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Abstract: We have identified a strategy to communicate a chemical signal between two independent
molecular components. One of them is a photoactive merocyanine that switches to a spiropyran, releasing
a proton, when stimulated with visible light. The other is a 4,4'-pyridylpyridinium monocation that captures
the released proton, producing an electroactive 4,4'-bipyridinium dication. Under the irradiation conditions
employed, the photoinduced transformation requires ca. 15 min to reach a photostationary state. In the
dark, the ensemble of communicating molecules reequilibrates to the original state in ca. 5 days. These
processes can be monitored following the photoinduced enhancement and thermal decay, respectively, of
the current for the monolectronic reduction of the 4,4'-bipyridinium dication. The pronounced difference in
time scale for the current enhancement and decay steps can be exploited to implement a memory element
with a bit retention time of 11 h. A bit of information can be written optically in the chemical system and it
can be read electrically and nondestructively. The memory can be reset, extending its permanence in the
dark beyond the bit retention time. A binary logic analysis of the signal transduction operated by the
communicating molecules reveals the characteristic behavior of sequential logic operators, which are the
basic components of digital memories.

Introduction reproduce AND, NOT, OR operatichand simple combina-
ﬁional logic functions equivalent to those executed by conven-
tional logic gates and digital circuif€22 In addition, molecular
memories able to store binary digits are also starting to
emerge?3:24

The human nervous system processes and stores informatio
relying on a concatenation of events at the molecular level.
For example, the complex mechanism of vision bases its ability
to convert optical inputs into electrical outputs on efficient
chemical transductiohA sophisticated chemical processor, the (5) Mitchell, R. J. Microprocessor Systems: An IntroductjoRacmillan:

retina, converts images into nerve impulses and transmits the  London, 1995.
(6) (a) de Silva, A. P.; Gunaratne, H. Q. N.; McCoy, CNature1993 364,

visual mforma’uon from. the eye to the brain through the 42-44. (b) de Silva, A. P.; Gunaraine, H. . N.; Maguire, G. E.M.
communication of chemical signals. Chem. Soc., Chem. Commutf94 1213-1214. (c) de Silva, A. P.;
I | itches? h ical. el ical Gunaratne, H. Q. N.; McCoy, C. B. Am. Chem. S0d.997, 119, 7891~
MO e(?u ar SVY|tC can convert chemical, e ectrical, an_d. 7892. (d) de Silva, A. P.; Dixon, |. M.; Gunaratne, H. Q. N.; Gunnlaugsson,
optical inputs into detectable outputs according to specific T.; Maxwell, P. R. S.; Rice, T. EJ. Am. Chem. S0d.999 121, 1393~
. . 1394. (e) de Silva, A. P.; McClenaghan, N. D.Am. Chem. SoQ00Q
transduction protocolsAlthough these rudimentary processors 122 3965-3966. (f) Brown, G. J.; de Silva, A. P.; Pagliari, Shem.
remain far from the high level of sophistication of the human Commun2003 2461-2464.

. . 7) lwata, |.; Tanaka, KJ. Chem. Soc., Chem. Commud®95 1491-1492.
nervous system, they can also elaborate multiple inputs and (g) (a) Ghosh, P.; Bharadwaj, P. K.; Mandal, S.; GhosH, $m. Chem. Soc.
i i i 1996 118 1553-1554. (b) Ghosh, P.; Bharadwaj, P. K.; Roy, J.; Ghosh,
outputs relying on chemical mechanisms. They can even S 3. Am. Chem. S04997 119, 1190311900,
(9) Cooper, C. R.; James, T. @hem. Commurl997 1419-1420.
(1) Guyton, A. C.; Hall, J. EHuman Physiology and Mechanisms of Disease  (10) (a) Asakawa, M.; Ashton, P. R.; Balzani, V.; Credi, A.; Mattersteig, G.;

W. B. Saunders Company: Philadelphia, PA, 1997. Matthews, O. A.; Montalti, M.; Spencer, N.; Stoddart, J. F.; Venturi, M.

(2) Molecular SwitchesFeringa, B. L., Ed.; Wiley-VCH: Weinheim, Germany, Chem. Eur. J1997, 3, 1992-1996. (b) Credi, A.; Balzani, V.; Langford,
2001. S. J.,; Stoddart, J. . Am. Chem. S0d.997, 119, 2679-2681.

(3) (a) Fabbrizzi, L.; Licchelli, M.; Pallavicini, PAcc. Chem. Red.999 32, (11) (a) Pina, F.; Roque, A.; Melo, M. J.; Maestri, |.; Belladelli, L.; Balzani, V.
846-853. (b) Willner, I.; Katz, EAngew. Chem., Int. E@00Q 39, 1180- Chem. Eur. J1998 4, 1184-1191. (b) Pina, F.; Maestri, M.; Balzani, V.
1218. (c) Balzani, V.; Credi, A.; Raymo, F. M.; Stoddart, J.Angew. Chem. Commun1999 107-114. (c) Roque, A.; Pina, F.; Alves, S,;
Chem., Int. Ed200Q 39, 3348-3391. (d) Irie, M.Chem. Re. 200Q 100, Ballardini, R.; Maestri, M.; Balzani, VJ. Mater. Chem1999 9, 2265
1685-1716. (e) Yokoyama, YChem. Re. 2000 100, 17171740. (f) 2269. (d) Pina, F.; Melo, M. J.; Maestri, M.; Passaniti, P.; BalzaniJ.V.
Berkovic, G.; Krongauz, V.; Weiss, \Chem. Re. 200Q 100, 1741-1754. Am. Chem. So00Q 122 4496-4498. (e) Alves, S.; Pina, F.; Albeda,
(g) Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E. M. M. T.; Garém-Espaa, E.; Soriano, C.; Luis, S. \Eur. J. Inorg. Chem.
Chem. Re. 200Q 100, 1789-1816. (h) Feringa, B. LAcc. Chem. Res. 2001, 405-412.

2001, 34, 504-513. (i) Diederich, FChem. Commur2001, 219-227. (12) Inouye, M.; Akamatsu, K.; Nakazumi, H. Am. Chem. Sod.997, 119

(4) (a) Ward, M. D.J. Chem. Educ2001, 78, 321-328. (b) de Silva, A. P.; 9160-9165.

McClenaghan, N. D.; McCoy, C. P. Iglectron Transfer in Chemistry (13) (a) Parker, D.; Williams, J. A. GChem. Communl998 245-246. (b)
Balzani, V., Ed.; Wiley-VCH: Weinheim, Germany, 2001; pp 136B5. Gunnlaugsson, T.; MacDwil, D. A.; Parker, D.Chem. Commur200Q

(c) de Silva, A. P.; McClean, G. D.; McClenaghan, N. D.; Moody, T. S.; 93—-94. (c) Gunnlaugsson, T.; MacRail, D. A.; Parker, DJ. Am. Chem.
Weir, S. M.Nachr. Chem2001, 49, 602-606. (d) de Silva, A. P.; Fox, D. So0c.2001, 123 12866-12876.

B.; Moody, T. S.; Weir, SPure Appl. Chem2001 73, 503-511. (e) (14) Patolsky, F.; Filanovsky, B.; Katz, E.; Willner,J. Phys. Chem. B998

Raymo, F. M.Adv. Mater. 2002 14, 401-414. 102 10359-10367.
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Most of the molecular logic gates reported so far perform a HO,
single transduction stepp??2 The initial inputs reaching a Me. e Me, e
molecular switch are converted into the final outputs by the X \ SsP B /
very same chemical species. The lack of reliable strategies to N o N NO,

; . R Dark MEH
exchange signals between independent molecular components Sy TNO;

has limited the development of multistep transduction oH + I — OH +

mechanismé¢ The identification of design criteria to implement Visible Light
»r@%@

intermolecular communication in multimolecular ensembles will ;
Bl

translate into the possibility of emulating the concatenation of
events responsible for information transfer in the central nervous
system. In principle, these chemical strategies can lead to the
development of innovative operating mechanisms and materials
for data processing, storage, and communication. Here, we
illustrate a simple mechanism to exchange chemical signals
between two independent molecular components. One of them
is a photoactive spiropyraii.The other is an electroactive 4,4
bipyridinium derivative?®® We demonstrate that the chemical
communication established between them mediates the trans-
duction of the optical input of one molecular component into
the electrical output of the other.

Absorbance

Results and Discussion Wavelength (nm) 500

Absorption Spectroscopy.The spiropyran SP (Figure 1)  Figure 1. Absorption spectra (k 104 M, MeCN, 25°C) of an equimolar
switches to the protonated merocyanine MEH upon acidi- solution of SP and BIH at initial time (a), after 1 day (b) and 5 days (c) in
fication2% The transformation of the colorless SP into the the dark, and after the subsequent visible irradiation for 15 min (d).
yellow-green MEH is accompanied by the appearance of an
absorption band in the visible region. Upon irradiation with
visible light, MEH releases a proton, switching back to the
colorless form SP, and its characteristic absorption band44’-bipyridinium dication is used in place of BIH. under
disappears. This reversible process can be exploited to control " ’

. . - . .dotherwise identical conditions. These observations indicate that
the interconversion between the base Bl and its conjugated aci . . .
BIH. Indeed, the absorption spectra-@in Figure 1) of an the evolution of the absorption spectrum is a result of proton
' ' transfer from BIH to SP. A stationary state is reached in ca. 5

(15) Kuciauskas, D.; Liddell, P. A.; Moore, A. L.; Moore, T. A.; Gust, D. days. At this point, the ratio between SP and MEH is ca. 30:

. Am. cr;)%r_n.Ls_odglga }329 Dl_ogs&%oase. hem It B 70. Upon irradiation with visible light, MEH releases its proton,
(16) g";lfg;&"(b)-'éfgg?L,;Se'i?erf”,;?; Do e . Boadon,  inducing the interconversion of Bl into BIH. Consistently, the

an C(Z) S}isael'grethth.tP.;, GRrosg, MEIUGCmmA Actgﬁool 24,(270%30—12. absorption band of MEH fades (spectrum d in Figure 1). At
a) Ji, H. F.; Dabestani, R.; brown, G. M. Am. em. SO . . .
9306-9307. (b) Xu, H.; XU, X.; Dabestani, R.; Brown, G. M.; Fan, L; the photostationary state, the ratio between SP and MEH is ca.

equimolar solution of SP and BIH maintained in the dark show
the gradual appearance of the absorption band of MEH at 401
nm. Instead, no changes can be observed when thdihghzyl-

Patton, S.; Ji, H.-FJ. Chem. Soc., Perkin Trans.2D02 636-643. 90:10. Thus, an optical input (visible light) induces the
(18) Baytekin, H. T.; Akkaya, E. UOrg. Lett.200Q 2, 1725-1727. . . f MEH i sp di h ical si |
(19) Lukas, A. S.; Bushard, P. J.; Wasielewski, MJRAmM. Chem. So2001, Interconversion o Into , Sending a chemical signa

123 2440-2441. ; ;

(20) (a) Raymo, F. M.; Giordani, 8. Am. Chem. So@001, 123 4651-4652. (pro.ton tra.nSfer) to Bl and encouraging the fc.)rmatlon .Of BIH.

(b) Raymo, F. M.; Giordani, SOrg. Lett.2001, 3, 1833-1836. (c) Raymo, Differential Pulse Voltammetry. The monocation Bl switches

F. M.; Giordani, S.Org. Lett. 2001, 3, 3475-3478. (d) Raymo, F. M; icati iti i i i

Giordani. 8.0, Am. Chem. S02002 124 2004-2007. (&) Raymo, F. M to the d|c:_:1t|on BIH upon addition of acid. This pr_ocess is

Giordani, S.Proc. Natl. Acad. Sci. U.S.2002 99, 4941-4944. accompanied by the appearance of a peak@b4 V in the

(21) (a) Kompa, K. L.; Levine, R. DProc. Natl. Acad. Sci. U.S.2001, 98,

410-414. (b) Witte, T.; Bucher, C.; Remacle, F.; Proch, D.; Kompa, K. differential pUIse VOltammOQram (tra(,:es a an‘_’ bin Flgure 2)'
L.; Levine, R. D. Angew. Chem., Int. EQ2001, 40, 2512-2514. (c) It corresponds to the monoelectronic reduction of th€-4,4
Remacle, F.; Levine, R. Dl. Chem. Phys200], 114, 10239-10246. (d) f i iAi i
Remadle. F.. Speiser, S.; Levine, R.DPhys. Chem. BOOL 105 5569 .blpyrlldllnlum core of BIH and does not change upon visible
23915.1@) Steintz, D.; Remacle, F.; Levine, R. ChemPhysCher2002 irradiation. The protonated form BIH reverts to Bl after the
(22) de Silva, S. A.; Amorelli, B.; Isidor, D. C.; Loo, K. C.; Crooker, K. E.; a_ddlp_on of a base. Co_nS|S_tent|y’ the current 8t64 V decreases
03 I;enzg \l(/l EAC_hgrr?. CoJrr_meeurQPOZ }\3?\/'0—_1361. bW Tour 3 | significantly (trace c in Figure 2).
( )Pﬁyes.'Let't.z(')'ol 788?'3f’35rzv}’3e;f' - M.; Price, D. W.; Tour, J. Appl. The spiropyran SP switches to MEH after the addition of

(24) Luo, Y.; Collier, C. P.; Jeppesen, J. O.; Nielsen, K. A.; Delonno, E.; Ho, acid and storage in the dark. This process is accompanied by
G.; Perkins, J.; Tseng, H. R.; Yamamoto, T.; Stoddart, J. F.; Heath, J. R. . . .
ChemPhysCher2002 3, 519-525. the appearance of a peak-a0.79 V in the differential pulse

(25) (®) Guglielmetti, R. IPhotochromism: Molecules and Systearr, H., voltammogram (traces d and e in Figure 2). It corresponds to
Bouas-Laurent, H., Eds.; Elsevier: Amsterdam, 1990; pp—3166 and

855-878. (b) Willner, I.. Willner, B. In Bioorganic Photochemistry the reduction of the indolium fragment of the protonated form

Morrison, H., Ed.; Wiley: New York, 1993; pp-1110. (c) Winkler, . .. MEH. Under visible irradiation, MEH switches to SP and,

Deshayes, K.; Shao, B. Bioorganic PhotochemistnMorrison, H., Ed.; R .

Wiley: New York, 1993; pp 169196. (d) Bertelson, R. C. I®rganic consistently, this peak fades.

Photochromic and Thermochromic Compour@sano, J. C., Guglielmetti, H H H

R, Eds. Plenum Press. New York. 1999 pp.BB. (e) Berkovic, G.: Th_e thermal interconversion of_SP and _BIH into MEH and

Krongauz, V.; Weiss, VChem. Re. 200Q 100, 1741-1754. (f) Tamai, Bl (Figure 1) as well as the opposite photoinduced transforma-

N.; Miyasaka, H.Chem. Re. 200Q 100, 1875-1890. ; ; ; f _
(26) Monk, P. M. SThe Viologens: Physicochemical Properties, Synthesis and tion (_:an be monitored electrochemically by probing the VOlta‘_m

Applications of the Salts of 4Bipyriding Wiley: New York, 1998. metric response of BIH and/or MEH. Indeed, the differential
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Figure 2. Differential pulse voltammograms (¥ 103 M, 0.1 M Bus- re o I o I o ! 0
NPFs, MeCN, 25°C, scan rate= 20 mV s'*, pulse height= 50 mV, V vs 0 0 —» 1 1 4—_" 0 1 0 Oori
Ag/Ag™) of BI before (a) and after (b) the addition of 4 equiv of £F !
CO,H; of BIH after the addition of 0.5 equiv of Bl (c); of SP before (d) 1

and after (e) the addition of 1 equiv of g@EO,H and storage in the dark ) . . ) . . ) i
. ; ) Figure 4. Binary strings accompanying the irreversible optical writing of
for 1 day; and of an equimolar solution of SP and BIH after 1 da: and . ; h -
3 days {g) in the darkqand after the subsequent visible irradiatic))/n(?or 15 z(al;nt (a—c) and the corresponding truth table (d) and sequential logic operator
h e).
min (h).

that O decreases from ca. 100% (point a) to ca. 70% (point b)
pulse voltammogram of an equimolar solution of SP and BIH after 1 day in the dark. It returns to its original value (point c)
reveals two peaks at0.64 and—0.79 V after ca. 1 day inthe i only 15 min under visible irradiation. The large difference
dark (trace f in Figure 2). They correspond to the reduction of petween the time scales of the two processes can be exploited

BIH and MEH, respectively (traces b and e in Figure 2). The tg implement the memory effect characteristic of sequential logic
presence of MEH confirms that proton transfer from BIH to  cjrcuits5 First, a logic threshold fo© can be fixed arbitrarily

SP has occurred. The process, however, is relatively slow andat 8505, Then, binary digits can be encode®iby applying a

a stationary state is reached only after ca. 5 days in the dark.positive logic convention. When the current is equal to or greater
During this time, the concentration of BIH decreases while that than 8590 is 1. When the current is below the threshal,

of MEH increases. Consistently, the peak#1.64 fades while s 0. Applying a similar logic convention, binary digits can be
that at—0.79 V grows (trace g in Figure 2). Upon irradiation  encoded in also. When the visible light source is offjs 0.

with visible light, MEH releases its proton, inducing the \yhen the visible light source is ohis 1. It follows that turning
interconversion of Bl into BIH. The increase in concentration | from 0 to 1 switche® from 0 to 1. Thus, a binary 1 can be

of BIH is accompanied by the growth of the peak-#1.64 V. yyitten optically in the chemical system. The communicating
(trace h in Figure 2). Similarly, the decrease in concentration molecular components memorize the change imposed by visible
of MEH translates into a drop in current &0.79 V. light and retain the bit of information for at least 11 h in the
Our observations demonstrate that visible light promotes the dark. During this time, the binary value @ can be read
transfer of a proton from one molecular component to the other, nondestructively by measuring the current-e0.64 V. The
producing an increase in current-80.64 V. Overall, an optical  information can be erased and the memory reset, maintaining
input () is transduced into an electrical outp@)(as a result  the communicating molecular switches in the dark beyond the
of the intermolecular communication of a chemical signal bit retention time.
(proton transfer). The points—a in Figure 3 (top) illustrate The binary strings in panels—a of Figure 4 illustrate the
the influence ofl on the intensity ofO for two consecutive  sequence of events associated with the switching processes.
switching cycles. Wher is turned off,O decreases from the  After equilibration of a solution of SP and BIH in the daik (
photostationary value of ca. 34A (points a, ¢, and e) to ca. 22 = Q), the current is low® = 0) and the corresponding binary
uA (points b and d) in 1 day and to ca. 1A (point f) at the string is 0 0 (panel a). If the light is turned o € 1), the
thermal equilibrium. When is turned on againQ returns to current raises to a high valu®©(= 1) and the binary string
the photostationary value (points ¢ and e) in 15 min. changesd 1 1 (panel b). After the light is turned off & 0),
Sequential Logic Analysis.The time profile of the current  the high output is retainedd(= 1) for 11 h and the binary
for part of the first switching cycle (Figure 3, bottom) reveals string is nav 0 1 (panel c). When the light is turned on again
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(I = 1) within the bit retention time, the output remains high Aluminum plates coated with silica gel 6Q¢r (Merck 5554/7) were

(O = 1) and the binary string changes 1 1 (panel b). After ~ used for thin-layer chromatography (TLC). Melting points (mp) were

thatO can be 0 or 1 wheh is 0. Under these conditions. the bombardment mass spectra (FABMS) were recorded with a VG Mass
value of the input alone is not sufficient to determine that of Lab Trio-2 by use of a 3-nitrobenzyl alcqhol melltrix..NucIear magnetic
the output. It is the sequence of events that controls the valueresonance (NMR) spectra were determined with either a Bruker DPX

. ! ) 300 or a Bruker Avance 500. Absorption spectra were recorded with a
of Owhenl is 0. In the daughter string (panel €)is 1 because Varian Cary 100 Bio. Sample irradiation was performed with a Cole-

it was 1 in the mother string (panel b). This logic behavior is  parmer fiber optic illuminator 9745-00 coupled to a band-pass filter
equivalent to that of a sequential logic circuit in which the output (360-650 nm). Differential pulse voltammograms were recorded with
of an OR gate becomes one of the two inputs of the same a CH Instruments 610A connected to a glassy carbon working electrode,

operator (panel e). It is important to note also that the
transformation of the mother string (a) into the daughter string
(b) is irreversible within the bit retention time. It is impossible
to reset the value dD from 1 to O within this interval of time.

Conclusions

a platinum wire counter electrode, and an Ag/Agference electrode.
1-Benzyl-4-(4-pyridyl)pyridinium Hexafluorophosphate (Bl). The

temperature of a solution of 4;Bipyridine (1.00 g, 6 mmol) in PhMe

(4 mL) was raised to the boiling point. Then benzyl bromide (0.76

mL, 6 mmol) was added dropwise over 5 min. The resulting mixture

was maintained under reflux for a further 2 h. After cooling to ambient

Our results demonstrate that the communication of a chemical t€Mperature, the mixture was filtered and the solid residue was washed

signal between two independent molecular components can
transduce an optical input into an electrical output. This strategy

can be exploited to implement a chemical equivalent to a
conventional memory elementA bit of information can be

written optically in the ensemble of communicating molecules
and read nondestructively by probing a current output within
the bit retention time. The operating principles of our rudimen-
tary molecular memory are more similar to the chemical
mechanisms ruling the transfer of information in the central

with EtO (8 mL) and dissolved in $0 (15 mL). After the addition of
NH4PFRs (3 g) and stirring for 30 min at ambient temperature, the
mixture was filtered. The solid residue was washed wit®H5 mL)
and crystallized from EtOH (6 mL) to give Bl (1.42 g, 56%) as a white
solid. mp= 147°C; FABMS m/z= 247 [M — PR]"; '"H NMR (CDs-
CN) 6 = 8.85-8.81 (4H, m), 8.30 (2H, dJ = 7 Hz), 7.77 (2H, dJ
= 6 Hz), 7.51-7.46 (5H, m), 5.74 (2H, s}*C NMR (CD,CN) 6 =
155.71, 152.24, 146.01, 142.27, 133.99, 131.06, 130.56, 130.25, 127.37,
122.95, 62.52.

1-Benzyl-1H-4,4-bipyridinium Bis(hexafluorophosphate) (BIH).

nervous system than to the physical strategies ensuring theA solution of BI (50 mg, 0.1 mmol) and GEQH (0.1 mL, 1.0 mmol)
storage of data in electronic devices. Our simple mechanism isin MECN (5 mL) was stirred at ambient temperature for 2 h. After the

conceptually analogous to the complex retinal processes tha

ensure the conversion of light into nerve impulses. In both

instances, the exchange of chemical information between

taddition of NHPF; (0.2 g), the solution was stirred for 30 min at

ambient temperature. After the evaporation of the solvent, the solid
residue was washed with,8 (10 mL) and dried to give BIH (27 mg,
40%) as a white solid. mg-142°C; FABMS m/z= 248 [M — 2PR]";

independent molecular components mediates the transductiony NvRr (cD,CN) 6 = 8.96 (2H, d,J = 7 Hz), 8.91 (2H, dJ = 7
of optical into electrical signals. Perhaps, a new generation of jz) 8.38-8.25 (4H, m), 7.51 (5H, s), 5.82 (2H, SJC NMR (CDs-

materials and design criteria for information technology will

CN) 6 = 152.76, 152.40, 146.92, 144.55, 133.95, 131.53, 131.02,

evolve from these innovative chemical approaches to data130.71, 128.91, 127.84, 66.13.

processing, storage, and communication.
Experimental Section

General Methods.Chemicals were purchased from Acros Organics
or Aldrich and were used as received. MeCN was distilled over,CaH
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