A Switch in a Cage with a Memory
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ABSTRACT

Chemical and optical stimulations control the interconversion of a three-state molecular switch trapped inside a silica monolith. The resulting
absorbance changes in the visible region can be exploited to reproduce a sequential logic operator with one optical input and one optical
output. This strategy to transfer operating principles for digital processing from bulk solutions to rigid materials can lead to the development

of chemical logic gates based on functional solid components.

The power of chemical synthesis to deliver compounds with in a detectable output. The application of simple logic
tailored properties, engineered shapes, and subnanometezonventions allows the encoding of binary digits in the inputs
dimensions is encouraging the identification of molecular and outputs, offering the opportunity to reproduce the

strategies for digital processifgndeed, molecules can be
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Figure 2. Absorption spectra of a doped silica monolith before
(a) and afterf) visible irradiation, followed by storage in the dark

M
S\ Me for 1 d (c), exposure to hydrochloric acid vapors fb h in the
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significant absorbance changes at two distinct wavelengths

Figure 1. The switching cycle associated with the interconversion in the visible region. Following these operating principles,
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of the three stateSP,ME, andMEH in acetonitrile (a) and inside We.reprodut':ed.thel lOg.IC functlo'n associated with a combi
a silica cagelg). national logic circuit with three inputs and two outputs. In

this paper, we show that (1) our molecular switch can be
encaged and operated within rigid matrixes and (2) the

functions of digital circuits with molecules. However, most  resulting solids can be employed to implement simple logic
of these chemical logic gates are operated in solution. TheOPerations.
next step in this fascinating research area must be the We trapped the spiropyraBP'? inside a silica monolith
identification of reliable procedures to reproduce their relying on sot-gel processes:* The absorption spectrum
operating principles with solid materials. Only then, device (ain Figure 2) of a doped monolith, prepared under neutral
configurations for digital processing based on functional conditions in the dark; reveals two bands at 403 and 520
molecular components can start to be envisaged. nm. They correspond to the merocyanine forlisH and

In a search for innovative strategies to implement logic ME, respectively. Upon either ultraviofét or visible!/
functions at the molecular level, we developed a three-statelradiation,MEH andME switch toSPand the correspond-
molecular switch and studied its behavior in acetonitrde ( INg absorption bands disappehriit Figure 2). The colorless
in Figure 1)%9¢ Our design is based on the established stateSP reverts to the colored form¥EH andME, if the

photoisomerization of spiropyra#sWe demonstrated that ~doped monolith is stored in the dark for 1 d. Consistently,
ultraviolet, visible, and H stimulations control the inter-  the bands at 403 and 520 nm can be observed again in the

conversion of the three states of the switch, producing @0sorption spectrumc(in Figure 2):° The exposure of a
doped monolith to vapors of hydrochloric atidesults in
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the protonation of thep-nitrophenolate fragment d¥IE. s

Indeed, the absorption spectrunhifl Figure 2) recorded at
this point shows only the band at 403 nm fMdEH. This
band disappears {g Figure 2) after visible irradiatio®, as
the coloredMEH switches to the colorlesSP.

The switching behavior emerged from the analysis of the
doped monoliths is markedly different from that observed
in acetonitrile. In this solventa(in Figure 1),SP switches
to ME upon ultraviolet irradiation antE reverts toSP
either in the dark or under visible illumination. Inside a silica
cage (bin Figure 1),SP switches toME in the dark and
ME is partially converted intdlEH by the water molecules

at 520 nm (0)

Absorbance (%)

Time (h})

5
trapped in the monolith. Upon either ultraviolet or visible 1.0 T %
irradiation, ME andMEH revert toSP. el > =
The different behavior in the two media prompted us to 82 3
examine the interconversion of our molecular switch in the § E 3
same solvent mixture [EtOHA®/DMSO (36:48:16, v/viv)] 59 -
employed for the preparation of the doped monoftiidnder 2 'i;
these conditions, the changes in the absorption spectrum

parallel those observed for the doped monoliths. Presumably, 0@

the environment around the molecular switch in this par- )
ticular combination of solvents and that surrounding the Figure 3. (Top) Changes in the absorbance output (O) at 520 nm

d ti il kably simil In both under the influence of a visible light input)(for three consecutive
. opant in a silica cage. are remgr ably S'm' ar'. n 0 switching cycles §—g). (Bottom) Time profile ofO for the first
instances, the polar medium stabilizes the zwitterionic form switching cycle (a—c).

ME relative toSP, encouraging the thermal isomerization
from SPto ME. Furthermore, the protic media promote the

protonation oME and its partial transformation intdEH. whose outputs are dictated by the interp]ay of past and
The spectroscopic analysis of the doped monoliths revealedpresent inputs in contrast tcombinationallogic circuits

that the absorbance at 520 nm can be modulated bywhich are not sensitive to their history.

alternating visible irradiation and storage in the daak ¢ The sequential logic behavior of a doped monolith can be

in Figure 2). Thus, the magnitude of an optical outf®) ( appreciated from the analysis of the binary stringginc

can be regulated by turning on and off an optical inplit ( iy Figure 422 After storage of a doped monolith in the dark
The data pointa—gin Figure 3 (top) show the change Of

for three consecutive SWitChing Cycles. WHeis turned off, _
O increases from ca. Jj to 100% b) in 1 d. Whenl is
turned on,O returns to ca. 5%d) in 15 min only. The
pronounced difference in time scale of the two processes is
evident from the absorbance evolution during the first
switching cycle (Figure 3, bottom).
The relatively slow enhancement of the absorbance in the
dark implies thaO can have a delayed digital response to a
change in from on to off. For example® switches from a
binary value of0 to 1 only after 12 h from the momeitis
turned off (Figure 3a, bottom), if a positive logic convention
and an arbitrary absorbance threshold at 0.8 are apfilied.
During this interval of time,O retains the binary value
imposed by the previous state bfAfterward, the current Figure 4. Binary strings accompanying the writing of a bitgnd

state ofl defines the binary value o. This intriguing b), its irreversible storage within the bit retention tims, (the
behavior is equivalent to that squentialogic circuits?* corresponding truth tablal), and sequential logic operata)(

(18) After ultraviolet irradiation and storage in the dark, the original
absorbances at 430 and 520 nm are not restored. Presumably, these, __ . . . .
irradiation conditions encourage the partial degradation of the molecular ?I =0 l_)eyond the bit retention time, the absorba_nce 'S. above
switch. _ o _ the logic threshold (G= 1) and the corresponding binary
Sat(jri)tgé‘svﬁﬁﬁ]%g‘é’rﬂgma"g?j\/”;gg‘rts"’“”ed fbh in asealed chamber  gtring is0 1 (ain Figure 4). If the light is turned on @ 1),

(20) Binary digits can be encoded @ by comparing its absorbance ~ the absorbance drops below the logic threshole<0) and
value with that of the logic threshold. Under a positive logic conventn,  the binary string changes tb 0 (bin Figure 4). After the
is 0 when its absorbance is below the thresh@ds 1 when its absorbance
is at or above the threshold.

(21) Mitchell, R. J.Microprocessor Systems: An IntroductjoMlac- (22) Binary digits can be encoded lnby assigning & to its off state
millan: London, 1995. and al to its on state.
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light is turned off { = 0), a low absorbance outpuD (= 0) absorbance decay is much faster than the thermal absorbance
is retained for 12 h and the binary string is n@0 (c in raise. The pronounced difference in time scale between the
Figure 4). When the light is turned on agaln= 1) within two processes offers the opportunity to implement an all-
the bit retention time, the output remains lo® € 0) and optical memory element with a bit retention time of 12 h.
the binary string changes 00 (b in Figure 4). After listing An optical input “writes” a bit of information in the doped

all these binary strings in a truth table ifd Figure 4), we monolith. The encaged molecular switch “memorizes” the
note thatO can bed or 1 whenl is 0. Under these conditions,  binary digit for a relatively long time and an optical output
the value of the input alone is not sufficient to determine “reads” the information stored. Finally, the memory can be
that of the output. It is the history of the system that controls reset maintaining the doped monolith in dark beyond the bit
the value ofO whenl is 0. This logic behavior is equivalent  retention time. Our findings demonstrate that mechanisms
to that of a sequential logic circuit in which the output of an to reproduce logic functions with molecular switches in
OR gate becomes one of the two inputs of the same operatorsolution can be adapted to operate rigid materials. This
as well as the input of a NOT gate {(n Figure 4). It is strategy is certainly not limited to our spiropyran. It can be
important to note also that the transformation of the mother extended to the many other operating principles for digital
string a into the daughter string is irreversible within the processing that have been already identified in solution. Thus,
bit retention time. It is impossible to reset the valuef our approach will presumably stimulate the development of
from O to 1 within this interval of time. a new generation of functional solids able to process and

In summary, we have demonstrated that our three-statestore binary information.

molecular switch can be operated inside a silica monolith
with chemical and optical inputs. The controlled intercon-
version of the three states within the rigid matrix produces
significant absorbance changes in the visible region. In
particular, the absorbance at 520 nm can be modulated
turning on and off a visible input. However, the photoinduced OL035237P
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