectrum. For thi§rough the sample required for amplification of one-exciton
latter study a Chromex 205i imaging spectrometer was usedhhotons. The front-face detection geometry further indicates
The ultimate time resolution which we have been able tdhe unimportance of gain path length involving one-exciton
attain with this system, using Hamamatsu U4290 fluorespopulation in promoting stimulated emission.
cence analysis software, is estimated to-HH) ps. When the incident intensity was set 6500 pJ/pulse

The exciting light source for the emission studies was &see Fig. 2 where excitation of 526 pJ/pulse was ysad
Coherent 702 mode locked, picosecond dye laser of 10 psingle, temporally sharp emission was found, with a pulse
pulse width and 76 MHz repetition rate, pumped by a Co-width of ~12 ps. This sharp temporal profile is attributed by
herent Antares 76s Nd:YAG laser. The excitation wave-us (vide infra) to a combination of gain narrowing and the
length, which overlaps thé-aggregate absorptiofsee Fig. intrinsic narrowness of the emission associated with the tran-
1), was ~570 nm. For the present study, a high-pass filtersition between the two- and one-exciton stdtes.
(transmitting for wavelengths greater than 580 )nwas Figure 3 shows time-resolved emission spectra at differ-
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FIG. 3. Time-resolved, wavelength-resolved emission spectrum of ad-
L . . sorbed, aggregated BIC, with a 25 ps time window. Incident pulse intensi-
FIG. 2. Emission decay of aggregated BIC adsorbed onto a silver colloijag are the same as in Fig. 2.

surface for incident pulse intensities: 0.2 pJ/pylseen circlg; 2.0 pJ/pulse
(dot); 525 pJ/pulsésolid line).

Time (ps)

smaller than the lowest lasing threshold reported in the lit-
erature by a factor of 8 10°!
ent incident intensities for BIC. At the lowest excitation en- Given theJ-aggregate character of the emission and ab-
ergy (0.2 pJ/pulsthe spectrum is determined to be com- sorption, the adsorbed dye molecules would appear to align
posed of emissions from two components, attributed tqnemselves on the adsorbate surface in such a fashion so as
monomers and aggregates. to form whispering gallery mode microcavitié$in fact, the

It is to be noted that the coherent emission has_beeRanometer and possibly subnanometer emission active layer
observed only when aggregates form on the colloid surfaceyqyid suggest describing it as a “nanocavity.”
and was not observed at incident excitation intensity up to
1.0 nJ/pulse ford aggregates formed in aqueous homoge-  Support for this research by the National Science Foun-
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