THE JOURNAL OF

PHYSICAL
CHEMISTRY

© Copyright 2004 by the American Chemical Society VOLUME 108, NUMBER 48, DECEMBER 2, 2004

LETTERS

Photochemically Reversible Luminescence Lifetime Switching in MetatOrganic Systems

Denis V. Kozlov and Felix N. Castellano*

Department of Chemistry and Center for Photochemical Sciences, Bowling Green Stegesitini
Bowling Green, Ohio 43403

Receied: September 15, 2004; In Final Form: October 25, 2004

We use a diarylethene with solution-stable open and closed forms (1,2-bis(2-methytijgizphen-3-yl)
hexafluorocyclopentene), BTF6, as a photochromic energy transfer quencher of the metal-to-ligand charge-
transfer (MLCT) based luminescence in [Ru(dip), dpp= 4,7-diphenyl-1,10-phenanthroline. As only the

closed form of BTF6 serves as a quencher for the MLCT luminescence, and the read (390 nmy, write (

360 nm), and eras& & 500 nm) wavelengths are well-separated, this system potentially represents an economic
alternative to covalent systems. For the first time, we demonstrate the concept of using luminescence lifetimes
to transduce the photochromic binary state of the quencher as opposed to the intensity-based readout schemes
that are traditionally employed. The luminescence quenching process is described in terimsterftizpe
resonance energy transfer (RET) enhanced by diffusion.

Photochromic materials are potentially useful for advanced display significant luminescence, but several systems appended
optoelectronic devices such as optical memory, optical switch- with various chromophores have shown reversible changes in
ing, and displays. Organic photochromes are promising memory emission intensity which rely on intramolecular quenching
media due to their fast response and potential for atomic scaleprocesse8816An alternative approach to these sophisticated
processing. The diarylethene family of photochromes are syntheses is to harness intermolecular energy transfer processes
amenable for such applications and provide photochemically between noncovalently linked fluorophore/photochromic quench-
reversible yet thermally irreversible photochromisiDiar- er pairs, as recently shown using coumarin or BODIPY dyes
ylethenes also possess excellent fatigue resistance, picosecondispersed in a polymer matrix along with the photochranise
switching times, high photochemical quantum yields, in addition 1,2-dicyano-1,2-bis(2,4,5-trimethyl-3-thienyl)ethdA&lpon ir-
to large wavelength changes in their “open” and “closed” radiation of these polymer films, good fluorescence intensity
(conjugated) form$:2 Different types of signal outputs can be contrasts have been realized, but the small Stokes shift which
utilized for memory and switching devices, including refractive is typical for these fluorescent materials volatilizes the reading
index change$,luminescencé; 13 optical rotatiorf electro- cycle of these potential devices.
chromismt*and magnetic interactiod®Photochromic materials In the present study, we use a diarylethene with solution-
utilizing photoluminescence readout, where the emission proper-staple open and closed forms (1,2-bis(2-methylbesjttepphen-
ties are used to interrogate the binary state of the phOtOChrome,g_yD hexaﬂuorocydopentene), BTFG' as a photochromic energy
are of interest because of the sensitivity afforded by fluorescencetransfer quencher of the metal-to-ligand charge-transfer (MLCT)
technologies and the ability for “all optical” reaavrite—erase based luminescence in [Ru(dgj8), dpp= 4,7-diphenyl-1,10-
cycles. In general, the diarylethene parent compounds do notphenanthroline. These structures are presented in Figure 1. As

*To whom correspondence should be addressed. E-mail: castell@ ONly the closed form of BTF6 serves as a quencher for the
bgnet.bgsu.edu. Fax: (419) 372-9809. MLCT luminescence, and the read (390 nm), write<{ 360
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Figure 2. Absorption spectra of [Ru(dpg¥" (--**) and open BTF6

Figure 1. Molecular structures of [Ru(dpg}*(top), the open form (—) along with the photostationary state of BTF6 produced with 254

(left) and closed form (right) of BTF6. The photochromic action of nm irradiation (- - -), measured in GEN.

BTF6 is also displayed.

on viscosity?*25The photochemistry is relatively fast and occurs
nm), and erasel(> 500 nm) wavelengths are well-separated, in the picosecond time range2®Upon visible light irradiation,
this system potentially represents an economic alternative tothe closed form quantitatively converts back to the open form
covalent systems. For the first time, we demonstrate the conceptand coloration/decoloration cycles can be repeated as many as
of using luminescence lifetimes to transduce the photochromic 1.3 x 10* times in aerated solutions without significant
state of the quencher as opposed to the intensity-based readoudegradatiori?

schemes that are typically employed. The advantage of using Typical experiments employed degassedsCN solutions
MLCT complexes is that simple and cost-effective time-resolved containing 7x 106 M of [Ru(dpp)]2* and 5x 104 M BTF6

measurements are feasible because of the long excited-statguhich were prepared and sealed under argoa il cmpath
lifetimes and Stokes shifts exhibited by these luminophores. This |ength quartz optical cell. All steady state and time-resolved
opens the possibility for new optical memory devices operating Juminescence experiments performed in the present study have
on the principle of binary lifetime discrimination. been described in detail previougk,and in all cases, an
[Ru(dpp}l(PFs)2 and BTF6 were prepared in one and three excitation wavelength of 390 nm was employed to minimize
steps, respectively; their structures were consistent with thatexcitation of the closed form of BTF6. In the reported data, the
already published by other investigatd#$?The luminescence  experimental errors for the absorption and emission maxima
quantum yield and excited-state lifetime of [Ru(cpp) in CHz- are 22 nm and+5% for the luminescence intensities and
CN were determined to be 0.370.04 and 6.Gt 0.30us. This excited-state lifetimes. Control experiments showed that the
complex also possesses exceptional photostability and solubilityluminescence lifetime and emission intensity of [Ru(dpp)
in polar organic solvent® The emission of this compound is were unaffected by the open form of BTF6 and that the
bright orange Amax= 610 nm), originating from MLCT excited =~ photochemistry of BTF6 proceeded smoothly in the presence
stateg0?! Because the emission properties of [Ru(djp)are of [Ru(dpp)]?". Irradiation of these solutions using the 254 nm
extremely sensitive to the presence of dissolved dioxygen, it output (76Q«W/cn¥) of a standard blacklight lamp in a darkened
has been utilized as an oxygen ser®@@TF6 represents one  room converts the open form of BTF6 to the colored closed
of the earliest examples of a highly fatigue-resistant photochro- form. The full solution volume (3.5 mL) can be converted to
mic materialt® Although a recent report on a unique intramo- the photostationary state under these conditions in 3 min. Figure
lecular Ru(I)-DTE system suggests that ligand-localized triplet 3 shows that upon increasing concentration of the closed form
states can sensitize the ring-closing reactionve see no (via 254 nm photolysis) the luminescence intensity and lifetimes
evidence for intermolecular MLCT sensitization of this reaction originating from [Ru(dppj]?" gradually decrease. The lumi-
in BTF6. nescence lifetimes were adequately modeled using single
Figure 2 shows the absorption spectra of open and closedexponentials over the entire range of acceptor concentrations
forms of BTF6 as well that of [Ru(dpgf* in CHsCN. It can employed. Linear SternVolmer plots obtained for both life-
be clearly seen that the low energy MLCT band of [Ru(el3p) times and intensity changes indicate that the quenching process
and the absorption of the BTF6 open form do not overlap, is purely dynamic in nature (Figure 4). The quenching constant
whereas the closed form’s absorption minimizes in the same 0f 3.23x 10° M~!s™! indicates that the quenching approaches
wavelength region+390 nm), providing a window for pref-  diffusion limits and no significant deviations from linear Stern
erential [Ru(dppj2* excitation. Upon irradiation with UV light ~ Volmer behavior was observed up to millimolar concentrations
(A < 360 nm) colorless solutions of BTF6 become bright red of the closed form of BTF6.
with new absorption bands appearing at 350 and 525 nm. These The luminescence quenching process can be described in
bands arise from increased conjugation in the closed form andterms of Foster-type resonance energy transfer (RET) enhanced
correspond to a photostationary state of BTF6 consisting of a by diffusion. Good spectral overlap between the [Ru(gBp)
mixture of both open and closed forms. The ratio between theseemission and the low energy absorption band of the closed form
two isomers after UV irradiation was determined previously by of BTF6 allows efficient RET to take place, and we calculated
Irie et al. and equals 45:55, respectivélyThe quantum yield a Forster distanceRp) of 28.2 A. Several theoretical models
of photoisomerization depends on solvent properties, particularly have been developed in order to include the diffusion into the
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Figure 4. Stern—Volmer plot of luminescence intensity and lifetime
quenching of [Ru(dpp)?" by the closed form of BTF6 in degassed
CHsCN solution. Data taken from Figure 3.
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Figure 5. Intermolecular energy transfer efficiencies in the [Ru-

(dpp)k]?>*/BTF6 system in CHCN. The data points are from Figures 3
and 4 and efficiencies calculated using eqs 1 and 2. The solid line was
calculated using egs 3 and 4 with a valueact 4.1 A.

RET proces32-32 One of the limiting cases is RET in the rapid
diffusion limit, first introduced by Stryet82° This model was
successfully applied to luminescence quenching of long-lived
Th3" and EG™ complexes with millisecond lifetime®, 3> and
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Figure 3. Luminescence intensity (a) and lifetime quenching (b) of [Ru(glpp)y the closed form of BTF6 in degassed £H\ solution.
data was obtained with 390 nm excitation. The data in part b were detected at 610 nm and represent averages of 64 transients.
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Figure 6. Reversible binary luminescence lifetime switching of the

[Ru(dpp}]?*/BTF6 system in degassed GEN (Aex = 390 nm). Note
that 21 complete photochemical cycles are shown.
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energy transfer efficiency from [Ru(dpjd™ to the BTF6 closed
form obtained from lifetime and integrated luminescence
intensity measurements. The energy transfer efficiendigs (
were calculated from the quenching data (Figures 2 and 3) using
egs 1 and 2, wher®, @, 7, andtp are quantum yields and
lifetimes of donor in the presence and absence of acceptor,
respectively. The theoretical curve (solid line in Figure 5) was
obtained using egs 3 and 4, wheres the density of acceptors,

7o is the donor lifetime, anda is the distance of closest
approach? All parameters are known except farwhich was
varied until the best agreement between theory and experiment
was achieved, whea = 4.1 A. Although small in magnitude,
such values ofa are reasonable for small molecules freely
diffusing in solution3®

E=1-QQ, 1)
E=1-1, (2
E=k/(k + k) 3)
k. = 4mpR,/37,a° 4)

In the interest of binary memory applications, we measured the
reversible photochemical modulation of luminescence lifetimes
(and intensities) in the [Ru(dpg§/BTF6 system, Figure 6. In

alternate cycles, the closed form of BTF6 was converted to its

the same approach was utilized here. Figure 5 presents theopen form using a 50 W flood light bulb. This photolysis
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completely regenerated the open form of BTF6 in 3 min. In all (3) Tian, H.; Yang, SChem. Soc. Re 2004 33, 85.
cases, the luminescence intensity and lifetime could be repeti- =~ (4) Horie, K;; Murase, S.; Takahashi, S.; Teramoto, M.; Fukukawa,
tively cycled between two extremes 20 times without significant Macromol. Symp2003 195 201.
Yy cy L ; ; . g : (5) Irie, M.; Fukaminato, T.; Sasaki, T.; Tamai, N.; Kawai,Nature
degradation in performance. Following this repetitive cycling, 2002 420, 759.
the sample was maintained under ambient conditions in the dark  (6) Myles, A. J; Branda, N. RAdv. Funct. Mater.2002, 12, 167.
for 2 days at which time the photochemical cycling process was o (ghosuggbf&':lgékf;e, D.; Shinmori, H.; Kobatake, S.; Irie, 34.
. . . .. . . . rg. em X .
performed again, yleld.ln.g. similar results.. This simple experiment (8) Song, L: Jares-Erijman, E. A: Jovin, T. M. Photochem.
illustrates the compatibility an_d potential long term stability of_ Photobiol., A2002 150, 177.
the two components. We believe that the performance of this  (9) Tian, H.; Chen, B.; Tu, H.; Mullen, KAdv. Mater.2002 14, 918.
solution-based system will ultimately be limited by the fatigue ~ (10) Yagi, K.; Soong, C. F.; Irie, MJ. Org. Chem2001, 66, 5419.
resistance properties of BTF6 photochrome but also note thatzo(()lzl)lz-zyi%%zu S.; Bignozzi, C. A.; Castellano, F. NAm. Chem. Soc.
complete separation of “read” and “erase” wavelengths is 15 trouts, T. D.; Tyson, D. S.; Pohl, R.; Kozlov, D. V.; Waldron, A.
required for ultimate success in real-world applications. Another G.; Castellano, F. NAdv. Funct. Mater.2003 13, 398.
issue worth further exploration in related systems is to under- _ (13) Ferri, V.; Scoponi, M,; Bignozzi, C. A.; Tyson, D. S.; Castellano,
stand whether nonradiative RET contributes to destructive & ?‘l-A)Dg)é't‘zr:'-AR%ﬂ’;ﬁé‘:',\?“S”?O\r';]ettc-zh%?;‘ ‘;08(23363 125 3404
readout. I_n_th_e present work, destructive reado_ut appears to be (15) Matsuda, K.: Irie, MPolyhedronzool 20, 1391,
Iarge!y minimized, even thqugh 390_nm excitation is sufficient  (16) Kawai, T.; Kim, M.; Sasaki, T.; Irie, MOpt. Mater. 2002 21,
for direct photochemical ring-opening. Although we cannot 275. o _
completely rule out contributions from RET in ring-opening, a " (17) MIUfaSIeéZ%Bg%fgﬂégtAfO, M.; Furukawa, H.; Miyashita, Y.; Horie, K.
: T H : acromolecule 3 .
rece.”t Ilterature. report utilizing singlesinglet RET dqes not (18) Lin, C.-T.; Bottcher, W.; Chou, M.; Creutz, C.; Sutin, Bl. Am.
provide any evidence of energy transfer sensitization of the chem. Soc1976 98, 6536.
photochromic reactiof. (19) Hanazawa, M.; Sumia, R.; Horikawa, Y.; Irie, Nl. Chem. Soc.,
In conclusion, the new concept of luminescence lifetime Chem. Commuri992 206.

; i ; (20) Garraway, E. R.; Demas, J. N.; DeGraff, B. A.; Bacon, JARal.
binary switching was demonstrated using [Ru(djp) and Chem 1991, 63, 337.

photochromic BTF6. This intermolecular system displayed — (21) Hager, G. D.; Watts, R. J.; Crosby, G.A.Am. Chem. Sod975
excellent switching performance over a reasonable period of 97, 7037.

time in solution without significant degradation, suggesting its ~ (22) Bacon, J. R.; Demas, J. Rnal. Chem.1987 59, 2780.
possible use in “all-optical” reatwrite—erase memory systems. (23) Jukes, R. T. F.; Adamo, V.; Hartl, F.; Belser, P.; De Coldnbrg.

) S : Chem.2004 43, 2779.
The photochromic state of BTF6 was indirectly interrogated (ezrz) m: M.; Sayo, K.J. Phys. Cheml992 96, 7671.

through the lifetime response of [Ru(dp3) and represents to (25) Miyasaka, H.; Nobuto, T.; Murakami, M.; ltaya, A.; Tamai, N.;
the best of our knowledge the first example of binary lifetime Irie, M. J. Phys. Chem. 2002 106, 8096. '

discrimination. The quenching process was adequately modeled, 2((2)3)3 ?8'7’“{315636300- T Bae, S. C.;Kim, K. S.; Kim, E.Phys. Chem.
using RET in the rapid-diffusion limit. If .translated into the @7) Tys’on, D. S.: Castellano, . bl Phys. Chem. A999 103 10955.
solid state, the current system can potentially be used for long- (28 Stryer, L.; Thomas, D. D.; Meares, C. Annu. Re. Biophys.
term optical data or image storage utilizing luminescence Bioeng.1982 11, 203.

lifetime and/or intensity readout schemes. 19%289)75Tl’éc%r2§s, D.; Carlsen, W. F.; Stryer,Rroc. Natl. Acad. Sci. U.S.A.

(30) Steinberg, I. Z.; Katchalski, EEhem. Phys1968 48, 2404.
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