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Several logic gates and switches can be accessed from two
different combinations of a single set of fluorophore, receptor
and spacer components.

During the formative phase of molecular-scale computational
devices, it is important to explore the flexibility of current designs.’
We now use our photoionic design® based on photoinduced
clectron transfer’ (PET) and fluorescence as a platform to
demonstrate an enabled ‘Off-On-Off function® in water. The
present illustration means that a microscopic region containing a
H™ concentration within a chosen window and a Ca®* concentra-
tion exceeding a chosen threshold can be directly visualized. This
case is not only biocompatible, but it can be switched to
conventional YES, PASS 0 or AND logic behaviour®’ by changing
an input level or by reformatting its components. The latter method
of switching between molecular switch types is unprecedented,
though cases of reconfiguring logic with wavelength,'*”*® the
level™'% and nature”!% of the chemical input as well as the output
level'™ are known.

Molecular photoionic AND logic gates can be constructed by
joining a fluorophore with two selective receptors by using two
spacers. This corresponds to ‘fluorophore-spacer;—receptor;—
spacer,—receptor,> or  ‘receptor;—spacer;—fluorophore-spacer,
receptorz’“ formats. The latter minimizes the distances over
which PET must occur.'> We use a tertiary amine receptor for
H™ as receptor;, Tsien’s BAPTA receptor'> for Ca>* as receptor,
and anthracene as the fluorophore. PET occurs to the fluoro-
phore from each receptor when ion free. A methylene group
each is used for spacer; and spacer,. Spacers longer than one
methylene group begin to retard PET (and hence reduce
fluorescence switching efficiency) in ‘anthracene-spacer—amine’
systems.'* The more electron-rich BAPTA receptor is expected
to perform better at longer separation distances from the
fluorophore, especially if folded conformers can be arranged.
The other combinatorial possibility of the ‘fluorophore-spacer,—
receptor,—spacer;—receptor;” format is not examined for this
reason. Switches 11 and 21 are designed and synthesized on this
basis.

As expected for modular PET systems, 1 and 2 show typical
anthracenic fluorescence (Table 1) when the two PET-active
receptors are separately blocked with H* and Ca®>’. Hence,
AND logic gate action can be seen for both 1 and 2 if we take
excitation light as the power supply, H™ as input; (high = 107%"M
and low = 1077 M), Ca®" as input, (high = 107> M and
low = 0 M) and fluorescence as the output (Fig. 1). However if we
choose high H* as 10~*° M then 1 becomes, at the simplest level, a
H™"-driven YES gate whose main dependence on the Ca** input is
in the pK, value. We do not develop the possibility of multistable
output'® in this paper. Taking high H" as 10~*° M, 2 can be seen
as a H"-driven PASS 0 gate essentially independent of Ca®*. The
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logic table in the Fig. 1 codes input; (H) as v. high (10~*° M),
high (10°%7 M) and low (10~°7 M).

When we look across the whole range of pH values, 2 clearly
shows a maximum fluorescence emission at pH 6.7 in the presence
of Ca®* (Fig. 1). The emission is far lower in the absence of Ca>".
This is Ca>"-enabled, H" -driven ‘Off-On-OfF action. What causes
the sharp fall of fluorescence at lower pH values? The anthracene
unit is separated by a three-atom chain from the proximal
oxyaniline. This is optimal'® for the approach of the phenylimi-
nodiacetic acid moiety to the anthracene during its excited state
lifetime. Intramolecular quenchin§ of anthracene emission by
carboxylic acid groups is known.” The distal oxyaniline and its
acetic acid appendages are less likely to be involved in the
quenching owing to the lower folding probability.! An effect
similar to that seen in 2 cannot occur for 1 since the anthracene
unit is held apart from the proximal oxyaniline by a single
methylene group.

The maximum quantum yield of fluorescence seen for 1
is low whereas 2 is normal in this regard. Protonated amino-
methyl groups are strongly electron withdrawing'' and hence
this allows a residual PET to occur from the protonated oxyaniline
to the electron-deficient anthracene. This effect cancels out in
the case of 2 since the protonated aminomethyl group affects
the anthracene and the protonated oxyaniline equally.

To conclude, the general PET design of AND logic gates can be
modulated by structure-specific effects, particularly at low pH
values, in logically useful ways.

We thank CNRS, DEL, InvestNI (RTD COE 40) and the EC
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Table 1 Electronic spectral and ion-binding properties of 1 and 2“

Property 1 2

Jabs/nM 398, 377, 359" 389, 367, 350"
10%mqax/mol "1 dm® cm ™! 10.8, 10.8, 8.0 9.8, 11.6, 8.7
Aexe/M 377 369

Jgu/nm 408, 428, 453 400, 419, 443
dau at pH 6.7 0.023 0.25

log fcaee (low H)® 6.6 6.2

log fca (high HY)® 6.67 6.0

“107° M 1 and 2 in water. Data such as fluorescence quantum
yields (¢q,) which can be deduced from the Fig. are not repeated
here. The binding constant data are obtained from the analysis of
fluorescence intensity—ion concentration profiles'' (Fig.). * Average
values in the four input states created by high and low Ca?* and
H". The A, values have a SD = 1 nm and the &, values have a
SD = 600 mol~' dm® cm™!. “See concentration conditions in the
main body of the text. ¢ Value obtained'® for a closely related struc-
ture lacking the diethylamino substituent on the anthracene at pH =
72,1 = 0.1 M (KCI).
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Fig. 1 Two module combinations, formulae and fluorescence intensity (I)-pH profiles (triangles: no Ca®*; circles: high Ca>"). Logic tables for these are
shown between the two streams. The pK, values (determined under high Ca®>" conditions) are given next to the appropriate groups in the formulae.

Notes and references

+ Switch 1 was prepared as follows: BAPTA tetramethlyl ester'® was
alkylated with 9-anthracenylmethyl bromide using ZnBr,."> The diethyl-
aminomethyl group was attached by the sequence of Vilsmeier formylation
(POCl;, DMF), reduction (NaBHy), chlorination (SOCl,) and amination
(HNE?t,). The tetramethyl ester of 1 was hydrolyzed with KOH to yield 1.
Switch 2'® was obtained by alkaline hydrolysis of its tetramethyl ester
which was made by reductive amination of BAPTA tetramethyl ester
aldehyde'® with 9-(N-methylaminomethyl)anthracene.!”

i Resetting of photoionic gates is possible by adding complexants for a
given ion input or by washing of solid-bound gates.
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