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Proof-of-Principle of Molecular-Scale Arithmetic

Ca? blue-shifts absorption band

&+ 8-

! CHROMOPHORE ECEPTORO

A. Prasanna de Silva* and Nathan D. McClenaghan a)

He
red-shifts absorption band

School of Chemistry, Queen's Waisity 1
Belfast BT9 5AG, Northern Ireland
F
(9]

Receied Naember 22, 1999 b) o 7. c)
Revised Manuscript Receéd February 22, 2000 z?&o_ .oj‘f;
N
Arithmetic is the most universally recognizable form of o o A

computation whether it is performed by human brains or by Q\_/ Q
computing machines. Addition is the primeval form of arithmetic
and can lead to other operation&rithmetic and logic operations 2 —
are the twin pillars on which the entire information technology g
revolution has been built. Arithmetic operations are currently
implemented in semiconductor technology by combining AND Figure 1. (a) Design principle, (b) molecular-scale implementation, and
and XOR logic gates in parallel. Now we demonstrate this (c)experimental demonstration of XOR logic gatsuitable for arithmetic
combination at the far smaller molecular-scale. Elementary operations.
molecular arithmetic operations therefore arise naturally. Although
several approaches with potential for molecular-scale arithmetic energy band in its electronic absorption spectrum. On the other
are availablé; 7 small designed molecules intrinsically endowed hand, occupancy of receptarauses the opposite effect, that is,
with numeracy are unprecedented. a red shift. In favorable cases, occupancy of both receptors by
Elementary logic operations at the molecular-scale have beentheir respective cations causes almost no net shift of the spectrum
a reality for some timé&-1¢ These function with chemical inputs  from its original cation-free position.
and optical outputs. We and others have previously demonstrated A molecular-scale implementation of these ideas can be
supramolecular systerfsacting as AND logic gates, some of arranged ir2 which combines well-known receptors for £a°
which are ready for use in arithmetic operatidis?® Balzani, and H"2° within a push-pull chromophore. A report on the
Stoddart, and their colleagues demonstrated the first XOR logic protonation behavior exhibited by a relative of the parent
operationt® However, this XOR gate employs chemical inputs chromophor& gave us early confidence about this design.
which annihilate one another and cannot therefore be used as-isObservation at 390 nm (a wavelength close to the original cation-
in an arithmetic context. We now demonstrate a general approachfree absorption maximum) then produces the following truth table
to XOR logic without this annihilation problem so that arithmetic  (Table 1). If the output is viewed as absorbance, XNOR logic is
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becomes accessible.
Push-pull systeml (Figure 1) has selective cation receptors

produced. If the output is viewed as transmittance, XOR logic is
the result. We choose the latter for the present arithmetic

at both terminals. The energy of the internal charge transfer (ICT) application, especially because the output of our AND gate is

excited state ofl will naturally be perturbed by occupancy of
either receptor by its chosen cation. Pughll systems with a
single receptor have enabled the visualization of intracellular
messengers such as?Ca® However, occupancy of recepiawill
destabilize the ICT excited-state, that is, blue-shift the lowest-
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also light (see later), except that it is by emission rather than by
transmission.

With the XOR logic gate in hand, we now require an AND
gate which is fully compatible with the former in terms of
chemical inputs, optical outputs, and power supplies. Mutual
interference must also be minimized. Drawing on our early design
3 (Figure 2)? molecule4 responding to Ca and H" could be
constructed. Both receptoand receptormust be occupied by
their respective cations before bright fluorescence output is
produced, that is, showing AND logic (Table 1: last column). If
not, photoinduced electron transfer (PET¥* from either receptor
to the fluorophore takes place as an energy-draining pathway.

Now we operate XOR gat2 and AND gate4 in parallel for
the purpose of binary addition. This can be representesitas
conventional electronic symbols (Figure 3). The first binary
number is coded for by the presence (01) or absence (00) of H
input. The second binary number is coded for by the presence
(01) or absence (00) of €ainput. The sum digit is coded for by
the transmitted light intensity output at 390 nm when high (1) or
low (0). The carry digit is coded for by the emitted light intensity
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Table 1. Truth Tables for Logic Gate2 and4 When Operated Table 2. Truth Tables for Combined Logic Gat@sand4 When
Separatel§y Operated in Parall@l
output output added number
output 2; XOR 4, AND — —
input, inpuk  2; XNOR (% transmittance  (fluorescence first number second number C%L%pdd?'t S%Ttg&@t"t
+ +
H c& (Aseo) at 390 nm) at 419 nm) Input Input (fluorescence (% transmittance
0 0  1(high; 13000 O(low; 5°) 0(low; 49, 0.006) H* car at 419 nm) at 390 nm)

0 1 O(low;3106) 1(high; 49) o(low; 1¢%, 0.020)

1 0 oO(low 4108) 1i(high:39)  O(low: &, 0.018) 00 00 Oflow; 2,0.003) - O(low, &)

1 1 1(high: 11408 O(low; 7) 1(high; 100, 0.2%) 00 0l O(low: 3,0.009)  1(high; 40)
gm ' gn; 109, ©. 01 00 0(low; 3, 0.005) 1(high; 33)

3105 M 2 or 4 in H,O, 2 monitored at 390 nm by absorbance or 01 01 1(high; 108 0.10)  O(low; 12)

transmittanceThe lowest energy absorption maxima are 393, 347, 492,
and 396 nm under (inpytinput) conditions of (0,0), (0,1), (1,0), and
(1,1), respectivelyd excited at 369 nm, fluorescence emission maxima
are at 400, 419, and 443 nm. 0 and 1 are digital representations of low
and high signal levels, respectively. The low input level corresponds

a Experimental conditions and input signal levels as for Table 1,
except that H and C&" code for binary numbers in this cagdntensity
in arbitrary units.° Apparent quantum yield. 10 cm optical path length.

to 109 for H* and <10°M for C&*. The high input level =1, and 1+ 1 = 2. The commutative nature of addition is also
corresponds to I6M for H* and 10%3M for Ca?*. Logarithms of ion clear. Overall, this lets the combined molecu®esnd4 emulate
binding constants under the experimental conditions flocpncentra- the half-adder found in electronic calculators and computers.
tions in M); 2-H* = 7.0 (low C&"), 6.4 (high C&’), 2-C&" = 5.9 Several features of systethand 4 and others of this genre

(low H'), 5.8 (high H), 4-H" = 8.4 (low C&"), 7.8 (high C&"), 4-C&*
= 6.2 (low H"), 6.0 (high H"). b Extinction coefficient£ 10 cm optical
path lengthd Intensity in arbitrary units¢ Quantum yield

must be noted: (@) It operates in wireless mode on the molecular-
scale in room-temperature water and responds to physiological
levels of C&" and H". (b) Fluorescent lends itself easily to

! | [ single-molecule operatiort8,whereas2 would require special
a) @%mm’m“'olﬂ%mwm“@' modulation technique®. (c) Since ion-ligand interactions are
3 reversible, reset is best achieved by washing polymer-bound

system¥’in a flow regime. (d) Three-dimensional ionic diffusion

in solution is currently a speed limiter, although the potential exists
to use photo-decoordination methé&t® provide the chemical
inputs to the logic system within picoseconds. (e) The principles
outlined here are general, and the number of inputs are not limited
to two. In fact, three-input molecular logic is availabtéf) Logic
systems with ionic inputs and fluorescence outputs can in principle
be “wired” together via intermediate units having optical inputs
and ionic outputs. The latter are available by de¥igmd in
nature3® Nevertheless, small-scale integration of two molecular
logic functions without “wiring” of gates was demonstrated in

Figure 2. (a) Design principle, (b) molecular-scale implementation, and 1999*° (9) Logic predates electronic computation. Thus, the

1 \Ca?*and H*

===

ha}

Q 380 419 Wavelength (am) 500

(c) experimental demonstration of AND logic gatecompatible with definition of general logic operations are not bound by electronic
the XOR gate of Figure 1. requirements such as wiring and circuitry. In fact, the earliest
applications of molecular-scale computational elements will

15;-".‘.’.“:3:'“ probably arise in cellular and chemical sciences._ _ _

a) — anp Fluos:s?:::cglggpuq To (_:oncluc_ie, we .have demonstrated_ prototyp!cal anthmeuc
e nbut | operations with de_S|gned molecules using chemical inputs and

sysnmnsfsgutpug optical outputs. C;h|ldr9n Iea(n thatt11 = 2 via molecule-based
processes in their brains. It is remarkable that molec2iksd 4
5 now know that too.
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Figure 3. Addition of binary numbers by parallel operation of XOR (25) Weiss, SSciencel999 283 1676,
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