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often formulated in the context of classical me- 
chanics. To elucidate further the mechanisms of 
proton motion, future investigations of this sys- 
tem will be undertaken on deuterated analogs. 

That the moiety that displays coherent pro- 
ton tunneling is not the ground state of the 
system is of interest and worthy of further ex- 
amination. The energy characterizing the 
growth of the tunneling peak, D = (125 ? 
10)kBK, is relatively small and of similar mag- 
nitude to the energy differences between tau- 
tomers related, for example, by proton transfer 
in carboxylic acid dimers and in the closely 
related molecule tBC (10). Examination of the 
spectral density recorded on calix[4]arene as in 
Fig. 2A reveals the presence of two identifiable 
incoherent components related to thermally ac- 
tivated stochastic proton-hopping processes. 
One of these, which we shall label process 1, has 
characteristics analogous to the proton transfer 
process reported in earlier observations in tBC 
and is modeled well by incoherent proton tun-
neling in a DWP with asymmetry D. Therefore, 
we propose that process 1 is the mechanism by 
which the moiety that exhibits coherent tunnel- 
ing becomes populated. One way this can be 
realized is if the potential energy surface related 
to proton transfer in a particular molecule is 
influenced by the tautomeric state of its neigh- 
boring molecules. As neighboring molecules 
undergo incoherent tunneling with fast ex-
change on the time scale of w,, and as the 
temperature becomes sufficiently high to sub- 
stantially populate both wells of the neighbor's 
asymmetric DWP, so the asymmetry for the 
moiety in question may become close to zero 
and permit the coherent tunneling processes we 
observe to mediate proton transfer. Precedence 
for this model is provided by the distortion of 
the crystal field that arises from the introduction 
of optical probe molecules in benzoic acid (14), 
although in that case, the distortions are static. 

The second incoherent thermally activated 
proton-hopping process observed, which we 
shall label process 2, is much slower, with 
classical Arrhenius behavior described by 
correlation time T, = 1.2 X 10-l2 exp(900l 
T)s. The activation energy is AEa,JkB = 900 
K, and it is proposed that this process may be 
assigned to rotational flips of the 0 -H groups, 
giving rise to H bond flip-flop motion of the 
kind advocated by Saenger et al. (15) and 
observed by Bernhard et al. in Dianin's com-
pound (16). Additional experiments will be 
required to investigate this process, but in our 
data, it appears to be independent and sepa- 
rate from the coherent tunneling motion. 

The observation of discrete tunneling fre- 
quencies associated with translational atomic 
displacements is rare. Tunneling associated 
with proton transfer in H bonds has been 
observed by microwave spectroscopy in the 
gas phase where the molecules are well iso- 
lated (17). In the solid state, coherent tunnel- 
ing associated with proton transfer has been 

uniquely observed in doped benzoic acid 
where optical probes in low concentration 
introduce a crystal field distortion for a shell 
of molecules in the immediate vicinity that is 
just sufficient to offset the energy asymmetry 
characteristic of the bulk material; the tunnel- 
ing frequency is 8.4 GHz (14). In this report, 
we have described coherent proton tunneling 
with a frequency of 35 MHz in a hydrogen 
bond network; also important is the coupling 
between hydrogen bonds that the spectra re- 
veal. These findings will be important both to 
our understanding of processes relevant to the 
life sciences and to the fundamental role 
played by tunneling in chemical dynamics. 
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Nanoclusters 
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Fluorescence microscopy of nanoscale silver oxide (Ag,O) reveals strong pho- 
toactivated emission for excitation wavelengths shorter than 520 nanometers. 
Although blinking and characteristic emission patterns demonstrate single- 
nanoparticle observation, large-scale dynamic color changes were also ob- 
served, even from the same nanoparticle. Identical behavior was observed in 
oxidized thin silver films that enable Ag,O particles to grow at high density from 
silver islands. Data were readily written to these films with blue excitation; 
stored data could be nondestructively read with the strong red fluorescence 
resulting from green (wavelengths longer than 520 nanometers) excitation. The 
individual luminescent species are thought to be silver nanoclusters that are 
photochemically generated from the oxide. 

The strength of nanoparticle absorption and 
emission enables facile observation of single 
particles (1, 2) with much higher and often 
more robust signals than those produced by 
organic dyes (3-5). Such single-particle ob- 
servations have furthered understandings of 
heterogeneity in molecular behavior (6-8). 
Complementary to environment-influenced 
single-molecule dynamics (5, 7), nanopar-
ticles are larger, more complex systems, and 
their fluorescence often reflects the nanopar- 
ticlelsurface interactions that affect electron- 
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hole recombination (1, 2). However, the util- 
ity of nanoparticles would be greatly en-
hanced if their fluorescence were designed to 
be "caged" or photoactivated. Such caged 
fluorescent particles could be rapidly 
switched on and used, for example, as nano- 
scopic optical storage elements or as probes 
in living systems. Although photochromic 
molecules have been observed as single flu- 
orescent entities (6), to date no photoacti- 
vated fluorescent nanoparticles have been 
produced to the best of our knowledge, let 
alone ones that are observable on a single- 
particle level. Such caged fluorescence 
should prove easier to observe from small 
clusters that are photochemically generated 
from, yet stabilized by, a surrounding solid 
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matrix. Although many photochemical trans- 
formations are known, none yet produce 
strongly fluorescent photoproducts from ini- 
tially nonfluorescent nanoparticles. 

In photography, photoreactions produce 
small, surface-bound Ag clusters from silver 
halide particles, the fluorescence of which 
has recently been reported (9). Although not 
yet harnessed for applications, strong visible 
fluorescence has also been demonstrated 
from both neutral and charged small Ag clus- 
ters (two to eight atoms) in rare gas matrices 
(10-15). Even silver oxide (Ag20), which 
readily produces large surface-enhanced Ra- 
man signals resulting from photoinduced Ag 
cluster formation (16-19), has, to our knowl- 
edge, not been studied with fluorescence mi- 
croscopy. Because it has a band gap in the 
visible region (2.25 eV or -550 nm) (20) and 
is readily photoreduced to yield metallic Ag 
clusters (16), Ag20 provides a possible route 
to producing potentially fluorescent moieties 
upon visible illumination. 

In order to study nanoscale materials'with 
photoactivated fluorescence, solid Ag20 
[99.9% (Aldrich Chemical, Milwaukee, Wis- 
consin), or formed by combining AgNO, 
with KOH in aqueous solution] was ground, 
suspended in CHCI,, and sonicated to break 
up larger aggregates. After settling, the su- 
pernatant was placed on a cover slip, and the 
chloroform was allowed to evaporate. 
Nanoscale (-80-nm diameter) particles were 
created in this manner, as determined by dy- 
namic light scattering and atomic force mi- 
croscopy (AFM). Higher densities of much 
smaller Ag20 particles (10 to 30 nm as de- 
termined from AFM and electron microsco- 
py) were produced by the rapid oxidation of 
very thin Ag films. The Ag films were pre- 
pared in darkness by thermally evaporating 
Ag onto glass at a deposition rate of 1 m s  
with final thicknesses of 10.2, 11.5, 16.6, 
18.2, 19.8, 30.4, 35.0, and 42.5 nm. On the 
thin films (<20 nm) used here, the presence 
of Ag20 upon exposure to air was confmed 
by x-ray photoelectron spectroscopy (XPS); 
only unoxidized metallic Ag was observed on 
thicker films. On these films, no Ag2S was 
observed over the lifetime of the samples. 
Although oxide growth on homogeneous Ag 
films is self-passivating, Ag films thinner 
than -20 nm are not homogeneous but form 
islands to minimize overall surface energy 
(21); thicker films (>30 nm), however, pro- 
duce much more homogeneous coverage. 
Thus, Ag island formation is crucial to treat- 
ing Ag20 films because Ag20 quickly over- 
takes Ag through the reactive, air-exposed, 
higher energy crystal faces. Both types of 
Ag20 samples exhibited similar behavior, but 
the higher density films with smaller features 
are emphasized here. Samples were optically 
excited and observed from both sides of the 
Ag film (8) to ensure that exciting or collect- 
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ing emission through different thicknesses of 
Ag did not affect the results. 

Fluorescence from these dry, light-shield- 
ed Ag20 samples was studied under both 
bandpass-filtered mercury lamp and Ar+ la- 
ser (514.5 and 488.0 m )  excitation (8). In 
these samples, we observed that Ag20 is 
initially nonfluorescent; however, upon illu- 
mination with wavelengths shorter than 
-520 nm, multicolored fluorescence slowly 
grows in; one nanoparticle at a time. Once 
photoactivated, Ag20 films exhibit bright 
multicolored fluorescence under both blue 
(450 to 480 nm) and green (510 to 550 nm) 
excitation. Although the average Ag20 parti- 
cle size is substantially greater than the nano- 
meter scale, emission appeared from many 
localized sites, each of which exhibited dis- 
tinctive emission patterns characteristic of 
single Ag nanoclusters (Fig. 1) (8). Once 
uncaged, very strong multicolored intermit- 
tent fluorescence, or "blinking," was clearly 
observed under continuous blue excitation. 
Under green excitation, however, even 
brighter and substantially more stable (that is, 
less intermittent) red fluorescence was ob- 
served. Typical blinking traces and on-time 
histograms under blue and green excitation 
(Fig. 2) not only further demonstrate single- 
particle behavior (1, 4, 6, 22), but also dem- 
onstrate a spectral dependence of the blinking 
dynamics. The clear asymmetries of single- 
particle emission patterns coupled with ob- 
served blinking dynamics nondestructively 
confm single-particle behavior. This photo- 
activated emission represents a newly identi- 
fied type of nanoparticle behavior that is 
readily observable on a single-particle level, 
even with weak mercury lamp excitation. 

The necessity of Ag20 formation for 
caged fluorescence is confirmed by the ob- 
servation that thick (>30 nm) Ag films 
showed no emission, even after strong illu- 
mination with blue light, whereas thin films 
were highly fluorescent after photoactivation. 
Only films that are too thin to support a 
homogeneous Ag layer exhibit fluorescence, 
so island formation must occur such that 
oxide growth is not self-passivating. Thus, 
the emissive moiety is photochemically gen- 
erated from the surrounding semiconductor to 
produce a Ag/Ag20 chromophore with an 
extremely high absorption cross section, u. 
Through saturation intensity measurements 
(I,, - 200 W/an2 at 514.5 nm) and compari- 
son to known single molecules [1 ,I '-dioctade- 
cyl-3,3',3-3'-tetramethy1'mdocarbocyanine per- 
chlorate, or DiIC18(3); I,, - 10,000 W/cm2] 
(3), the absorption cross section of our nano- 
particles has been determined to be o - 8 X 
lo-'' an2, a factor of 50 stronger than the best 
organic molecules [e.g., DiIC18(3), where o - 
1.6 X 10-l6 an2] (3). In all cases, the highest 
density of emissive sites was observed on ob- 
viously oxidized samples. 

The spectral dynamics of these individual 
features are even more surprising than is the 
observed wavelength dependence of the flu- 
orescence intermittency. Although spectral 
diffusion has been observed in many single- 
nanoparticle or single-molecule systems (2, 
5), our individual emissive particles produced 
dynamic single-particle color changes among 
red, green, and yellow in a seemingly random 
fashion. Such large shifts in emission wave- 
length (>lo0 nm) were previously unknown, 
but they were observed in these samples 
when photoactivated by and further excited 
with blue (but not green) light. Photographs 
of individual features clearly reveal such flu- 
orescence spectral dynamics, with green, red, 
and yellow all being observed over time from 
the same nanoparticle (Fig. 1B). The addi- 
tional observation of multicolored single-par- 
ticle emission patterns (8) shows that individ- 
ual particles can drastically c e g e  emission 
frequencies (Fig. 1C) and that this change 

Fig. 1. (A) Fluorescence from a 16.6-nm Ag/ 
Ag 0 film excited at 514.5 nm. (B) Four indi- 
vitual features and (C) each of these particles' 
emission patterns, confirming single-nanopar- 
ticle emission. The fluorescent nanoparticle in 
the upper right comer of (B) bleached between 
photographs. These individual nanoparticles 
emit as single-quantum systems that vary 
widely in emission wavelength under Ar+ laser 
excitation. Similar behavior was observed under 
488-nm Ar+ laser and blue (450 to 480 nm) 
mercury lamp excitation. Excitation was per- 
formed at -35.8 W/cm2 in a standard epiflu- 
orescence geometry on an Olympus IX-70 in- 
verted microscope using a 1.4 numerical aper- 
ture Plan-Apochromat objective (color correct- 
ed at three wavelengths). These photographs 
were taken with IS0 400 film with -10-s 
exposures. The image in (A) is 29.5-ym wide. In 
(B), the upper two molecules are separated by 
4.0 ym; (C) is on the same scale as (B). 
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cannot result from several particles emitting 
from the same diffraction-limited volume. 

Although Ag20 must absorb the incident 
radiation, the photoactivation indicates that 
photochemical change produces Ag atoms 
and silver peroxide [Ago, best described as a 
combination of Ag(1) and Ag(III)] (Id), the 
latter of which is unstable at room tempera- 
ture relative to Ag20'(23) and readily pho- 
toreduced to form Ago and 112 0, (24). Thus, 
we also prepared Ago samples similar to 
those for Ag20. Such samples of Ago (Al- 
drich chemical) initially exhibited only very 
weak yellow fluorescence, but they were also 
quickly photoactivated to yield the diverse 
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Fig. 2. (A) Typical single-particle blinking traces 
for blue-excited (450 to 480 nm, offset by 
150,000 counts, gray line) and green-excited 
(510 to  550 nm, black line) fluorescence ac- 
quired for 200 frames with 200-ms time reso- 
lution, each at an intensity of -30 W/cm2. 
Thresholding 93 such traces at 2.5 times the 
data set's average intensity for each blue- and 
green-excited fluorescence trajectory yielded 
the on-time histograms plotted in (B) and (C). 
"On times" less than two frames long were 
discarded in (B); on times less than three 
frames were discarded in (C) to  emphasize the 
difference in long on-time behavior between 
green- and blue-excited emission. The green- 
excited (i.e., red) fluorescence was much more 
stable, lasting for much longer periods of time. 
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colors observed from both Ag20 and oxi- 
dized Ag films. Because Ag20 photochemi- 
cally produces Ago (Id) and because both 
oxides not only yielded Ag clusters upon 
irradiation but also produced photoactivated 
multicolored fluorescence, the more stable 
Ag20 must be the caged species yielding the 
observed fluorescence. Once a metallic im- 
purity is formed, it becomes easier to contin- 
ue the photoreduction process, creating 
Ag2+, Ag2, Ag,+. . ., but this is balanced by 
the relative instability of Ago and the bind- 
ing energy of each cluster relative to the 
excitation energy (10, 14). This photochem- 
ical process enables small Ag clusters to form 
from Ag20 crystals (and subsequently from 
Ago) similar to those harnessed in silver 
halide-based photographic emulsions. Such 
small Ag clusters are known to produce 
strong visible fluorescence (10-15) and 
should exhibit emission wavelength changes 
as they change geometry (25, 26) and size in 
the range from two to four atoms (9, 11, 14). 
Because the Ag cluster size and charge are 
constantly being modified under illumination 
and chemical reaction, it is not surprising that 
the emission color of individual emissive 
sites changes. 

The wavelength-dependent photoactiva- 
tion, blinking, and spectral diffusion of blue- 
excited fluorescence, both on oxidized films 
and on AGO nanocrystals, clearly indicate 
that the Ag20 must absorb and form small 
neutral and cationic clusters of Ag metal and 
Ago, with subsequent energy transfer to and 
fluorescence from the Ag clusters. Thus, 

mittency and dynamic color changes indicate 
that the surrounding Ag,O likely absorbs the 
incident blue radiation i d  transfers energy to 
the Ag clusters. However, because the blink- 
ing and spectral diffusion under green exci- 
tation are greatly reduced, the Ag clusters are 
likely directly excited by longer wavelengths. 
This wavelength dependence matches ex- 
tremely well with the known band gap for 
Ag20 (20) and with the known green absorp- 
tion and red emission lines of Ag clusters 
(10-15). The enhanced stability of the pho- 
toactivated red fluorescence excited by green 
light enables data to be written with blue light 
and nondestructively read with green, even 
on a single-particle level. Although the Ag20 
particles are 10 to 30 nm in size, the emissive 
site must consist of small Ag clusters, either 
within or on the surface of the Ag20 crystals. 
Thus, the Ag20 serves as the photoactivable 
material and may simultaneously provide a 
protective overcoating that stabilizes the un- 
caged Ag-cluster fluorescence. 

Because each individual particle is photo- 
activated, data are readily stored in and non- 
destructively read from these high-density 
nanoparticle films. Blue mercury lamp illu- 
mination enabled images of a field aperture to 
be written on the Ag20 films. Two adjacent 
images were successively written on the same 
film, each with a 10-min exposure at an 
intensity of -30 W/cm2 (Fig. 3). Although 
some emissive centers do seem to emit yel- 
low light, images primarily grow in as indi- 
vidual red and green emissive sites. The final' 
high-density images, however, exhibit only 
bits of red and green colors, which indicates 
that the yellow images result from color mix- 
ing of the dynamic red and green emission 
observed under blue excitation. Because blue 

whereas the Ag clusters fluoresce under both 
blue and gieen illumination, the strong inter- 

light continues to write information, reading 
data with blue excitation will degrade data 
integrity. Because these emissive features 
also absorb green light with concomitant sta- 
ble red emission, these same features can be 
nondestructively read by green illumination, 
even up to many hours after being written, 
without substantial image degradation. Read- 

Fig. 3. (A) A photograph of two adjacent im- 
ages of an aperture successively written to  a 
Ag,O film with blue mercury lamp excitation. 
(B) Red fluorescence from the same region as in 
(A) but illuminated with green light to  nonde- 
structively probe the images written with blue 
light. Photographs were taken with IS0 400 
film with - 10-s exposures. Opposite vertices 
of each aperture are 35 y m  apart. 

ing data with green excitation very slowly 
bleaches the written image without substan- 
tially increasing the background. Blue exci- 
tation, however, maintains nearly constant 
intensity in the written image because of the 
equilibrium resulting from photoactivation 
and bleaching, but the background intensity 
markedly increases. This newly identified 
class of nanoparticle behavior offers the po- 
tential to photochemically control fluorescent 
spectral features on both the single-nanopar- 
ticle and bulk levels. 
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Toward Separation and 

Purification of Olefins Using 


Dithiolene Complexes: An 

Electrochemical Approach 


Kun Wang* and Edward I.Stiefel* 

The complex Ni[S,C,(CF,),], reacts with light olefins, including ethylene and 
propylene, selectively and reversibly. The reaction is not poisoned by hydrogen 
gas, carbon monoxide, acetylene, or hydrogen sulfide, which are commonly 
present in olefin streams, presumably because olefin binding occurs through the 
sulfur ligand rather than the metal center. The reversible reaction of olefins with 
Ni[S,C,(CN),]," (n = 0, -1, -2) can be controlled electrochemically, where the 
oxidation state-dependent binding and release of olefins are fast on the elec- 
trochemical t ime scale. The observed tolerance t o  poisons and controllable 
electrochemical reactivity present an alternative approach t o  the separation of 
olefins from complex streams. 

Olefins are the largest volume feedstock in the 
chemical and petrochemical industly, and are 
widely used in the production of polymers, 
acids, alcohols, esters, and ethers (I). The light- 
est olefin, ethylene, is the largest volume organ- 
ic chemical (2). Generally, olefins are produced 
via steam or catalytic cracking (3, 4) and sep- 
arated by cryogenic distillation. The latter pro- 
cess is energy-intensive and costly, and contrib- 
utes -75% of the total olefin production cost 
(5).The large volume of olefins produced and 
the required purity for most applications pro- 
vide strong incentives for novel alternative sep- 
aration approaches. 

The use of chemically specific separation 
reagents driven by electrical energy is a po- 
tentially inexpensive and efficient approach 
for separation (6 ) .Indeed, redox-active metal 
salts such as copper (7, 8) have been reported 
to react with olefins reversibly. However, 
these metal-based systems are poisoned by 
C,H2, CO, and H,S. Sulfur-containing sys- 
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tems such as those reported by DuBois et al. 
(9) might be tolerant to H2S and CO, but react 
with H2 and C,H2. 

We report a reversible and robust system 
for olefin separation based on metal 1,2-ene- 
dithiolate (dithiolene) complexes. Whereas 
early interest in dithiolene complexes focused 
on their unusual redox and optical properties 
(10-13), recent studies have ranged from 
bioinorganic chemistry to material science 
(14-16). Schrauzer et al. (17) reported that 
M(S,C,Ph,), (M = Ni, Pd, Pt; Ph = phenyl 
group) reacts with norbomadiene, and Wing 
et al. (18, 19) reported that Ni[S,C,(CF,),], 
(1) reacts with norbomadiene and 2,3-di-
methyl-1,3-butadiene to form 111 olefin ad- 
ducts, where the olefin binds to ligand S 
atoms rather than the metal. However. there 
are no reports of such reactions with light 
unstrained mono-olefins. We found that, un- 
der mild conditions, 1 reacts with simple, 
aliphatic olefins selectively and reversibly to 
form 111 adducts. 

Upon reaction with olefins, the deep purple 
~0luti0n of 1 turns light yellow, and the inten- 
sity of the lowest energy band (744 nm) in the 
ultraviolet-visible (W-vis) spectrum de~reases. 
The band at 744 nm [molar extinction coeffi- 
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cient E = 1050 (toluene)] has been assigned as 
the transition between the highest occupied mo- 
lecular orbital and the lowest unoccupied mo- 
lecular orbital (HOMO--+LUMO transition). 
When the adduct can be isolated (such as for 
norbornene and norbomadiene), the 744-nm 
band is absent. With simple olefins, the bands at 
744 and 570 nm decrease with time (but do not 
fully disappear), and a band at 420 nm simul- 
taneously appears, with an isosbestic point at 
442 nm (Fig. 1). Similar patterns are observed 
for ethylene, propylene, cis-2-butene, 1-hexene, 
and trans-3-hexene. Exposure to an Ar atrno-
sphere completely restores 1, indicating that the 
reactions are fully reversible. 

Low concentrations of H,, CO, C,H2, 
H,O, and H2S may be present in typical 
olefin streams (1). These components gener- 
ally poison metal-based complexing agents. 
However, when a solution of 1 (1 mM) was 
treated individually with pure (1 atm = 101.3 
H a )  H,, CO, C,H,, or water-saturated tolu- 
ene under conditions used for ethylene bind- 
ing, no reaction was observed. Moreover. the 
reaction with ethylene is not affected when 8 
mole percent (-10 weight percent) H,S is 
present, which is a far higher concentration 
than that found in typical olefin streams (20, 
21). Clearly, 1 is tolerant to poisons poten- 
tially present in olefin streams, which we 
attribute to olefin binding at sulfur rather than 
the metal (Scheme 1). This unusual mode of 
olefin binding has been unambiguously dem- 
onstrated by x-ray crystallography for the 
norbornadiene adduct (18). 

Kmetic studies were carried out using W-
vis spectroscopy for the reactions of 1-hexene 
and trans-3-hexene with 1.Under pseudo-first 
order conditions, the plot of In(A -A,) versus 
time gives a straight line over three half-lives, 
revealing the reaction to be first-order in 1. 
Plotting the observed rate constant k,,? against 
olefm concentration gives a straight line, indi- 
cating that the reaction is also first-order in 
olefm (Fig. 2). Consistent with a bimolecular 
reaction (Scheme 1) implied by the second- 
order kinetics, the mass spectrum (field desorp- 
tion) of a solution of 1 in neat I -hexene clearly 
shows a 111 adduct. 

For ethylene and propylene, comparative 
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