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Abstract: 1,4,8,11-Tetraazacyclotetradecane (cyclam), which is one of the most extensively investigated
ligands in coordination chemistry, in its protonated forms, can play the role of host toward cyanide metal
complexes. We have investigated the acid-driven adducts formed in acetonitrile—dichloromethane (1:1
v/v) solution by [Ru(bpy)(CN)4]?~ with 1,4,8,11-tetrakis(naphthylmethyl)cyclam (1) and a dendrimer consisting
of a cyclam core appended with 12 dimethoxybenzene and 16 naphthyl units (2). [Ru(bpy)(CN).]?~, 1, and
2 exhibit characteristic absorption and emission bands, in distinct spectral regions, that are strongly affected
by addition of acid. When a solution containing equimolar amounts of [Ru(bpy)(CN)4]?~ and 1 or 2 is titrated
by trifluoroacetic acid, or when [Ru(bpy)(CN)4)?~ is titrated with (1-2H)?* or (2-2H)?*, {[Ru(bpy)(CN)4J?>~+(2H")-1}
or {[Ru(bpy)(CN)4]>-(2H")-2} adducts are formed in which the fluorescence of the naphthyl units is strongly
guenched by very efficient energy transfer to the metal complex, as shown by the sensitized luminescence
of the latter. The {[Ru(bpy)(CN)4]?>~+(2H")-1} and {[Ru(bpy)(CN)4]?>"+(2H")-2} adducts can be disrupted (i)
by addition of a base (1,4-diazabicyclo[2.2.2]octane), yielding the starting species [Ru(bpy)(CN),]>~ and 1
or 2, or (i) by further addition of triflic acid, with formation of (1:2H)?" or (2:2H)?" and protonated forms of
[Ru(bpy)(CN)4]?~. It is shown that upon stimulation with two chemical inputs (acid and base) both
{[Ru(bpy)(CN)4]>"+(2H™)-1} and {[Ru(bpy)(CN)4]>~+(2HT)-2} exhibit two distinct optical outputs (a naphthalene-
based and a Ru(bpy)-based emission) that behave according to an XOR and an XNOR logic, respectively.

Introduction of light into chemical energy in natural photosynthésias well
Several interesting functions at the supramolecular level can @S in attempts to perform artificial photosyntheSis. .
be promoted by light excitation in both natural and artificial !N most cases, the artificial systems used to produce light-

systems:2 Photoisomerization reactions are at the basis of the induced functions consist of covalently linked componéritst® )
natural visual processesand are often used in artificial Covalent linkages allow preparation of chemically robust species

nanomachines to promote mechanical movem&s4light in which the interaction is transmitted through well-defined
signals can be used for information processing in artificial Pathways. Of considerable recent interest, however, is the study

system&~7 energy migration is exploited for light harvesting ©Of the light-induced processes in assemblies in which the
in natura$ and artificiaP1° antenna devices, and finally, pho- component parts can be self-assembled by exploiting relatively

toinduced electron transfer is the basic process for the conversion
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weak, noncovalent interactiod&1415\Molecular self-assembly ~ Chart 1
is, in fact, a central concept to nature’s forms and functiéns.

The challenge for chemists engaged in artificial self-assembly NG CN z
processes resides in the “programming” of the systeti.e., \ /
in the design of components which carry, within their structures, NG_/RQ_CN (\ ,—'

the pieces of information necessary not only for the construction <=_N)_<1j>
of the desired supramolecular architecture but also for the \_7

performance of the required function. Since the function to be '—’k)
performed upon light excitation is often related to the occurrence [Ru(bpy)(CN)4]*~
of a reversible assembly/disassembly proéédise system has

to be programmed so as to be able not onlysétf-assemble
under thermodynamic control but alsodsassembleinder a

suitable energy input. For information processing, even more

interesting are those systems that are capable of existing in three O
or more forms that are interconverted by means of different O O
stimuli.1%20|n fact, systems which respond to a given combina- Q

tion of multiple stimuli open the way to more complex switches

(logic gates) at the molecular sc&l€. From this viewpoint, ;
fluorescence is an ideal output because of its ease of detection

even at the single-molecule linfit Another remarkable feature O /@

of fluorescent signals is that they do not need to be wired to ‘Q 4

operate. Light can indeed bridge the gap between the world of

molecules and our macroscopic woffd. /—~
Here we report the results of an investigation carried out on 0

the assembly/disassembly of the luminescent dendritic Hosts

and 2 with the luminescent metal complex [Ru(bpy)(GNY

(Chart 1). The assembly process is proton driven and leads to

formation of {[Ru(bpy)(CN)]?~+(2H")-1} and {[Ru(bpy)- ‘

(CN)4]2+(2H*)-2} adducts with strong effects on the lumines-

cence properties. The adducts can then be disassembled by ‘ ‘ QQ

addition of either a base, namely, 1,4-diazabicyclo[2.2.2]octane

(DABCO), or an excess of triflic acid, giving rise to two

different optical outputs that behave according to an XOR and i

an XNOR logic.
Experimental Section

High-purity trifluoroacetic (CECOOH) and triflic (CRSO;H) acids 1,4,8,11-Tetrakis(2-naphthylmethyl)-1,4,8,11-tetraazacyclotetrade-
and DABCO were purchased from Aldrich and used without further cane () and 1,4,8,11-tetra-3,5-bis[3-bis(2'-oxymethylnaphthyl)-
purification. benzyloxy]benzyl-1,4,8,11-tetraazacyclotetradec@hbddve been pre-

pared as previously describ&d.

(14) (2) Ward, M. D.Chem. Soc. Re 1957 26, 365. (b) Ward, M. D.; White, [Ru(bpy)(CN)]?~ (as a tetrabutylammonium salt) was kindly sup-

M. C.; Barigelletti, F.; Armaroli, N.; Calogero, G.; Flamigni, Coord.

Chem. Re. 1998 171, 481. (c) Ffehet, J. M. JProc. Nat. Acad. Sci. plied by Prof. M. T. Indelli, University of Ferrara.

(15) llibs;éé%ggzreigénzyggbers, see: (a) Vicinelli, V.; Ceroni, P.; Maestri, M.; Photophysical Experiments.The experiments were carried out in
Balzani, V.; Gorka, M.; Vgtle, F.J. Am. Chem. So2002 124, 6461. (b) air-equilibrated acetonitrile/dichloromethane (1:1 v/v) solution at 298
xa\r/]vrér;é;r H’\?f}(%n:vSJC-ErGfgphgldd;gn?gﬂegc'\/‘hgm“ggé 'é %%?5 D(‘é; K. Absorption and emission spectra were recorded by a Perkin-Elmer
Flamigni, L.; Talarico, A.y,\\;l.; Barigelletti, F.;Y]ohnston, M. Rhotochem. A 40 spectrophotometer and a Perkin-Elmer LS50 spectrofluorimeter.
cp;ﬂ°t°bi2%'o§d1'2%% 1,( 1)9(3'. (dg W‘ut'?ngr, I\'; iautterl,_ Aarg'DBio'mIOIC Titration curves were obtained by implementing the spectra into the

em. s . (e) Hoeben, F. J. M.; Herz, L. M.; Daniel, C.; 4 : .
Jonkheijm, P.. Schenning, A. P. H. J.; Silva, C. Meskers, S. C. J.; Beljonne, SPECFIT softv_varé. Thi estimated experlmental_errors am nm on
D.; Phillps, R. T.; Friend, R. H.; Meijer, E. WAngew. Chem., Int. Ed. the band maximum;:5% on the molar absorption coefficient, and

2004 43, 1976. (f) Dirksen, A.; Hahn, U.; Schwanke, F.; Nieger, M.; Reek,  +10% on the relative luminescence intensity.
J. N. H.; Vagtle, F.; De Cola, LChem—Eur. J. 2004 10, 2036.
(16) Cramer, FChaos and OrderWiley-VCH: Weinheim, Germany, 1993.
(17) Lehn, J.-MSupramolecular Chemistry; Concepts and PerspestiViley-

VCH: Weinheim, Germany, 1995. . . .
(18) Balzani, V.; Credi, A.; Venturi, MProc. Natl. Acad. Sci. U.S.R002 99, Dendrimers 1 and 2.Dendrimersl and2 (Chart 1) consist

4814. fa 1,4,8,11-tetraaz lotetr n lam) core, which i
(19) Balzani, V.; Venturi, M.; Credi, AMolecular Devices and Machines- A ofala3gll-tetraa ac.yc Otgt adepa € ((.:yc a ) core, . C. N
journey into the NanowortdWiley-VCH: Weinheim, Germany, 2003; one of the most extensively investigated ligands in coordination
Chapter 8. i i i
(20) (a) Cooke, G.; Rotello, V. MChem. Soc. Re 2002 31, 275. (b) Cooke, ChemIStry’ appended with four naphthyl umm) (and :.I'Z
G. Angew. Chem., Int. E@003 42, 4860. (c) Pina, F.; Maestri, M.; Balzani, ~ dimethoxybenzene and 16 naphthyl uni®. (The absorption
V. In Handbook of Photochemistry and Photobiolpgydel-Mottaleb, M. i i
S. A., Nalwa, H. S., Eds.; American Scientific Publishers: Stevenson Ranch, and luminescence spectra of these host compounds n
CA, 2003; Vol. 3, pp 41%+450.
(21) Single Molecule Detection in Solutipd@ander, C., Enderlein, J., Keller, (23) Saudan, C.; Balzani, V.; Ceroni, P.; Gorka, M.; Maestri, M.; Vicinelli, V.;

Results and Discussion

R. A, Eds.; Wiley-VCH: Berlin, 2002. Vogtle, F. Tetrahedron2003 59, 3845.

(22) De Silva, A. P.; McClenaghan, N. D.; McCoy, C. PStimulating Concepts (24) (a) Binstead, R. ASPECFIT Spectrum Software Associates: Chapell Hill,
in Chemistry Shibasaki, M., Stoddart, J. F.,"gte, F., Eds.; Wiley-VCH: NC, 1996. (b) Gampp, H.; Maeder, M.; Meyer, C. J.; Zuberbulher, A.
Weinheim, Germany, 2001; Vol. 5, p 156. Talanta1985 32, 257.
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Figure 1. Absorption and emission spectra of dendrirdén acetonitrile- A/nm

dichloromethane (1:1 v/v) solution at 298 K before (solid line) and after
(dashed line) addition of 2 equiv of trifluoroacetic acid. The emission
intensities are directly comparable since in all cases the excitation
wavelength was 275 nm, the absorbance of the solution at the excitation
wavelength was 0.50, and the same experimental setup was used.

Figure 2. Changes observed in the absorption spectrum of [Ru(bpy)[EN)
(2.25x 1075 M) in acetonitrile-dichloromethane (1:1 v/v) solution at 298

K upon addition of trifluoroacetic acid. The thick solid line is the spectrum
before acid addition, and the thick dashed line the spectrum obtained after
addition of 1 equiv of acid. The inset shows the normalized absorbance
changes at 318X) and 535 nmW).

acetonitrile-dichloromethane (1:1 v/v) solution have been

previously investigated In both 1 and2 the naphthalene-type  apsorption bands and the weak luminescence band exhibited in
fluorescence at 335 nm is strongly quenched by the cyclam the visible region are related to metal-to-ligand (bpy) charge-
amine units via formation of intramolecular exciplexes which ansfer (MLCT) excited states (spin-allowed states for the
are responsible for the broad emission bands with a maXimumabsorption bands, the lowest spin-forbidden state for the
at about 460 nm. The emission spectrun2¢Figure 1) shows  emission band). The energies of these excited states are strongly
an additional weak band in the 400 nm region, overlapped with dependent on the interaction of the Chgands with solvents
the other two bands, assigned to naphthyl excirfiers. or protons. In aqueous solution, addition of sulfuric acid starting
Cyclam undergoes protonation in aqueous soldtias well from pH 3 causes successive protonation of the four Gnds
as in other solven It is well-known that protonation of amines  as shown by the progressive displacement of the absorption and
engages the lone pair of the nitrogen atoms and therefore movesmission bands to higher energies. The four protonation steps,
the n(N)— z* charge-transfer (CT) transitions to higher energy. however, are not separable, and no definite emission spectra
The very small change of the absorption spectrunz apon for the various protonated forms can be obtaifféd.
addition of trifluoroacetic acid (Figure 1) shows that the In acetonitrile-dichloromethane (1:1 v/v) solution, [Ru(bpy)-
interaction between amine and aromatic moieties in the ground(CN)Al]zf shows two moderately intense MLCT absorption bands
state is negligible. Addition of trifluoroacetic acid, however, 5t 373 and 535 nm (Figure 2) and a very weak emission band
causes strong changes in the emission spectizaoid 2. The at 770 nm (Figure 3). Upon titration with trifluoroacetic acid,
spectrum obtained at the end of acid titration for dendriier  the absorption bands move to higher energies with an isosbestic
is shown in Figure 1. Comparison with the spectrum recorded point that is maintained until 1 equiv of acid has been added.
before acid addition shows that protonation causes (i) the gyong changes are also observed in the emission spectra (Figure
disappearance of the exciplex band with a maximum around 3) where a band arises at 630 nm upon addition of acid. The
460 nm, (ii) a strong increase in the intensities of the naphthyl ihtensity of such a band increases linearly up to a plateau value
localized band withmax = 335 nm, and (iii) an increase in the  nat s reached at about 1 equiv of acid. Addition of large
intensity of the excimer band around 400 nm. Itis worth noting amounts of acid causes further changes in the absorption spectra
that the spectral changes take place only during the addition ofyith 4 second family of isosbestic points, and the corresponding
the first 2 equiv of acid. These results show that (i) under our emission band further shifts to higher energy and increases in
experimental conditions, the tetramine cyclam core undergoesimensity_ Analysis by the SPECFIT softwatef the titration
only two protonation reactions under the applied conditions and plots shown in the insets of Figures 2 and 3 vyielded the
(ii) addition of 2 equiv of acid prevents exciplex formation.  fo|lowing values for the first and second acidity constant€ap
Analysis of the titration plots by the SPECFIT softwirgielded = 7.1, Kap = ca. 428
the following values for the first two acidity constantsKp= Assembly. Formation of adducts between protonated poly-
8.0 and s> = 6.2 for compound., and a1 = 8.0 and a2 azamacrocycles and [Ru(bpy)(CGN) was previously exploited

= 6.9 for compounc. ) o for promoting intercomponent energy-transfer proce$s&he
[Ru(bpy)(CN)4]?~. The absorption and emission spectra of

this complex have been thoroughly investigated by Scandola (27) (a) Bignozzi, C. A.; Chiorboli, C.; Indelli, M. T.; Rampi Scandola, M. A.;

and co-workers in water and acid soluti&nThe low-energy Varani, G.; Scandola, Fl. Am. Chem. Sod 986 108 7872. (b) Indelli,
M. T.; Bignozzi, C.; Marconi, A.; Scandola, F. IRhotochemistry and

Photophysics of Coordination Compound&rsin, H., Vogler, A., Eds.;

(25) (a) Micheloni, M.; Sabbatini, A.; Paoletti, B. Chem. Soc., Perkin Trans
1978 2, 828. (b) THan, V. J.; Hosken, G. D.; Hancock, R. Dorg. Chem.
1985 24, 3378. (c) Hancock, R. D.; Motekaitis, R. J.; Mashishi, J.;
Cukrowsky, |.; Reibenspies, J. H.; Martell, A. E. Chem. Soc., Perkin
Trans. 21996 1925.

(26) Rtper, J. R.; Elias, Hinorg. Chem.1992 31, 1202.
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Springer-Verlag: Berlin, 1987; pp 159464. (c) Scandola, F.; Indelli, M.
T. Pure Appl. Chem1988 60, 973. (d) Indelli, M. T.; Ghirotti, M.; Prodi,
A.; Chiorboli, C.; Scandola, F.; McClenaghan, N. D.; Puntoriero, F.;
Campagna, Snorg. Chem.2003 42, 5489.

(28) The reported value forfa is a rough estimate since the second protonation

step is not well resolved from the following on€s.
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Figure 3. Changes observed in the emission spectrum of [Ru(bpy{€EN)
(2.25x 1075 M) in acetonitrile-dichloromethane (1:1 v/v) solution at 298

K upon addition of trifluoroacetic acid. The thick solid line is the spectrum
before acid addition, and the thick dashed line the spectrum obtained after
addition of 1 equiv of acid. The inset shows the normalized intensity changes
at 630 nmAex = 300 nm.

aims of our study were (i) to see whether the cyclam core of
dendrimers is accessible to large potential guests, (ii) to
understand whether the excitation energy collected by the

dendrimer chromophoric units can be funneled to such a guest,

and (iii) to explore whether the effect of adduct assembly/
disassembly on the luminescence properties could be used fo
light-signal processing. Since the behaviors of the two examined
systems [Ru(bpy)(CN)?~ and 1 and [Ru(bpy)(CNj]?~ and2
are quite similar, we will mainly concentrate our discussion on
that involving dendrimeg.

The absorption spectrum of a 1:1 mixture of [Ru(bpy)(@¥)
and?2 (3.0 x 1075 M) is displayed in Figure 4. Comparison

with the spectra of the two separated components (Figures 1

and 2) shows that there is no interaction between the two
compounds in the ground state. Lack of interaction in the excited

state, as well, is demonstrated by the emission spectrum (Figure

5), which exhibits the characteristic bands of the isolated
dendrimer (Figure 1) and metal complex (Figure 3).

Titration of the above-mentioned mixture with trifluoroacetic
acid causes strong changes in the absorption and emissio

1.0 8
N 3 _
0.5
2.
<€
1.
0

A/ nm

Figure 4. Changes observed in the absorption spectrum of a 1:1 mixture
of [Ru(bpy)(CN)]2~ and2 (3.0 x 10-> M) in acetonitrile-dichloromethane
(1:1 v/v) solution at 298 K upon addition of trifluoroacetic acid. The thick
solid line is the spectrum before acid addition, and the thick dashed line
the spectrum obtained after addition of 2 equiv of acid. The inset shows
the normalized absorbance changes at 46and 535 nm ). Note the
different absorbance scales for the left and right parts of the figure.
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Figure 5. Changes in the emission spectra in the naphthyl region of a 1:1
mixture of [Ru(bpy)(CN)]2~ and 2 (3.0 x 1075 M) in acetonitrile-

rﬁjichloromethane (1:1 v/v) solution at 298 K upon addition of trifluoroacetic

acid: 0 equiv (thick solid line), 2 equiv (thick dashed line), 26equiv

spectra. In the absorption spectrum (Figure 4) the two bands of (gasheedotted line). 1ex = 288 nm. The inset shows the normalized

[Ru(bpy)(CN)]?~ at 373 and 535 nm move to higher energies
(345 and 476 nm), but less than in the case of protonation
(Figure 2), and isosbestic points are maintained up to the
addition of 2 equiv of acid. These results suggest that addition
of acid promotes association of [Ru(bpy)(GN) and2 and
that after addition of 2 equiv of protons{gRu(bpy)(CN)]%~-
(2H%)-2} adduct is formed, where the two protons bridge the
cyclam core of the dendrimer to the CNigands of the metal
complex (Figure 7). The behavior of the emission spectrum upon
acid addition (Figures 5 and 6) confirms the hypothesis of the
proton-driven formation of an adduct between [Ru(bpy)(dN)

and 2. Addition of acid up to 2 equiv to the 1:1 mixture of
[Ru(bpy)(CN)]?~ and2 causes a decrease of the exciplex band
at 450 nm which is accompanied by a decrease of the naphthy!

(29) (a) Rampi, M. A.; Indelli, M. T.; Scandola, Fhorg. Chem1996 35, 3355.
(b) Simpson, N. R. M.; Ward, M. D.; Morales, A. F.; Ventura, B.;
Barigelletti, F.J. Chem. Soc., Dalton Tran&002 2455. (c) Loiseau, F.;
Marzanni, G.; Quici, S.; Indelli, M. T.; Campagna, Shem. Commun.
2003 286.

intensity changes at 33®§ and 460 nm Q).

band at 335 nm (Figure 5; excitation was performed at 288 nm,
where ca. 80% of the absorbed light causes naphthyl excitation).
Such a behavior is different from that observed upon addition
of acid to a solution containingalone (decrease of the exciplex
band and increase of the naphthyl band, Figure 1). On excitation
at 490 nm (where 100% of the absorbed light causes excitation
of the metal complex), addition of acid causes the appearance
of a band with a maximum around 680 nm (Figure 6), red-
shifted compared with the band originated by addition of acid
to [Ru(bpy)(CN}]2~ alone (Figure 3).

We have also performed titrations of [Ru(bpy)(GN)
Isolutions by the diprotonated forms df and 2, namely,
(1-2H)*" and @-2H)?*. The results obtained were fully con-
sistent with those reported above. The absorption bands were
displaced to higher energies, isosbestic points were observed
up to the addition of ca. 1 equiv a2@H)?>*, and the absorption
spectrum after addition of 1 equiv o2-@H)>" was equal to

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16469
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—. 1.0 in the former compared to the latter c&8&.aking into account
12 //'}\.\\_.\ § that 20% of the light is directly absorbed by the Ru complex at
/ // \\\\-\ 0s: 287 nm, it follows that the intraadduct energy-transfer efficiency
[/ ;70N 3 is 85%. In the case of compouddthe behavior is qualitatively
/_l\, similar, but the energy-transfer efficiency is higher, ca. 100%.
In conclusion, both dendrimers play the role of light-harvesting

hosts that, in the adducts, transfer the collected energy to the
metal complex guest.

Disassembly.The above-described spectral changes upon acid
titration are fully reversed by successive addition of a stoichio-
metric amount of a base, namely, DABCO, indicating an
assembly/disassembly reversible behavior.

550 600 650 700 750 800 We have also found that, upon further addition of an excess
A/nm of acid to {[Ru(bpy)(CN)]?+(2H")-1} and {[Ru(bpy)-
Figure 6. Changes in the emission spectra in the [Ru(bpy)@@N¥egion (CN)4)%+(2H")-2}, novel spectral changes are observed. For
of a 1:1 mixture of [Ru(bpy)(CNJ?~ and2 (3.0 x 10~° M) in acetonitrile- example, the isosbestic points of the absorption spectra disap-

dichloromethane (1:1 v/v) solution at 298 K upon addition of trifluoroacetic ; ; _ i eai
acid: 0 equiv (thick solid line), 2 equiv (thick dashed line), 26equiv pear, the intensity of the naphthyl-type emission at 335 nm

(dashed-dotted line).lex = 490 nm. The inset shows the normalized increases (Figure 5), and the metal complex based emission at

intensity changes at 620 nm. 680 nm increases in intensity and moves to higher energies
(Figure 6). This behavior can be easily explained considering
7NN that both [Ru(bpy)(CNjJ?~ and2 (or 1) are Lewis bases, so

that when excess acid is present they do not need to share
protons, but they are stabilized as independent protonated
species, namely, [Ru(bpy)(CNKL(CNH)2+,]™* (n from O to 2)

and @-2H)?* or (1-2H)*" species. As shown by the inset to
Figure 5, adduct formation between [Ru(bpy)(GR) and 2

upon acid addition exhibits aon—off—on behavior; i.e., the
system performs as a luminescent thresHadidvice.

Energy transfer from a dendritic host to guest molecules or
metal ions has already been repof&t>2.3%s well as reversible
assembly and disassembly of the supramolecular system. For
example, in a dendrimer consisting of a hexamine core sur-
rounded by 8 dansyl-, 24 dimethoxybenzene-, and 32 naphthalene-
type unitsiod a very efficient energy transfer takes place from
all the chromophoric groups of the dendrimer to an eosin guest
that obtained upon addition of 2 equiv of b the 1:1 mixture moleculg. .In such a system, assembly requires extrgction .of eosin
of [Ru(bpy)(CN)J2~ and 2 (Figure 4). Similar results were frpm acidic (pH 5-7) aqueous solutlop by shakm.g with a
obtained when¥-2HY>* was used in the place 02@HY". dlchl_oromethgne sol_utlon of the dendrlmer, and dlsassemk_)ly

i . ) . requires shaking a dichloromethane solution of the adduct with

Indeed, all the results obtained are consistent with formation a basic (pH> 12) aqueous solution. Clearly, the assembly/
of{[Ru(bpy)(CN)l]Z*-(ZHJ“)-l_} and{[Ru(bpy)(CN)J*~+(2H")-2} disassembly process is much easier in the present system.
adducts. I_n such assemblies, the Ru C(_)mplex_must sharg the In conclusion, thé [Ru(bpy)(CN)J2~+(2H*")-1} and{[Ru(bpy)-
protons with the cyclam core of the dendrimer (Figure 7), which (CN)jJ2+(2H")-2} adducts can be disrupted (i) by addition of
explains why the absorption and emission bands of the metal 3 hase (DABCO), yielding the starting species [Ru(bpy)@N)
complex are less shifted to higher energies than those of theand1 or 2, or (ii) by addition of triflic acid, with formation of
protonated metal complex. As far as luminescence is concerned(1-2Hy2+ or (2-2H)?* and protonated forms of [Ru(bpy)(C# .
(Figure 5), on adduct formation the exciplex band of the This means that the adducts behave as systems that respond to
dendrimer decreases because the cyclam core shares protontgo different chemical inputs.
with the metal complex; however, the intensity of the naphthyl  Light-Signal ProcessesUpon 270 nm excitation (90% of
band does not increase, as would be expected upon disappeathe light is absorbed by naphthyl units), a solution of the
ance of the exciplex, but decreases (to 15% of that of the fully {[Ru(bpy)(CN)}]2~+(2H")-2} adduct (3.0x 107°> M) shows
protonated species). This shows that a new deactivation channelemission bands at 335 and 680 nm (Figures 5 and 6). The
namely, energy transfer to the lower lying excited state of the intensities of these two optical channels (outputs) change upon
metal complex, is available for deactivation of the naphthyl units addition of base or acid (inputs) as shown in Table 1. Let us
in the adduct. To estimate the energy-transfer efficiency, we — — y
prepared two solutions o{[Ru(bpy)(CN)‘]Z*-(ZHﬂ-Z} of (30) The emission intensity signals were corrected for the number of exciting

photons by using [Ru(bpy?* as a standard.

different concentrations, exhibiting the same absorbances at 28731) For an interesting example of threshold devices, see, e.g.: Pina, F.; Melo,
oL . . . M. J.; Maestri, M.; Passaniti, P.; Balzani, ¥..Am. Chem. So€00Q 122,
and 374 nm. Excitation of these solutions mainly in the naphthyl 4496,

i (32) (a) Kawa, M.; Frehet, J. M. JChem. Mater1998 10, 286. (b) Schenning,
bands (at 287 nm) and in the MLCT bands (at 374 nm) shows A. P. H. J.; Peeters, E.; Meijer, E. W. Am. Chem. So@00Q 122, 4489.

a metal complex emission intensity at 680 nm that is 88% lower (c) Kawa, M.; Takahagi, TChem. Mater2004 16, 2282.

Figure 7. Schematic representation of thERu(bpy)(CN)]2~-(2H")-2}
adduct.
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Table 1. Emission Intensities of {[Ru(bpy)(CN)4]2~+(2H1)-2} under
Different Experimental Conditions in Acetonitrile—Dichloromethane
(2:1 v/v) Solution

compound I35 nmfau logo nm/au
{[Ru(bpy)(CN)}]2~+(2H")-2} 12 3.2
{[Ru(bpy)(CN)]?>~+(2H")-2} + basé 29 0.4
{[Ru(bpy)(CN)]2+(2H")-2} + acid® 76 0.2
{[Ru(bpy)(CN)J2+(2H")-2} + acich+ bas& 15 2.8
aDABCO, 30 equiv.? Triflic acid, 30 equiv.
a IN4 IN, ouT
(acid) (base) (l335 nm)
XOR

0 0 0 N,

0 1 1 IN, out

1 0 1

1 1 0
b INy IN, ouT

(acid) (base) (lsgonm)
XNOR
0 0 1
IN,
0 1 0 IN, ouT
1 0 0

1 1 1

Figure 8. Truth table and symbol of the (a) XOR and (b) XNOR logic
gates.

consider first emission at 335 nm. In a binary logic schénie,

a threshold value of 25 can be fixed for the emission intensity,
and in a positive logic conventiga 0 can be used to represent
a signal that is below the threshold valuedaa 1 can be

employed to indicate a signal that is above. We can thus write
the truth table shown in Figure 8a, which shows that the system
behaves as an XOR logic gate. Conversely, one can monitor
the emission at 680 nm, establish a threshold value of 1.5 for

the emission intensity, and@s 0 and a 1 tindicate intensity

truth table reported in Figure 8b shows that using this output
channel the system behaves as an XNOR logic gate.

Conclusions

We have shown that the luminescent cyclam-based Hosts
and 2 can be assembled with the luminescent metal complex
[Ru(bpy)(CN)]2~ by a proton-driven process that causes strong
changes in the luminescence properties. In {fRu(bpy)-
(CN)4]?+(2H")-1} and {[Ru(bpy)(CN)}]>+(2H")-2} adducts
formed in this way, very efficient energy transfer takes place
from the naphthyl units ol and?2 to the metal complex.

We have also shown that tHgRu(bpy)(CN)]?—+(2HT)-1}
and{[Ru(bpy)(CN)]2~+(2H")-2} adducts can be disrupted by
two distinct chemical inputs, namely, addition of DABCO,
yielding the starting species [Ru(bpy)(CMN) and1 or 2, or
addition of triflic acid, with formation of 1-2H)>" or (2:2H)>"
and protonated forms of [Ru(bpy)(CNJ~. Such processes
cause strong changes in the luminescent properties. In particular,
in the case of [Ru(bpy)(CN)]>~+(2H")-2} there are two optical
output channels, emission at 335 and 680 nm, that behave as
XOR and XNOR logic gates, respectively.

A large number of dendrimers playing the role of antennae
for light harvesting have been reported in the literat@réhe
system investigated in this study is an example of a light-
harvesting antenna in which the energy-collecting units can be
reversibly assembled to/disassembled from the dendrimer
core2®cThis behavior introduces more flexibility in view of
the construction of systems useful for artificial photosynthesis.
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