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An Atmospherically Driven Optical Switch

James J. La Clair*

An effective switch translates an external force through
components of minimal complexity into a signal that regulates
a desired output. A series of macromolecular switches have
now been constructed that can be initiated by chemical,
electrochemical, photochemical, or thermal stimuli.l! Recent
attention now focuses on adapting these materials into
machines or electronic components.”) A new device is
presented that translates a change in the atmosphere into an
electrical output though a photophysical change within a
small group of molecules.

Here, a change is defined in units of molecules and
measured by monitoring the viability of twisted intramolec-
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ular charge transfer (TICT) state formation.** Materials that
contain a large dielectric constant, such as 1, undergo facile
rotation about unrestricted sp® bonds to form TICT states
upon being excited to the singlet state (Figure1). The
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Figure 1. a) Compounds 1 and 2 contain five bonds (shown with arrows),
which rotate in the excited state to provide a series of TICT states.
b) Schematic representation depicting the formation of an orthogonal
TICT state (bottom) from a planar conformation (top).

orthogonal alignment of these states restricts their relaxation
back to the ground state by nonemissive processes. Overall,
the presence of a TICT state acts as a funnel that removes the
potential for individual molecules to fluoresce.

The formation of a TICT state is encouraged in polar media
as a consequence of the relative increase in charge separa-
tion. For 1, changing the solvent from n-heptane to methanol
red-shifted the fluorescence maximal! and decreased the
relative quantum yield, as indicated by a change of Ap=
527 nm (@r=0.10) and Ap=541 (P=0.0049) in n-heptane
to Ap=483 nm (P~ 107%) in methanol. This solvent effect
was so pronounced that the addition of 0.005% methanol
provided only 10% of the fluorescence normally obtained
from a 1 pm solution of 1 in n-heptane.

The switching process was monitored using confocal single
molecule spectroscopy. This technique was chosen as it is
applicable to a small volume and provides a signal that
requires a minimum number of molecules. Fluorescence from

3046 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999

1 was examined as individual molecules diffused through a
2.8 fL. (2.8 x 107 L) conical fluorescent element. An illumi-
nated cavity was generated by imaging the fluorescence,
which arises from excitation with a 488 nm line (10 mW) of an
argon ion laser through a 1 um diameter pinhole and a 545 nm
cutoff filter, onto a photoavalanche detector (Figure 2). Single

whjective

Figure 2. Schematic representation of the optical switch.®l Left: An 80+
10 uLL droplet of a 100 pm solution of 1 in benzene or toluene, enclosed
within a balloon, is placed in contact with the objective of a confocal
fluorescence spectrometer. Right: enlarged view of the probe. A laser
beam (2) passes from the objective into the sample (3). The sample is held
in a 50 pL gold well housed within a silver case (4). The sample holder is
fixed to the objective using small strips of wood and tape (5). A small cover
slip (1) is held between the objective and sample by a 20 puL. drop of water
to prevent contamination. Fluorescence is collected back through the
objective, passed through a 1.0 um diameter pinhole, and focused on the tip
of the photoavalanche detector. The final probe volume is 2.8 fL (10~ L).
The chamber can be filled with argon, carbon dioxide, or nitrogen without
altering the temperature of the probe.

molecules of 1 were readily detected in 0.1 -1 nm solutions of
n-heptane, benzene, or toluene in an argon or nitrogen
atmosphere.l> 7] In contrast, comparable detection was not
possible in a variety of polar solvents, including methanol,
ethanol, DMSO, DMF, 14-dioxane, and THF. This solvent
sensitivity served as an effective switching element.

When the atmosphere surrounding a 100 pM solution of 1 in
benzene or toluene was changed from nitrogen to carbon
dioxide, single molecules were no longer detected (Figure 3).
Interestingly, the solubility of carbon dioxide in benzene or
toluene was sufficient to decrease the net fluorescence from 1.
Single molecules were again detected after removal of the
carbon dioxide and re-filling the chamber with argon or
nitrogen.”) This switching was limited only by the evaporation
of the solvent. The presence of fluorescent molecules could be
determined with a 99.1+0.7% certainty over 900 runs after
1.5s. The speed of switching was not restricted by the
detection element but rather by the ability to de-gas and
refill the chamber.

A two-stage switch was constructed on the basis of the
ability to detect single molecules of 1 as they diffused through
a 2.8 fL cylinder.l”! The positions of the switch were defined as
ON in an argon or nitrogen atmosphere and OFF in the
presence of carbon dioxide. The lack of fluorescence in the
OFF position likely arose from a combination of solvent-
induced alteration in the access to the TICT state as well as
carbonylation of the free phenol. Evidence for both factors
come from a comparison of the results obtained with 1 with
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Figure 3. Traces of single molecules of 1 diffusing through a 2.8 fL
(10~ L) fluorescence element. a) Single molecules are readily detected in
n-heptane solution in an argon or nitrogen atmosphere. b) Transients from
these molecules disappear as the atmosphere is changed to carbon dioxide
and c) reappear upon returning to an argon or nitrogen atmosphere.

those from 2. While both materials share comparable
spectroscopic properties and solvent sensitivity, the number
of single molecule events was decreased but not eliminated
when 2 was subjected to the same conditions as those used in
Figures 2 and 3.

The fluorescence observed from the switching of 1 was
translated into a graphical display (Figure 3) by conversion of
the fluorescent photons into an electrical signal by means of a
single-photon counting photoavalanche detector. The relay of
the interaction between atmosphere and molecular photo-
physics to an electrical signal provides a novel approach for
the design of future optical mechanical and electronic devices.

Experimental Section

Measurements were conducted on a conventional confocal single molecule
spectrometer. 71 A 20 uL drop of water was placed on the upper side of a
circular cover-slip (Fischer) and attached to the head of a microscope
objective (Zeiss Plan-neofluar Multi-immersion 40X). A 50 pL gold well
encased in a silver holder (2 x 2 x 0.6 cm) and loaded with 80+ 10 pL of a
100 pm solution of 1 in benzene or toluene was slowly brought into contact
with the cover-slip. The assembly was held in place by mounting the sample
holder on to the objective with four beams (see Figure 2). The droplet of 1
was open to the atmosphere. A balloon was placed over the entire sample
housing and filled with gas. Confocal single molecule examinations were
made repetitively on solutions of 1 in argon, nitrogen, and carbon dioxide
atmospheres.
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Single molecules were detected using a confocal fluorescence spec-
trometer as designed by Eigen—Rigler.l®*" Fluorescent photons were
harvested by passing the filtered fluorescent beam through a 1 pm
diameter pinhole and focusing this light on to a single photon counting
silicon avalanche detector (EG&G SPCM-100).
The switch was flipped by changing the atmosphere within the balloon
between argon or nitrogen and carbon dioxide. This was conveniently
accomplished by slowly purging and filling with the appropriate gas.
The fact that the regenerated signal (Figure 3, bottom trace) originated
from 1 was verified by two observations. Firstly, the detected transients
displayed an identical diffusion time (¢, =55+5 ms) with that of 1, as
given by their auto-correlated function (not shown). Secondly, the
reaction of 1 with carbon dioxide was reversible as indicated by
independent 'H NMR characterization of a scaled-up version of this
process.
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Novel Catalytic Hydrogenolysis of
Trimethylsilyl Enol Ethers by the Use of an
Acidic Ruthenium Dihydrogen Complex**
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Masanobu Hidai*

Since the first report on a tungsten complex with an 7>
bound H, ligand, W(%*-H,), by Kubas and co-workers in
1984, a great number of this unique class of complexes have
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