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Photochemical Upconversion Approach to Broad-Band Visible Light Generation
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The sensitized triplettriplet annihilation (TTA) of 9,10-dimethylanthracene (DMA) upon selective excitation

of [Ru(dmb}]?* (dmb = 4,4-dimethyl-2,2-bipyridine) at 514.5 nm in dimethylformamide (DMF) resulted

in upconverted and downconverted DMA excimer photoluminescence. The triplet excited state of [Rd@{dmb)

is efficiently quenched by 11 mM DMA in DMF resulting in photon upconversion but no excimer formation.
The bimolecular quenching constant of the dynamic quenching process is 18 M~1 s71. At 90 mM

DMA, both upconversion and downconversion processes are readily observed in aerated DMF solutions. The
TTA process was confirmed by the quadratic dependence of the upconverted and downconverted emission
emanating from the entire integrated photoluminescence profile{800 nm) of DMA measured with respect

to incident light power. Time-resolved emission spectra of [Ru(dffiband 90 mM DMA in both aerated

and deaerated DMF clearly illustrates the time-delayed nature of both types of singlet-state emission, which
interestingly shows similar decay kinetics on the order oft44The emission quantum yield®) measured

using relative actinometry increased with increasing DMA concentrations, reaching a plateau at 3.0 mM
DMA (@ = 4.0%), while at 90 mM DMA, the overall quantum yield diminished to 0.5%. The dominant
process occurring at 3.0 mM DMA is upconversion from the singlet excited state of DMA, whereas at 90
mM DMA, both upconversion and excimeric emission are observed in almost equal portions, thereby resulting
in an overall broad-band visible light-emission profile.
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reactions. In 2006, we made an observation that inspired the 0.0 = : . . -

current study. When Ir(ppy)(ppy is 2-phenylpyridine) was 300 400 500 600 700 800

selectively excited in the presence of high concentrations of
pyrene, we simultaneously detected upconverted singlet fluo- ) )
rescence and strong downconverted excimer emission emanating9ure 1. Normalized absorbance and photoluminescence of 90 mM
f ¢ The latt derived f th itized MA and optically dilute [Ru(dmkj]?" in DMF. The excitation
rom pyrene- € latler process was derived from the sensilize wavelength used in this study to generate both upconverted and
TTA reaction and provided strong evidence that molecules gownconverted emissions is indicated: 514.5 nm.
susceptible to excimer formation may be exploited in new ) .
advanced materials that produce both upconverted and down-of & Ru(ll) metal-to-ligand charge transfer (MLCT) sensitizer
converted emissions with respect to monochromatic incident [Ru(dmb)]* (dmb is 4,4-dimethyl-2,2-bipyridine) and 9,10-
photons. Given that many organic light-emitting devices (OLE- dimethylanthracene (DMA), an aromatic hydrocarb7on known
Ds) and electroluminescence (EL) materials utilize annihilation 0 produce low-energy excimer emission out£800 nm? With
processes for light generation, it is plausible that such a ©14.5 nm laser excitation at low flux, selective excitation of
technology would be adaptable in these applications and may[Ru(dmb)]** sensitize$DMA*, which undergoes TTA, pro-
result in devices with low drive voltages. ducing photon emission that spans almost the entire visible

The current paper describes a molecular assembly compose@Pectrum, 425700 nm, with an emission color that is system-

atically variable with excitation power. All experiments de-
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Figure 2. (a) Emission intensity plot of [Ru(dm§¥* measured as a [DMA]/M

function of DMA concentration in deaerated DMF. (b) Stekfblmer
plot generated from both intensity and excited-state lifetime quenching
of [Ru(dmb}]?* with DMA in deaerated DMF.

Figure 3. (a) Luminescence decay of [Ru(drgl8j measured as a
function of DMA concentration in aerated DMF. (b) Stetviolmer
plot generated from the lifetime measurements of the quenching of

. . .. Ru(dmb}]?" with DMA in aerated DMF.
technological standpoint. Even under aerated conditions, the[ U(AMBA wi '

triplet-state processes governing the relevant light-producing o 006)8
reactions proceeded surprising well and are particularly note- i
worthy for potential real-world device applications.

using previously described procedufeEhe complete
spectral profile that combined both upconverted and downcon-
verted integrated emission signals was used for relative quantum
yield determinations in [Ru(dmgf}/DMA mixtures. Even
though the emission profile of the standard sample did not
General. Ru(dmb}(PFs), was prepared according to the overlap the broad-band photoluminescence at short wavelengths,
published procedure.DMA (Aldrich), spectroscopic grade the experimentally determined quantum vyields were very
acetonitrile, andN,N-dimethylformamide (DMF) (Fisher Chemi-  reproducible using the relative actinometry. Single-wavelength
cals) were used as received. emission intensity decays were acquired with,goNmped dye
Spectroscopic MeasurementsThe static absorption spectra laser (23 nm fwhm) from PTI (GL-3300 M laser, GL-301
were measured on a HP 8453 diode array spectrometer. Steadyeye laser) using an apparatus that was previously desctibed.
state photoluminescence spectra were obtained with a single-Coumarin 510 was used to tune the unfocused pulsed excitation
photon counting spectrofluorimeter from Edinburgh Analytical beam. Pulse energies were typicath0 uJ/pulse, measured
Instruments (FL/FS 900). Excitation was accomplished using by placing a Molectron Joulemeter (345) at the sample
an argon ion laser (Coherent Innova 300) whose multi-line position.
output was split using a diffraction grating, and the desired  Time-resolved emission spectra were acquired in DMF
wavelength component of 514.5 nm was selected and passedolutions, using a computer controlled Nd:YAG laser Quantel/
through a narrow bandpass filter prior to incidence on the OPO system from OPOTEK (Vibrant-LD). A Micro HR Horiba/
sample. A 514.5+ 8 nm notch filter (Semrock) was placed in  JY spectrograph equipped with a 300 gr/mm grating interfaced
the emission path between the sample and the monochromatoith an Andor iISTAR iCCD camera served as the detection
to remove scattered laser light from the emission profile. The system. The iCCD camera was synchronized with a DG535
excitation power density was measured using an Ophir Nova Il digital delay generator (Stanford Research Systems) which was
optical power meter equipped with a photodiode detector headtriggered from the laser flashlamp output. Typical experiments
(PD300-UV). All samples were contained in 1 £anaerobic employed a gate width of 2s averaged over 100 laser shots.
quartz cells from Starna Cells. Relative emission quantum yields All data were collected from the Andor software and processed
were referenced to [Ru(dmijPFe)2 in CH3CN (@ = 0.073+ separately in Origin 7.5.

Experimental Procedures
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Figure 4. (a) Photoluminescence intensity profile of air-saturated DMF
solutions of [Ru(dmiy)?* (3.6 x 1075 M) + DMA (90 mM) as a
function of 514.5 nm laser power density with a 514.5 nm notch filter
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Figure 5. Time-resolved emission spectra of (a) %610° M [Ru-
(dmb)]?*; (b) 3.6 x 1075 M [Ru(dmb)]?* + 90 mM DMA (aerated);
and (c) 3.6x 107> M [Ru(dmb)]?" + 90 mM DMA in deaerated DMF
upon 515 nm excitation at 5 mJ/pulse. Spectra were collectedat 2
intervals.

500

deaerated DMF (Figure 2). The Sterviolmer relation is given
ineql

/1 =1t =1+ K, [Q] (1)

wherelp and| represent the photoluminescence intensities in
the absence and presence of the quencher, respectivelyy and
and t are the lifetimes in the absence and presence of the
guencher, respectivelKq, is the Stera-Volmer constant, and
[Q] is the molar concentration of the DMA energy transfer
acceptor.Ksy is the product ofk; (bimolecular quenching
constant in M1 s71) andzg (in s) is determined from both static
and dynamic quenching experiments as 11013, Mielding

in the emission path. (b) Normalized integrated emission intensity data Kq = 1.4 x 10° M~1s2, close to the diffusion limitin DMF13

from panel a plotted as a function of the normalized incident power
density of the laser. The solid red line is the best quadratic fit to the
integrated emission dats2?.

Results and Discussion

and consistent with the dynamic nature of the bimolecular
energy transfer process. This is in reasonable agreement with
the kg value of 2.2x 10° M~ s1 determined for the related
energy transfer quenching process of [Ru(gy)(bpy = 2,2,-
bipyridine) by anthracene in a 15:1 benzene/ethanol solution at
25°C . In the present work, quantitative quenching of the triplet

Figure 1 presents the absorption and emission properties ofexcited state of [Ru(dmg]f* was observed at approximately

both [Ru(dmbj]?* and 90 mM DMA in DMF solution; all

13 mM DMA in deaerated DMF, which is also consistent

emission spectra were measured using typical excitation condi-with the previously reported quenching of [Ru(bg¥) by
tions (Xe lamp/monochromator source) into each respective low- anthracene, where complete quenching was realized at a 15 mM
energy ground-state absorption band. The triplet charge-transferquencher concentratidii.While 13 mM DMA is sufficient to

emission of [Ru(dmi)2" peaked at 622 nm, exhibiting lifetimes
of 807+ 2 and 190+ 5 ns in argon deaerated DMF and aerated
DMF, respectively. The red spectrum in Figure 1 illustrates that
90 mM DMA yields singlet fluorescence in the blue region in
addition to strong excimeric emission at longer wavelengths
between 500 and 700 nfiThe singlet and triplet energies of
DMA previously were reported as25 000 and 14 700 cr,1011
respectively, thereby making DMA an attractive energy transfer
quencher for the triplet excited state of [Ru(dgib). The singlet
fluorescence quantum yield of DMA in DMF was reported to
approach unity in DMF, whereas the triplet quantum yield and
lifetime of this chromophore in deaerated DMF were reported
to be 0.02 and 4 ms, respectively.

The MLCT-based triplet emission of [Ru(dmP)" was
efficiently quenched by energy transfer to DMA. Quantitative
measurements of this quenching were determined by Stern
Volmer analysis from both photoluminescence intensity and
excited-state lifetime quenching of [Ru(drgl8}” with DMA in

observe sensitized upconversion following selective excitation
of [Ru(dmb}]?", many experiments in this study were per-
formed at 90 mM DMA since at this concentration, almost equal
portions of upconverted and downconverted photons resulted
in the generation of white light.

The quenching of the triplet excited state of [Ru(dgi)
by DMA was also investigated in aerated DMF, where competi-
tive quenching of [Ru(dmk)?" occurred by both DMA and
dissolved oxygen. Analysis of the triplet lifetime quenching of
the sensitizer as a function of increasing DMA concentration
in aerated DMF resulted in a linear plot, withka, value of
197.4 M1, thereby resulting in a calculatég value of 1.04x
1® M1 s71 (7o = 190 ns) (Figure 3). The triplet excited state
of [Ru(dmb}]?" was completely quenched upon the addition
of 10.6 mM DMA in aerated DMF. This lower value as
compared to the deaerated solution (13 mM) accounts for the
dissolved oxygen present in solution, which serves as a
competitive SMLCT-state quencher. As similar bimolecular
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SCHEME 1: Qualitative Energy Level Diagram of Upconversion Process Related to [Ru(dmi)?* and DMA Resulting
in Delayed Singlet DMA Fluorescence and Downconverted DMA Excimer Photoluminescertce
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a Solid colored lines represent radiative processes. ISC is intersystem crossing, TTET isthijglettenergy transfer, and TTA is triptetriplet
annihilation.

M [Ru(dmb)]?" and 90 mM DMA (aerated) (Figure 5b) in
addition to the complementary experiment performed in argon
degassed DMF (Figure 5c). The solutions were excited with
514.54+ 3 nm laser pulses using a Nd:YAG/OPO system and
gated-iCCD detection. From the time-resolved emission profile
of both 3.6x 1075 M [Ru(dmb)]?* and 90 mM DMA in aerated

and degassed solutions, the peak corresponding to the phos-
phorescence of the sensitizer in the power dependence study
was not observed. It should be noted that similar concentrations
of both the sensitizer and the acceptor were used in both studies.
The quenching experiments that were discussed earlier also
demonstrated that the triplet emission of [Ru(kp¥) was
effectively quenched when 13.0 and 10.6 mM DMA in deaerated
and aerated DMF were added to the sensitizer. These time-
resolved emission spectra following selective pulsed laser
excitation of [Ru(dmhy]?* also demonstrate the delayed nature
of both types of singlet-state emission from DMA. Delayed
Figure 6. Digital photograph of the cell containing an air-saturated fluorescence is a hallmark of the bimolecular TTA process,

DMF solution of [Ru(dmby** (3.6 x 10> M) + DMA (90 mM). and the production and decay of both emission types clearly
Experimental conditionsiex = 514.5 nm (Ar laser) at 8 mW (0.13  occur on similar time scales. The time constant of the upcon-
Wren). version and excimer emission was determined in both aerated

guenching constants were observed in both aerated and deaera'[e‘ﬁ"dnd deaerated soIL_mons and IS on the order-28 us In both
DMF, we conclude that DMA is an effective triplet excited- cases. Scheme 1 is the qualitative energy _Ievel diagram that
state quencher of [Ru(dmdpj*, even in air-saturated solutions. |Ilus§rate§ the'process of photon upconversion apd downcon-
When a mixture of the two chromophores, [Ru(dgib) (3.6 verS|on2+|n this system. Upon seleptwg excitation qf [Ru-
x 1075 M) and DMA (90 mM), in aerated DMF was excited at (dm_b);] ’ TTA_ of DMA occurs, resulting n the generaﬂon Of.
514.5 nm, the excitation intensity dependent emission spectraa singlet ‘?Xc'ted DMA. On_ce_ the excited singlet state Is
displayed in Figure 4a were produced. Careful inspection of prc_)o!uced, It de_cays by two distinct pathways that have S|_m|!ar
the photoluminescence profile shown in Figure 4a shows a very Efficiency and lifetimes and, hence, yield a broad-band emission
small peak at about 610 nm, which is due to a Raman bandthat is weII-baIgncgd in color. This occurs, at least in part, as a
from DMF. A notch filter, 514.5t 8 nm, was used to selectively ~'eSult of working in aerated solutions where &erves as a
exclude scattered laser light from the emission profile. As the duencher of the triplet-state processes leading to both upcon-
incident power density was increased, the upconverted andVersion and downconversion.
downconverted emissions emanating from DMA increased in  The broad-band emission from these solutions is readily
a quadratic fashion, illustrating that both processes are initiatedVvisualized and is white in visual appearance when inspected
by two sequential one-photon absorption proce&&dsigure with the naked eye. Figure 6 displays a digital photograph of
4b displays the integrated emission intensity data from each the light emission generated from the mixture of [Ru(dsjt)
spectrum in Figure 4a plotted as a function of normalized 514.5 and 90 mM DMA in an aerated DMF solution during 514.5
nm incident power density. The red line in Figure 4b represents Nnm excitation. The white-light emission is real and not an
the best quadratic fit to the data sgt= x20. The results indicate ~ experimental artifact of CCD camera saturation. In fact, the
that the delayed fluorescence intensity is indeed proportional relative emission quantum yields across the entire profile are
to the square of the incident power and hence to the square ofquite variable, sharply increasing with increasing DMA con-
the triplet concentration. To the best of our knowledge, this is centration (Figure 7), which plateaus at 4.0% efficiency with
the first quantitative example of a light power quadratic 3.0 mM DMA; this emission corresponds primarily to upcon-
dependence that can be simultaneously applied to both upcon-version fluorescence from the singlet state of DMA and does
version and downconversion emanating from the same samplenot contain any significant excimer contributions. Once the
The time-resolved emission spectra of X610°° M [Ru- DMA concentration is raised to 90 mM, the relative quantum
(dmb)]2+ are displayed in Figure 5a, and this result was yield is diminished to 0.5% but now appears white in color as
compared to the time-resolved emission spectra b3 > a result of containing almost equal portions of upconverted and
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applicable for display and interior lighting technologies. Our
present observations illustrate the viability of harnessing MLCT
sensitized triplet annihilation processes for the production of
broad-band white light using a low-energy monochromatic laser
source at low power. As upconversion processes operate
efficiently over a broad range of sensitizers and triplet acceptors/
annihilators3>® we anticipate that the current work can be

extended to produce broad emission in other regions of interest
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Figure 7. (a) Total emission profile of 3.6 1075 M [Ru(dmb)]?" as

a function of DMA concentration in aerated DMF. Experimental
conditions: lex = 514.5 nm (Ar laser) at 8 mW incident power (0.13
W/cn?), 514.5 nm notch filter in the emission path. (b) Quantum yield
of upconversion measured relative to the [Ru(dgib)standard as a
function of increasing DMA concentration calculated from the plot
shown in panel a.

downconverted emission components. To best visualize broa
band light emission in the current chromophore mixture, the

across the electromagnetic spectrum.
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