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Covalent Assembled Osmium-Chromophore-Based

optical switche$, and logic architectures!® Numerous

Monolayers: Chemically Induced Modulation of
Optical Properties in the Visible Region

molecular switches have been reported and are often based
on either photo- or electro-induced processes associated with
reversible structural changes in solution or in liquid crys-
tals#'112Monolayer-based memory elements and switches
are of much current intere$t. 7212 Robust metal complexes
are suitable candidates as molecular building blocks for the
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Monolayer chemistry and surface engineering, in particular
the assembly of new molecular-based electronic, electrooptic,

and photonic materials, is a fast emerging fieontrolling
and switching of monolayer molecular properties is of much

relevance for the design and formation of prototype organic

nanodevice$,* including memory elemenfs; sensors,
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Scheme 1. Formation of Model Complex 3 and the Analogous Molecular Building Block 4 (bpy 2,2-Bipyridine)
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associated with the metal center. For instance, Di Bella et spectrometry, and elemental analyses. In addition, complex
al. successfully addressed the optical properties of a ruthenium-3 has been structurally characterized by single crystal X-ray
chromophore-based monolayer bound to transparent platinuncrystallography unambiguously confirming the six coordinate
electrodes via a thiol moietyIn addition, electrochemical  octahedral geometry around the metal center and the forma-
control of the optical properties of a ruthenium-complex- tion of the pyridinium moiety (Figure 1).
based monolayer in the UV region has been repditedre The ruthenium analogue of compl&dhas recently been
we report on the chemical modulation of the optical reportedi® The appearance of singlet and triplet signals at
absorbance in the entire visible region (40®%0 nm) of a 4.26 andd 4.46 in the'H NMR spectra of complexe3and
well-defined, thermally robust siloxane-based monolayer as 4, respectively, is typical for the quaternization of a pyridine
a function of the metal oxidation state of a dipolar osmium- moiety!” The UV/vis spectra of complexesand4 in dry
based chromophore. acetonitrile showed red shifts @4 = +23 nm and+18
Reaction of Os(2,/2vipyridine)Cl2H,0% with 1.2 equiv. hm for the metal-to-ligand charge transféM({CT) bands,
of 4'-methyl-4-(2-pyridin-4-yl-vinyl)-[2,2]bipyridinyl5 (1) respectively, in comparison to tAMILCT band of complex
in ethanol/water (1:1, v/v) under reflux for 24 h followed 2 with Amax = 487 nm. A red shift is expected for the
by addition of an excess of a saturated aqueous solution offormation of pyridinium saltd! Coordinatively saturated
NH,4PFs affords the new comple® (Scheme 1). Reaction trisbipyridyl complexes are known to be thermally robust
of 2 with an excess of Mel in tetrahydrofuran (THF)/gH  and often exhibit reversible redox propertiés?
Cl (9:1, v/v) at 70°C for 15 h resulted in the formation of Robust siloxane-based monolayers are formed by covalent
the corresponding pyridinium s&t Reaction of comple2 assembly of comple® from solution on glass and Si(100)
with an excess of 3-ioda-propyl-1-trimethoxysilane in dry ~ substrates (Figure 2). Freshly cleaned glass and silicon
THF/acetonitrile (9:1, v/v) under Nin a pressure vessel at  Substrates were fully immersed in a dry acetonitrile/toluene
90 °C for 72 h resulted in the formation of pyridinium salt  (3:7, v/v) solution of complex4 (0.5 mM) under N and
4. The new @ osmium(ll) complexe®—4 were isolated in ~ heated for 52 h at 88C using glass pressure vessels with
good yields and fully characterized by a combinatiortéf the exclusion of light. Subsequently, the functionalized
and®3C{'H} NMR spectroscopy, UV/vis spectroscopy, mass Substrates were rinsed thoroughly and sonicated with aceto-
nitrile and 2-propanol for 6 min to remove physisorbed

(13) (a) Chi, Y. S.; Hwang, S.; Lee, B. S.; Kwak, J.; Choi, I. S.; Lee, S.-

G. Langmuir2005 21, 4268-4271. (b) Liu, Y.; Mu, L.; Liu, B.; Kong, (16) Kim, D.; Shin, E. JBull. Korean Chem. So003 24, 1490-1494.
J.Chem—Eur. J.2005 11, 2622-2631. (c) Sortino, S.; Petralia, S.; (17) van der Boom, M. E.; Richter, A. G.; Malinsky, J. E.; Lee, P. A.;
Di Bella, S.J. Am. Chem. So2003 125 5610-5611. Armstrong, N. R.; Dutta, P.; Marks, T. £hem. Mater.200], 13,
(14) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, Tinbrg. Chem. 15-17.
1988 27, 4587-4598. (18) (a) Armelao, L.; Bertoncello, R.; Gross, S.; Badocco, D.; Pastore, P.
(15) Williams, J. L. R.; Adel, R. E.; Carlson, J. M.; Reynolds, G. A, Electroanalysis2003 15, 803-811. (b) Kim, Y.; Lee, H.; Dutta, P.

Borden, D. G.; Ford, J. A., Jd. Org. Chem1963 28, 387—390. K.; Das, A.Inorg. Chem.2003 42, 4215-4222.



Communications Chem. Mater., Vol. 18, No. 6, 200881

that 6, changes from<20° for the freshly cleaned silicon
substrate to 65 4° for the monolayer surface. Semicontact
AFM measurements on monolayers grown on Si(100)
substrates show an essentially smooth film surface. The root-
mean-square surface roughndgs,is ~0.12 nm for 500 nm

x 500 nm scan areas (see Figure S1 in Supporting Informa-
tion). Horizontal polymerization was not obsenf@dhe UV/

vis optical absorbance measurements of the monolayer on
glass show the characteristilLCT and the triplet state of

the metal-to-ligand charge transféMLCT) bands atlmax

= 516 and 692 nm, respectively. These results are compa-
rable to the solution UV/vis spectra dfwith red shifts of

Al = +11 nm and+2 nm for theMLCT and 3MLCT
Figure 1. ORTEP diagram of comple8. (thermal ellipsoids set at 50%  bands, respectively. Increasing the reaction time from 52 to
pr%babililty; cguntf:rioons%arelomzittoegaf%r .clgrity)- ,\nglecztegithlogq Igngths [A]l 96 h does not affect the intensity and peak position of the
3?3)?;.%2233(([5)?%2(1—)?\1((2)\1,(2.)652(6);(C))s'(l—)ﬁ(lg),é.()J'52'(6); (()S)(l_)ngg MLCT bands, indicating the formation of a fully formed
2.047(6); C(37-N(7), 1.484(9); C(32>-C(33), 1.328(11); N(6YOs(1)- monolayer. Shortening the monolayer deposition time to 40
N(3), 96.3(2); N(6}-Os(1}-N(4), 86.5(2); N(3)-Os(1)-N(4), 78.2(2); h decreases the intensity of both #h4LCT and the’MCLT

N(6)—Os(1)-N(5), 78.1(2); N(3)¥-0s(1)-N(5), 173.9(2); N(4¥-Os(1)~ :
N(5), 98.8(2): N(6}-OS(L-N(2). 174.7(2): N(3}-05(1)-N(2), 89.0(2): bands. The average chromophore footprint of the covalent

N(4)—0s(1)-N(2), 94.2(2); N(5)-Os(1)-N(2), 96.6(2); N(6}-Os(1)-N(1), assembled monolayer on glass has been roughly estimated
101.2(2); N(3)-Os(1}-N(1), 97.7(2); N(4)- Os(1)-N(1), 171.6(2); N(5)- by UV/vis measurements to be60—70 AZchromophoreé?
Os(L)-N(1), 86.0(2); N(2)-Os(1)-N(1), 78.4(2). which is as expected for this kind of molecular building

4 block?? The ellipsometry-derived monolayer thickness is

~1.7 nm. The estimated molecular length of compleis
~2.1 nm, indicating an average molecular tilt angle-df7°
with respect to the surface normal. The packing density of
chromophore4 on the surfaceV = 1.0-1.2 nn?, is
approximately the packing density of the model com8ex

MicT SR II L O in the unit cell of the crystal structur&/(= 2.0 nn? with
Substrate two chromophores in one unit cell, see Table S1 in
Supporting Information for details).
The monolayer redox chemistry on functionalized glass
+e - substrates was addressed using acetonitrile solutions of
(NHz)2[Ce(NGs)g] (0.1 mM) and Co(GHs), (1.0 mM) as

= P 2asp £ pase 0s* oxidizing and reducing ageqts, respect'ively (Figure '2). The
m S glass substrates were fully immersed into the solutions for
ERENIRS 5 min in air and thoroughly rinsed with acetonitrile. The
Figure 2. One step “wet-chemical” assembly of thermally robust osmium- SUbsequent_ fully reversible optical change_s have been
based monolayers on glass and silicon substrate surfaces. Chemical redo®Pserved with a standard double beam UV/vis spectropho-
(Og*/10s*") switching was performed on glass substrates in air using tometer in the transmission mode (Figure 3). TNELCT
acetonitrile solutions of ammonium hexanitratocerate(IV) as oxidizing and and3MLCT bands are significantly reduced upon oxidation
bis(cyclopentadienyl)cobalt as reducing agents.
of the Og" system, whereas these bands are fully restored
material. UV/vis measurements on the functionalized glass upon reduction of the surface bound3®somplexes. The
substrates show that the new monolayers strongly adhere tanonolayer has to uptake and release additional counterions
the substrate surface as they cannot be removed by eithefrom the oxidation and reduction solutions to balance the
the “Scotch tape decohesion” test or by a stream of critical charge. However, no significant shifts are observable which
carbon dioxide (snow jeff. The robustness of the mono- might indicate variation in molecular orientation, intermo-
layers is also illustrated by the thermal stability. Heating the lecular interactions, solvent inclusion, and anion uptake/
monolayers assembled on glass substrates at@G6r 50 release. It is known that halide exchange can result in changes
h in air with the exclusion of light showed no significant in monolayer linear and nonlinear optical propefiesnd
effect on the optical absorbance of the system, indicating
that the molecular integrity and monolayer function are (20) (&) Evmenenko, G.;van der Boom, M. E.; Yu, C.-J.; Kmetko, J.; Dultta,
L . P.Polymer2002 44, 1051-1056. (b) Fadeev, A. Y.; McCarthy, T. J.
maintained even at these very high temperatures. Langmuir200Q 16, 7268-7274
The new monolayers were characterized by a combination(21) Durfor, C. N.; Turner, D. C.; Georger, J. H.; Peek, B. M.; Stenger, D.
of aqueous contact angle measurements, semicontact atomig,,, 4 Langmuir1994 10, 148-152.
. : T . 2) (a) Shukla, A. D.; Strawser, D.; Lucassen, A. C. B.; Freeman, D.;
force microscopy (AFM), optical transmission (UV/vis), and Cohen, H.; Jose, D. A; Das, A.; Evmenenko, G.; Dutta, P.; van der

ellipsometry. Aqueous contact angle measurements reveal ~ Boom, M. E.J. Phys. Chem. B004 108 17505-17511. (b) van der
Boom, M. E.; Evmenenko, G.; Yu, C.; Dutta, P.; Marks, TLangmuir
2003 19, 10531-10537.
(19) Chow, B. Y.; Mosley, D. W.; Jacobson, J. Mangmuir 2005 21, (23) Roscoe, S. B.; Yitzchaik, S.; Kakkar, A. K.; Marks, T. J.; Lin, W;
4782-4785. Wong, G. K.Langmuir1994 10, 1337-1339.
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Figure 3. Representative absorption spectra for the redox-induced optical Figure 4. Representative chemical on/off switching of tHdLCT and
switching of the osmium-based monolayer on glass: (& Q) O™, 3MLCT bands atl = 516 nm (brown) and 692 nm (yellow), respectively.

() Og*, and (d) baseline. The inset shows follow-up measurements of the AA (in arbitrary units) vs the number of ®$0s* redox cycles. Oxidation

decrease (on oxidation with Ce(lV)) and increase (on reduction with as carried out in an acetonitrile solution of ammonium hexanitratocerate-

cobaltocene) of the absorbance vs timé@iicr) = 516 nm @) andA¢mer (IV) (0.1 mM) while reduction was carried out in an acetonitrile solution

=692 nm @). of bis(cyclopentadienyl)cobalt (1.0 mM) (5 min each). Arrows indicate a
break d 6 h after cycle 5 (a) and 24 h after cycle 13 (b).

surface wettability’* UV/vis follow-up measurements of the

redox processes with time indicate that the metal centers arechanges in the molecular properties of the monolayer have
fully oxidized and reduced in~3 min under the above-  been monitored by UV/vis transmission spectroscopy with

mentioned reaction conditions (Figure 3, inset). a conventional spectrophotometer. The here-presented si-
The simultaneous modulation of bdfLCT (~85%) and loxane-based monolayers and surface chemistry may open
SMLCT (~98%) optical absorption bands wifh.x = 516 new opportunities in interfacial engineering and the formation

and 692 nm, respectively, can be monitored by any given of monolayer-based memory devices and nonlinear/electro-
single wavelength in the 466/50 nm region. The optical  optical switches. Addressing the metal oxidation state of
modulation experiments can be conveniently interrupted at ruthenium and iron complexes and the MLCT bands in
the O$" state and restarted without causing system instabil- solution is known to result in switching of the molecular
ity. For example, cycling was stopped 0 h after 5 cycles  second-order polarizability and fluorescence propetiés.
and for 24 h after 13 cycles as shown in Figure 4. Even Future monolayer studies will involve modulation of these
after 25 redox cycles, no decay in the optical properties of functions.

the monolayer was observed.
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