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Abstract: Reagentless optical recognition and parts-per-million (ppm) quantification of FeCls in CH3CN
was demonstrated using a redox-active Os(Il)-chromophore-based monolayer on glass. The Fe3*-induced
oxidation of the monolayer is fully reversible and can be monitored optically with a conventional UV/vis
spectrophotometer (260—800 nm). The system can be reset with water within <1 min. Selectivity of the
sensor toward FeCls is not affected by the presence of representative alkali metals, alkaline earth metals,
and other transition-metal salts. Sensing of Fe3™ and concurrent generation of Fe?" can be also observed
with the naked eye by adding 2,2'-bipyridy! (bipy) to the solution to generate [Fe(bipy)s]?*. Validation of the
analytical performance characteristics of the sensor was performed including reversibility, reproducibility,
stability, and the detection range (0.5—162 ppm of FeCl; in CHzCN, 100—1000 ppm in water). The monolayer
is sensitive and specifically responsive to its target ion. In addition, a blind test was conducted to probe the
reproducibility and reproducibility variances of the system. The reaction of the monolayer with a CH;CN
solution containing 5 ppm of FeCl; follows pseudo first-order kinetics in the monolayer with AG*,gsx = 21.6
+ 0.1 kcal/mol, AH* = 10.2 &+ 1.5 kcal/mol, AS* = —38.3 & 4.9 eu.

Introduction of various chemicals, gases, and biologically relevant metal
ions have recently gained much scientific interest, since their
greatest advantage is that the organic sensing devices do not
need to be directly wired with large-scale electroriég27

For instance, the large design flexibility and stability of
porphyrins and fullerenes has been exploited by Gulino, Fragala
Schwartz, and others to assemble functional monolayers capable
of detecting acids and gases, including,NKH3, and Q.21-25.28

In another recent example, Reinhoudt and co-workers showed
that siloxane-based monolayers consisting of amino-capped
functionalities operate as optical sensors for ppm-level detection
of bivalent metal ions, including Pd, Ca, Zn, Cu, Co, and
Pb#26.27 Interestingly, most monolayer-based sensor systems
are based on relatively weak but selective and reversible
noncovalent hostguest interactions. Operation of electron-
transfer based systef#29.3%iffers from coordination and lock-

Molecular recognitiohwith monolayer assembliégs a vast
and rapidly emerging area that offers a novel and powerful route
to molecular-based nanoscale systems that might have variou
applications, including chemical sensér&? optical/electronic
switchest' 17 and memory element§:20 In particular, optical
detection and quantification of parts-per-million (ppm) levels
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and-key principle-based sensétssince the former offers

porous matrice$367-73 and as molecular building blocks for

selectivity based on the oxidizing/reducing ability of the the formation of mono- and multilayer assembfigs.7.74-84

analyte-monolayer couplé?

Direct and rapid quantitative monitoring of #&* levels
constitute important environmeni&l3> and biomedical objec-
tives38 since effective monitoring is crucial for elucidating a
wide variety of cell functions, including oxygen metabolism,

electron-transfer processes, and the formation of RNA and

DNA.37=39 Direct detection of corrosion rates is another
important challengé®4! Recent state-of-the-art approaches
adopted for the detection of F&*+ are based on selective hest

guest interactions either in solution or at the surface of polymer-

based electrode¢’d:4° To the best of our knowledge, robust

(MeO),Si
1(X =1, PFg)

We present here the direct optical detection and quantification

monolayer-based sensors for selective optical detection andof ppm levels of F&" in organic and aqueous solutions using a

guantification of ppm levels of Fe in solution are still
unknown?0.27.42

previously reported-based monolayer on glad%2°The robust
1-based monolayer can be utilized to detect &@Cihe presence

Metal coordination complexes such as the known chro- of representative alkali metals, alkaline earth metals, and

mophorel,”82°which contain bipyridyl-based ligands having
low-lying z* orbitals, are often intensely colored due to the

transition-metal salts. In addition, FeGlan be detected and
quantified in the presence of Fe@ind structurally well-defined

presence of a characteristic metal-to-ligand charge-transfer € complexes. The straightforward Fe@ktection system is

(MLCT) band in the visible region of the absorption spectrum.

based on a nondestructive surface-to-solution one-electron

Since the MLCT band is highly dependent on the formal metal transfer process. This redox process changes the formal oxida-
oxidation state, such structurally well-defined complexes can tion state of the Gs-based monolayer, which can be read out

be used as molecular (nonlinear) optical switches/memory optically with a commercially available UV/vis spectrophotom-

elements and sensof&1517.20The physicochemical properties
of osmium and ruthenium bipyridyl complexes as well a

eter in the transmission mode (26800 nm). The monolayer

s sensor can be reset by simply washing with water<armin.

structurally related complexes have been studied extensivelyMonitoring of the Fé" induced one-electron oxidation of the

in solution}5%-%6 in polymer/sot-gel and metal oxide meso-
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monolayer on transparent substrates such as glass or quartz are
similar to the optical characteristics of compl&3n solution
and can be used to read out the formal metal oxidation s#gfe.

The three characteristic absorption band4 at 692, 516,
and 293 nm of thel-based monolayer on glass exhibit very
strong hypochromic shifts upon exposure to a dry;CN
solution containing only ppm levels of Fe@lithin ~30 min,
whereas no optical changes are observed upon exposure of the
monolayer to the solvent for prolonged periods. In addition, a
new band af = 317 nm appears, which can be assigned to the
ligand-to-metal charge transfer (LMCT) band. These gradually

Absorption

516 ¢ occurring optical changes are indicative of a change in the
Tim= 18 24 33 692 v formal metal oxidation from 3% to O$™ and can be monitored
Me (min) 32 ex situ with a standard UV/vis spectrophotometer in the

Figure 1. Representative absorption spectral changes of lthased transmission mod&2° The changes in optical properties of the
monolayer as a function of immersion time observed during a sensing monolayer-based sensor with time after exposure to gOBH
experiment with 2.0 ppm of Fe€In dry CHCN (~94% oxidation, 32 solution containing only 2 ppm of FegCht room temperature
min). are shown in Figure 1. Saturation of the sensor is observed after
formed F&" can be trapped by 2:dipyridyl (bipy). The 32 min (for~94% oxidation) byex situUV/vis measurements,
resulting [Fe(bipy)]2* complex can be detected and quantified Since no further changes are observed after prolonged exposure
optically in solution. In addition, the amount of #ein water 0 the solution with FeGl Importantly, the gradual optical

can be quantified as well. changes allow quantification of the amount of FeCrhe
_ _ oxidation process can be interrupted at any given time, resulting
Results and Discussion in the formation of mixed monolayers, which is a topic of much

Chromophore1 forms covalently bound siloxane-based current interest®8>8” To the best of our knowledge, well-
monolayers on glass, silicon, and indium-tin-oxide (ITO)-coated defined monolayers consisting of metal-based chromophores
glass substrates at evaluated temperatures from dry solutiond)aving a formally different oxidation state are réfe
under N.7820These reported monolayers are thermally robust  [Os(bipyy]?" is known to reduce Fe in solution with
in air and have been characterized by aqueous contact angleoncurrent oxidation of the @5 center?%-66:88|ndeed, complex
measurements, ellipsometery, UV/vis spectroscopy, atomic forcel undergoes one-electron transfer with®Fén solution. For
microscopy (AFM), cyclic voltammetry, and synchrotron X-ray instance, treating a dry GEN solution of complext for 30
reflectivity (XRR).”820In addition, DFT calculations indicated ~ min with 1.5 equiv of FeGl resulted in an optical response
that chromophorel has a bent structure as a result of the similar to the absorption changes of thased monolayer. The
pyridinium moiety® The UV/vis properties of thel-based large optical changes upon oxidation of complex solution

2¢ 3*
aYoll = N aYo il
_ Fecl, + 0D . i\m/%a

/ "y

\ MeCN _ b,

Ni
0-3
%

i~

0.025+

0.0204

0.0154

Absorption

Wavelength (nm)

Figure 2. In situ absorption spectral change after treating tHeased monolayer on glass with 5 ppm of Fei@ldry CHsCN and subsequently trapping
the formed F&" with excess bipy to afford [Fe(bipyf: (a) baseline (black), (H)-based monolayer in dry GEN with bipy (green), (c)n situ generation
of [Fe(bpy}]?* (red) (a, b, ¢ in figure).

12298 J. AM. CHEM. SOC. = VOL. 129, NO. 40, 2007



Optical Recognition and Quantification of FeCls

ARTICLES
100+ T
80- < sof\— )
g 6‘0 il
£ 01 3 40 uy _e
o
<
404 % 2071 |
204 293 nm ‘
317 nm {— :
0 516 nm =t
i e
Q_ab o* Qg,b oF Qpb oF Q_eb ot qé"b o* Q_eb o* 692 nm i T I :
Redox Cycles 0 5 10 15 20 25 30

Figure 3. Optical changes as a result of Fe@ CHzCN, and water-
induced oxidation and reduction, respectively, of fhbased monolayer
with 2 =293 nm (blue), 317 nm (violet), 516 nm (pink), and 692 nm (olive).

Absorption (relative response, %) vs the number of sensing/recovery cycles.

Detection of Fé&" was carried out with a dry GY€N solution of FeQ

FeCl, (ppm)

Figure 5. Graphical representation of absorption intensity changés-at
692 nm (red), 516 nm (green), 317 nm (blue), and 293 nm (orange) after
a 5 min of exposure to Feg(range: 0.5-32.4 ppm) in dry CHCN.

(162 ppm, 2 min), whereas regeneration of the sensor was carried out in
water (<1 min). 9 o
~3.8 x 1079 mol of [Fe(bpy}]?" was generate#f. Thus, the

32{» d . . T 4 40, 1-based monolayer mediates the formation of nanomole quanti-
28] ! :*:: '-l . - . || tlgs of Fé, whlch is access_lb!e in solution for complexathn
\ R Ao i with bipy. The intense and distinct color change of the solution
24- g " "; . ' from light yellow to pink allows even naked-eye detection of
T 204 | g ::: \ . Lol e the formed [Fe(bpy)?*.
2 ! 1 - Lol el i The monolayer performance is demonstrated for six alternat-
= 161 { :x Lo ‘ » ing cycles by exposing the system to a solution of3;CN
E 124 . nm: lﬂ_ .‘ Al W Sk containing 162 ppm of Feglfor 2 min followed by rinsing
84 “ O 20 40 60 80 100 120 140 160 150 200 with H,O for <1 min (Figure 3). O% and R&" complexes
~o Time (min) are known to undergo reduction in solution with(®{":8.51.63,64.89
4- S ——a Recently we reported that the chemical oxidation ofttmsed
04 Tt-e----gm monolayer with a Ce(IV) salt results in the formation of arfOs
5 10 15 20 25 30 35 40 45 sensor platform capab[e of oxidizing pp7m levels QD'Wh!|e
Time (min) concurrently regenerating the @ssystem’ The FeC} sensing

system also exhibits excellent reversibility, since no hysteresis
was observed during sensing and the subsequent recovery cycles.
For both the O%/3+ oxidation states, the shape and peak
position of the absorption maxima remain unchanged. The
observed on/off ratios for the ®¢3* monolayer and the large
spectral window (266800 nm¥ allow accurate ppm-level
detection of F&" (on/off ratios: A = 293 nm, 2:1;,4 = 317

or as a surface-confined monolayer are typical in the generationnm, 2:3;4 = 516 nm, 3:1,1 = 692 nm, 4:1). Because of the
of [Os(bipy}]®*-type complexes.Generation of F& by the monolayer’s stability and nondestructive optical readout, data
immobilized complexl is unambiguous. Addition of excess bipy ~can be averaged over repeated measurements. Furthermore, one
(~5 equiv) to a CHCN solution containing 5 ppm of Fegl can choose to integrate over the entire absorption window-{400
resulted in the formation of [Fe(bipy¥* upon reaction of the ~ 800 nm) instead of monitoring only a specific wavelengfid¢
analyte with thel-based sensor (Figure 2). The UV/vis spectrum infra).
of the product solution shows the characteristic absorption The 1-based monolayer was exposed to a series ofGDH
intensities of [Fe(bipyj 2" atA = 520, 359, and 297 nm after ~ solutions containing ppm levels of FeGhnging from 0.5 to
a 25-min exposure time. No [Fe(bip}d" formation was 32.4 ppm in order to gain insight into the operation range and
observed by UV/vis measurements in the absence di-thesed response time as a function of analyte concentration. The optical
monolayer. FeGland related P& compounds are known to  changes were recordek situas a function of time in order
react readily with 2,2bipyridyl to afford [Fe(bipy}].*8 The to determine the response properties (Figure 4). Saturation of
intense MLCT band withesponm ~ 11.2 x 10 indicated that the sensor depends on the Fe@incentration and takes@6

min. Importantly, saturation of the monolayer to determine the
FeCk content in a given sample is not necessary. The large
optical absorbance differences between th&®scouple allow
raccurate determination of the Fg@bntent within a range of

Figure 4. Saturation of sensor vs time for the detection of Reg@htent

in dry CHsCN. The inset showsx situUV/vis followup experiments for
the IMLCT band atl = 516 nm in dry CHCN containing 0.5 (black), 1.0
(red), 2.0 (green), 4.0 (blue), 8.1 (light blue), 16.2 (pink), and 32.4 ppm
(purple) of Fed, respectively, followed by the recovery of theZDdased
monolayers with HO (<1 min). The lines serve as guides for the eyes.

(85) Wirth, M. J.; Fairbank, R. W. P.; Fatunmbi, H. Sciencel997, 275, 44.

(86) Zhang, J.; Vukmirovic, M. B.; Sasaki, K.; Nilekar, A. U.; Mavrikakis, M.;
Adzic, R. R.J. Am. Chem. SoQ005 127, 12480.

(87) Luessem, B.; Mueller-Meskamp, L.; Karthaeuser, S.; Waser, R.; Homberger
M.; Simon, U.Langmuir2006 22, 3021.

(88) Doherty, A. P.; Forster, R. J.; Smyth, M. R.; Vos, JABal. Chem1992
64, 572.

(89) Zong, R.; Thummel, R. Rl. Am. Chem. So005 127, 12802.
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(b) 100+ FeCly
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Figure 6. (a) Graphical representation of the data shown in Table 1. RelexivtuUV/vis absorption intensity changes/at= 516 nm after treating the
monolayer with 5x 1074 M (CH3CN or CHCN/DMF = 1:1 v/v) solutions of transition metals, alkali metals, alkaline metals, aft E@mplexes 2—5)

in the presence of Fe€{102 ppm) for 5 min. For matrices containing different metal salts, the same solvents were used as for the solutions containing only
one analyte. (b) Reactivity of Fe complexes 2—5) and FeCJ with the 1-based monolayer (see also: €4 and A8 in Figure 6a and Table 1).

éab/e 1L Sdl_JmmAi)ry of _Anallytes a_ndcl\/lhatrices,(zr/lqc; theg 516 with the FeC} chemistry. Interestingly, we only observed a

orresponaing SOI’ptIOﬂ nten5|ty anges at i1 = nm : : 0, H :

in % of the 1-Based Monolayer relatlvgly weak opt|ca! reponse-R5% decrease in absorpt]on
intensity) upon exposing th&-based monolayer to a solution

AGAY) B{aA%) Claak) D{aA%) containing 480 ppm of [Fe(bipy)(PFs)s (4), whereas this
; ;'g&b: gg'gg Egg%‘z‘r’i) - Efz)g; Egcci Ei((::i((%%)) complex undergoes readily electron transfer in solution with
3 CuCk(7.0) LiCP(3.6) 4(26) FeCh, ZnCh, (92) Og** tripyridyl complexes. The redox processes at the mono-
4 CoCi?(2.2) CsCt(0.5) 52(3.0) FeC4, HgCl, (96) layer-solution interface and in solution may follow distinctly
2 ll\:/IenCCblzb(c()é?())) “C"Sgﬁb((fgz)) g:‘gg ((Sg)) Eggﬁ '\N"i’éclzlz(é%? different mechanistic pathways. It is known that surface-confined
7 NiCLP(2.3) BaCi (0.2) AICI2(1.3)  FeCh CaCh (96) organic compounds often show different reaction patterns and
8 FeCh*(96) FeCh KCI, NaCl, FeCh, 2,3 5 FeCh, FeCh CuCh physicochemical properties than when in soluier?? This
LiCl, CsCl, MgCh, RhCE, CrCl, ZnCIZ, HgCh, MnCl,, .
CaCb, BaCh, (95) AICI3(96)  NiCl, CaCh (90) sulggilstsI thg\t tfuntctlocr;al mclpolayerls Tay be developed that can
selectively detect redox-active analytes.
# CHyCN. P CHyCN/DMF (1:1 VIV). The O&t/Fe** redox reaction at the surfaesolution inter-

) o i . face can also be conveniently monitorgdsitu by variable
0.5-32.4 ppm in CHCN within only a 5-min exposure time,  temperature UV/vis spectrometry. For example, Figure 7 shows
as shown in Figure 5. A blind test was performed for four he results of the reaction of thiebased monolayer with a
samples containing a given amount of Fe@ICH;CN with a CHzCN solution containing 5 ppm of Fegat four different
monolayer calibrated with a series of five FeContaining temperatures within the range 29828 K. The reaction follows
CHsCN solutions (range: -932.4 ppm). The monolayer-derived  pseydo first-order kinetics in thd-based monolayer with
FeCk concentrations listed here between brackets are in AGHosx = 21.6+ 0.1 kcal/mol,AH* = 10.2+ 1.5 kcal/mol,
excellent correlation with the expected values in ppm: 3.0 (4.4 Aqt = —38.3+ 4.9 eu. Nearly identical activation parameters
+0.8), 4.5 (5.7+ 0.9), 15 (14.0+ 1.3), 30.0 (27.6+ 1.8) were observed upon reaction of thévsased monolayer on glass

Generation of practical monolayer-based sensing deviceswith 5 ppm of NOBFR in dry CHsCN: AG*9gx = 21.5+ 0.7
requires many stringent criteria. For instance, the sensor responsgcal/mol, AH* = 9.5+ 0.3 kcal/mol AS = —40.6+ 1.1 el®
for a given analyte often needs to be consistent in the presenceThis may suggest that the nature of the oxidant (el
of a matrix containing many other compounds. The optical NOBF) is not playing a significant role prior to and during the
properties of thel-based monolayer do not change upon rate-determining step.

exposure to a series of solutions (§3N or CHCN/DMF, 1:1 Coordinatively saturated complexes suchlame relatively

vlv) containing one or a mixture of representative alkali metals jnert to ligand substitution reactiofi%%688therefore, electron
(Li*, Na", K*, and Cg), alkaline earth metals (Mg, C&", transfer must occuria an outer-sphere mechanism with possible
and B&"), other transition metal cations (Hg Zr**, Ci#*, participation of the nitrogen-based ligarfds® Ligand dis-
Co?*, F&t, Mn?*, Ni2*, Rh?*, and C#*) or well-defined F&* sociation can be excluded because this would have resulted in
complexes such as iron(lll) 5,10,15,20-tetrakis-(4-methoxyphe- the (irreversible) formation of [Fe(bipyf*, which has not been
nyl)porphyrin chloride ), iron(ll) phthalocyanine chlorides], observed by UV/vis spectroscopy. The overall process at the

and iron(lll) tris(acetylacetonatep). Exposing thel-based

monolayer to solutions of the above mentioned salts in the (90) Gelishelzitz, O.; Sukenik, C. N. Am. Chem.ISoé!OO4 126, 482.
presence of FeGrresults in optical responses nearly identical Y §_‘_‘Y‘_§.”\'Nb§a Hé_?_"ﬂﬁfaccﬁég{_As'o';bg"ﬁggeéz'\éb_s" Bergman, R. G.; Lau,

to the responses observed for solutions containing onlyFeCl (92) van der Boom, M. E.; Richter, A. G.; Malinsky, J. E.; Lee, P. A.; Armstrong,
N. R.; Dutta, P.; Marks, T. hem. Mater2001, 13, 15.

(Figure 6 and Table 1). (93) Sandrini, D.; Gandolfi, M. T.; Maestri, M.; Bolletta, F.; Balzani, org.
: Chem.1984 23, 3017.
It is expected that compounds that can undergo redox g, gaick k. L Kochi 3. K.J. Am. Chem. Sod982 104 1319,
chemistry with the 0573+ couple of compound will interfere (95) Hurst, J. K.Coord. Chem. Re 2005 249, 313.
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Figure 7. (a) In situ recorded absorption changes of #LCT band atl = 516 nm at 298 Kk = 1.01 x 103 s}, R = 0.990 (black); 308 Kk = 1.42
x 1038571, R2=0.978 (red); 318 Kk = 2.51 x 103 s L, R2 = 0.976 (green); and 328 Kk = 5.41 x 1073 s 1, R2 = 0.996 (blue). The solid lines show

the linear fits that indicate a pseudo first-order process irlthased monolayer. (b) Eyring plot for the reaction of 5 ppm of aCtry CHsCN with the
1-based monolayer witR? = 0.956.
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Figure 8. Relative intensity change of the visible region absorption bands<800 nm) observed for the detection of3Fen water after a 5-min
exposure: (a) 0 ppm, (b) 100 ppm, (c) 200 ppm, (d) 300 ppm, (e) 500 ppm, (f) 1000 ppm, and (g) baseline. The inset shows the change of the peak area
in the visible region vs Fe& concentration after 5 min. Feghydrolyzes to form insoluble hydroxide species upon aging.

surface-solution interface most likely involves four major formed. Likewise, these hydroxides are also formed upon aging

steps: (l) approach/diffusion of the analyte to or into the of the solution. However, the optical changes of the immobilized

monolayer structure, (ll) relatively rapid one-electron transfer complex () on glass are clearly dependent on théFeon-

(e.g.,koogk > 107> M~1 s71 for electron transfer between 8Os centration (Figure 8). For example, 1000 ppm of'Feeduces

and Fé* trisbipyridyl complexes in solutiorP}6 (lll) ion the absorption intensity of the MLCT band /at= 516 nm by

pairing to balance the positive charge of the*Osomplexes, ~40%, whereas 100 ppm of Feinduces a~6% decrease after

(IV) diffusion/release of the P& species, which can be trapped 5 min. However, there was no effect after prolonged exposure

by bipy. No solvent effect was observed when 5 ppm of EeCl times. The difference in peak area in the entire visible region

were reacted with th&-based monolayer in &N (k = 1.04 (400-800 nm) was plotted vs the Feconcentration in KO

x 1073 s71) and in CHCI, (k= 0.96 x 1072 s™1). The entropy (Figure 8, inset). The saturation time ranges from 30 s for 1000

decrease is in agreement with ion pairing/trapping of anions ppm to 5 min for 100 ppm of Fé in water.

from the solution by the monolayer to balance the extra charge  Stimuli-responsive organic monolayers are relatively rare, and

upon oxidation of the metal center by ¥e there is often a fine balance among function, material stability,
The reaction of the immobilized compléxand FeC{ is not and processability. Regardless of the many practical/engineering

limited to dry organic solvents, although the generated"Os challenges, siloxane-based assemblies have been used for the

system is known to be reduced back to?Owith ppm levels  fabrication of first-generation electro-optical modulatiShg’

of HO in THF at room temperature.Nevertheless, the

monolayer was also exposed to a series of freshly prepared(96) zhao, Y. G.; Wu, A.; Lu, H. L.; Chang, S.; Lu, W. K.; Ho, S. T.; van der

agueous solutions containing 00000 ppm levels of Fe. Boom, M. E.; Marks, T. JAppl. Phys. Lett2001, 79, 587.

X ! . i i (97) Facchetti, A.; Annoni, E.; Beverina, L.; Morone, M.; Zhu, P.; Marks, T.
Note that at higher concentrations insoluble iron hydroxides are J.; Pagani, G. ANat. Mater.2004 3, 910.
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Time (d) which is a rare example of monolayer-mediated solution
chemistryl95-110 |mportantly, the redox-based ¥enondestruc-
? f ? 1.3 1? 2.1 tive detection and quantification system can be easily reset
0_04J': A =293 nm with water within <1 min. The high stability of thel-based
1=l=——xl-=:‘:|:-*—5=-d:!-=‘*_“——"' monolayer makes it a suitable candidate for device integra-
tion. The mode of operation involving reversible metal oxi-
0.034 dation combined with optical reading is a largely un-
c explored route toward designing monolayer-based sensing
g devices7_,8,20,21,23-25,29,111
o
5 0.024 _ _
@ Experimental Section
< A =516 nm Materials and Methods. The siloxane-based monolayer of
0.01 f-m-g—et—fg—e—pen—ue—2"—4¢, chromophored was synthesized and characterized as described
A =692 nm earlier’8201ron(l1l) phthalocyanine chloride, iron(lll) tetrakis-
[E—as—-a—a - S ——m (4-methoxyphenyl)porphyrin chloride, CH<THF, MgCh, and
0.00 J ¥ ] ¥ ) J \J v i i :
30 40 50 60 70 80 90 100 octadecyltrichlorosilane were purchased from Aldrich. Iron(lll)

Temperature (°C)

Figure 9. Ex situ UV/vis monitoring of the stability of thel-based
monolayer on glass: (i) thermal treatment in water&d (red), the sample
was maintained at the indicated temperatured fo and (ii) light sensitivity
test at room temperature for 3 weeks (blue) (ambient light).

sensorg;82-27 waveguide$89 organic light emitting diodes
(OLEDSs)%0-102and organic field-effect transistors (OFET%)104
Thermal stability is a key requirement for monolayer-based
device development. THebased covalently bound monolayers
on glass are thermally stable up to 2@for 48 i and remain
fully functional even after 10 months of storage in air at room
temperature with exclusion of lighEx situUV/vis monitoring

of the temporal stability by gradually ramping up the temperature
from 25 to 100°C in water does not affect the optical properties
of the system. UV/vis spectroscopy also revealed that the
1-based monolayer is also stable in air under ambient light for
at least 21 days (Figure 9).

Summary and Conclusions

In summary, exposure of an &schromophore-based mono-
layer on glass to solvents containing 8552 ppm of F&" in
CH3CN and 106-1000 ppm of F&" in water results in one-
electron transfer from the covalently immobilized metal com-
plexes to the inorganic analyte with concurrent optical changes.
The sensor performance, including reversibility, response time,
reproducibility, selectivity, stability, on/off ratio, and the ppm-
level detection limit were investigated. In addition, the mech-
anism underlying the surface-confined redox chemistry was
explored. The F&-induced oxidation of the molecular sensor
generates P&, which can be detected within 5 min and
monitored optically in the transmission mode with an of-the-
self UV/vis spectrophotometer (26800 nm). Bipy present in
the reaction solution resulted in the formation of [Fe(bij?/),

(98) Zhao, Y. G.; Lu, W. K.; Ma, Y.; Kim, S. S.; Ho, S. T.; Marks, T.Appl.
Phys. Lett200Q 77, 2961.
(99) Lundquist, P. M.; Lin, W.; Zhou, H.; Hahn, D. N.; Yitzchaik, S.; Marks,
T.J.; Wong, G. KAppl. Phys. Lett1997 70, 1941.
(100) Huang, Q.; Cui, J.; Veinot, J. G. C.; Yan, H.; Marks, TAppl. Phys.
Lett. 2003 82, 331.
(101) Cui, J.; Wang, A.; Edleman, N. L.; Ni, J.; Lee, P.; Armstrong, N. R.;
Marks, T. J.Adv. Mater. 2001, 13, 1476.
(102) Cui, J.; Huang, Q.; Veinot, J. C. G.; Yan, H.; Wang, Q.; Hutchison, G.
R.; Richter, A. G.; Evmenenko, G.; Dutta, P.; Marks, TLangmuir2002
18, 9958.
(103) Wang, L.; Yoon, M.-H.; Lu, G.; Yang, Y.; Facchetti, A.; Marks, T. J.
Nat. Mater.2006 5, 893.
(104) Ju, S.; Lee, K.; Janes David, B.; Yoon, M.-H.; Facchetti, A.; Marks, T. J.
Nano Lett.2005 5, 2281.
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acetylacetonate and Al€ivere purchased from Fluka. Most
metal salts were purchased from BDH or Merck. CsCl was
purchased from Fisher Scientific Company. All chemicals were
used as received. Solvents (AR grade) were purchased from
Bio-Lab (Jerusalem), Frutarom (Haifa), or Mallinckrodt Baker
(Phillipsburg, NJ). Pentane was dried and purified using an M.
Braun (Garching, Germany) solvent purification system. An-
hydrous acetonitrile and,N-dimethylformamide (sealed bottles)
were purchased from Sigma-Aldrich and were stored in an M.
Braun glovebox. Water was double distilled. All materials were
stored in a glovebox with Pand HO levels < 2 ppm. All
glassware was silanized to avoid the adsorption of water. The
glassware was immersed in 1 mM solutions of octadecyltrichlo-
rosilane in dry pentane fd2 h atroom temperature in a N
filled glovebox. Subsequently, the glassware was rinsed with
dry pentane and dried in an oven (120 for 2 h). UV/vis
spectra were recorded on a Cary 100 spectrophotometer in
transmission mode (26800 nm) with the functionalized glass
substrate fixed with a Teflon holder having a 1.5 &m0.75
cm window. An identical glass substrate without monolayer was
used to compensate for the background absorption. All measure-
ments were performed at room temperatur@Z °C) unless
stated otherwise. The reported values for the variable temper-
ature experiments have an error-50.2 °C.

Preparation of CH3CN/DMF Solutions with ppm-Levels
of Analytes. A stock solution of 2.0 mM of FeGlin dry
CHsCN was prepared by dissolving 16.2 mg of Fge@I 50
mL of dry CHsCN, which was further diluted to generate &H
CN solutions containing 0:532.4 ppm of FeGl respectively.
Stock solutions of other analytes (chlorides of alkali metals,
alkaline earth metals and transition metals, and iron(lll)
complexes) were prepared by dissolving the compounds i CH
CN or CHCN/DMF (1:1 v/v). The sample preparation was
carried out using silanized glassware in affled glovebox
with O, and HO levels< 2 ppm.

(105) Tollner, K.; Popovitz-Biro, R.; Lahav, M.; Milstein. [3ciencel997, 278
2100.

(106) Collman, J. P.; Devaraj, N. K.; Decreau, R. A; Yang, Y.; Yan, Y.-L,;
Ebina, W.; Eberspacher, T. A.; Chidsey, C. E S2ience2007, 315 1565.

(107) Kakkar, A. K.Chem. Re. 2002 102 3579.

(108) Pasc-Banu, A.; Sugisaki, C.; Gharsa, T.; Marty, J.-D.; Gascon, |.; Kraemer,
M.; Pozzi, G.; Desbat, B.; Quici, S.; Rico-Lattes, I.; Mingotaud, C.
Chem—Eur. J.2005 11, 6032.

(109) Notestein, J. M.; Iglesia, E.; Katz, &.Am. Chem. So2004 126, 16478.

(110) Benitez, I. O.; Bujoli, B.; Camus, L. J.; Lee, C. M.; Odobel, F.; Talham,
D. R.J. Am. Chem. So2002 124, 4363.

(111) Gulino, A.; Mineo, P.; Bazzano, S.; Vitalini, D.; FragdlaChem. Mater.
2005 17, 4043.
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Optical Sensing of ppm-Levels of FeGlin CH3CN. The absorption spectrum was recorded. The experiment was repeated
1-based monolayer on glass was treated with a series gf CH for six alternating cycles of Fegexposure, and recovery was
CN solutions containing 0:532.4 ppm of FeGl respectively. done with water.

The reaction of F& by thel-based monolayer on glass (1 cm In situ Detection of F&* Formation in CH3CN. A glass

x 2.5 cm) was monitoredx situby UV/vis spectrophotometry  substrate was placed in a quartz cuvette containing a solution
in the transmission mode. In a particular set of experiments, of 5 ppm of Fe in 2 mL of dry CH,CN. An excess of 2,2
monolayers on glass substrates were immersed in dsCGH bipyridyl (~5 equiv) was added to the reference and the
solutions containing 32.4, 16.2, 8.1, 4.0, 2.0, 1.0, and 0.5 ppm monolayer-containing cuvette. Subsequently, the glass substrate
of FeCk for 5 min. Next, the samples were rinsed with dry from the sample cuvette was replaced byHsased monolayer
CH3CN and carefully wiped with task paper in ayx-filled on glass and maintained for 30 min. Finally, the glass monolayer
glovebox before recording the UV/vis spectra. Thdased was again replaced by the same glass substrate, and the increase
monolayer was reset to its original state by immersion of the in absorbance at = 528 nm was recorded. In the sample
sample in water forx1 min. Full recovery of the formal metal  cuvette solution the change in color from yellow to pink can
oxidation state was confirmed by UV/vis measurements. Satura-be seen by the naked eye.

tion of the sensor was monitored lex situUV/vis measure- Variable Temperature UV/vis Follow-up Experiments.
ments as a function of time. The 1-based monolayer on glass was placed in a quartz cuvette

Optical Sensing of ppm-Levels of FeG in Water. The containing 2 mL of dry CHCN. A glass substrate in dry GH
1-based monolayers on glass substrates were exposed to air iltN was used as a reference. Subsequently26f a freshly
a series of freshly prepared water samples containing 1000, 500prepared FeGlstock solution (2.5 mM; dry CECN) was added
300, 200, and 100 ppm of Fg respectively. Oxidation of the  to both cuvettes. The decrease in absorbance=at512 nm
1-based monolayers on glass (1 cm2.5 cm) wasex situ was monitored as a function of time at 298, 308, 318, and 328
monitored by UV/vis spectroscopy. The Fe€blution in water K until the sensor was saturated. Scan rat&99.8 nm/min,
was freshly prepared since the monolayer response is not linearcycle time= 45 s, data interva&= 1.333 nm, average tine
at higher concentrations due to the formation of insoluble iron 0.100 s.
hydroxides. Likewise, these hydroxides are also formed upon
aging of the solution.

Reversibility Test: Alternate Treatment of the Mono-
layer-Based Sensor with FeGland Water in Air. Alternate
sensing/resetting cycles were obtained by immersion of glass
substrates functionalized on both sides withilzased monolayer
for 2 min in dry CHCN solution of FeGJ (162 ppm) and water
(<21 min), respectively. Next, the substrate was then rinsed wit
dry CHsCN, gently cleaned with task paper, and then dried at
room temperature under a gentle stream of before the JA074134P
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