1116 J. Am. Chem. So2000,122,1116-1122

Assemblies of “Hinged” Iror-Porphyrins as Potential Oxygen
Sensors

Gonen Ashkenasy, Albena Ivanisevic Rami Cohen? Clifford E. Felder, T David Cahen?
Arthur B. Ellis, 8 and Abraham Shanzer**

Contribution from the Department of Organic Chemistry and the Department of Materials & Interfaces,
Weizmann Institute of Science, Rebp Israel, 76100, and the Department of Chemistry, dérsity of
Wisconsir-Madison, Madison, Wisconsin 53706

Receied June 10, 1999. Rised Manuscript Receéd Naember 29, 1999

Abstract: Sequential self-assembly of a two-component system on a solid support is described with respect to
structure and function. Two ligands, which bind to the semiconductor surface through one end and axially
ligate a heme analogue at the other end, are described. Monolayer assemblies of complexes formed by these
ligands and iron-porphyrin perform reversible binding of molecular oxygen. In the monolayer, a metalloporphyrin
(the sensing unit) is held by the intervening ligand that serves as a “hinge”, away from the solid surface.
Sensing events based on porphyrin chemistry are communicated via the ligand to the solid support. The
transduction manifests itself as a change in the solid’s surface electronic properties. Synthesis of the ligands
and analysis of its complex formation with 'IFgporphyrin are described. The anisotropic orientation of the
porphyrin ring within the ligand cavity, due to restricted rotation around tH&-f¢ imidazole bonds, was

probed by!H NMR measurements in solution. We show that the porphyrin substituents stand as barriers for
the free rotation even at room temperature. Molecular modeling supports the NMR evidence and reveals the
stable conformations for the porphyrin’s orientation relative to the solid support. The complexes were assembled
as films on the (0001) surface of etched n-CdSe single crystals, and the films were characterized using
transmission Fourier transform infrared (FTIR) and X-ray photoelectron (XPS) spectroscopies. Contact potential
difference (CPD) and steady-state photoluminescence (PL) measurements of the derivatized CdSe show that
the intervening ligands yield better conjugation and stronger binding of the sensing unit to the semiconductor
surface, relative to direct adsorption of metalloporphyrins. Furthermore, the PL changes in the CdSe can be
used to follow the interaction of the surface-bound' Feorphyrin-ligand complexes with molecular oxygen.

A model is proposed to explain the electronic changes resulting from binding tif the monolayer.

Introduction event can manifest itself as a change in the solid’s surface
electronic properties, such as the work function and redox
potential. We have studied during the past few years the
modification of semiconductor (SC) work functions and electron
Affinities through chemical adsorption of organic ligands with
polar headgroups and/or suitable LUMO lev&l& In other
work we synthesized and used ligands that can bind metal ions

Assembling molecular functional components into supramo-
lecular architectures is envisioned to yield artificial “devices”
of technological relevance, such as sensors, heterogeneou
catalysts, and photosensitizérghe efficacy of the molecules
with special functions, such as recognition sites, photoactivity,

or redox activity, can be modified S|gq|f|cantly by making thgm in a predetermined location above electrically conductive
part of well-ordered monolayefsThe first advantage that this surfaced 15

strategy provides is_a means to o_rient the active species in a The versatile functions presented by metalloporphyrins in

predetermined configuration relative to the surface and to . . )

neiahboring molecules. The second advantage is the ability to biological, as well as synthetic, systems make these molecules
9 9 ' 9 Y 19he first choice for incorporation into new assemblies as active

use such assemblles for.sensmg chemlgal e"ef.“s basgd Oréomponents. Attempts have been made to create monolayer
headgroup chemistry that is then communicated via the tail of

the molecule to the chosen solid suppoft.This transduction (8) Scheibler, L.; Dumy, P.; Boncheva, M.; Leufgen, K.; Mathieu, H.;
Mutter, M.; Vogel, H.Angew. Chem., Int. Ed. Engl999 38, 696-699.
T Department of Organic Chemistry, Weizmann Institute of Science. (9) Bruening, M.; Moons, E.; Yaron-Marcovich, D.; Cahen, D.; Libman,
* Department of Materials & Interfaces, Weizmann Institute of Science. J.; Shanzer, AJ. Am. Chem. S0d.994 116, 2972-2977.
§ University of Wisconsir-Madison. (10) Bruening, M.; Moons, E.; Cahen, D.; Shanzer,JAPhys. Chem.
(1) Lehn, J. M.Supramolecular Chemistry: Concepts and Perspesti 1995 99, 8368-8373.
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structures by binding (metallo) porphyrin moieties directly to a Chart 1

solid surfacé®23 This approach resulted in assemblies of mixed N N
porphyrin orientations and did not prevent chromophore ag- LTN‘) ¢
gregation. Optimal uniform orientation is crucial to achieve a N
unique interaction between the porphyrin and the surface and > <
to minimize chromophore aggregation in the direction parallel

to the surface, which is needed to reduce lateral energy Hl\ll N

H
dissipation. Recently, the possibility of binding metalloporphy- ©=C 0
rins to conductive surfaces coordinatively, through the central S /
metal, was demonstrated. Collman et al. utilized single-stranded O, O
alkanethiols terminated with imidazoles to bind-Rand Os- ?_\
porphyrins?* and Willner and co-workers bound hemin groups S-8 S
to a four-bundle synthetic protein on gaof. 1 2 FePPMe*

Recently, we showed that one can use pre-designed dipodal
ligands to axially coordinate metalloporphyrins and, conse- troscopy (FTIR). Contact potential difference (CPD) and steady-
quently, locate them in a well-defined environment, mainly state photoluminescence (PL) measurements served to identify
perpendicular to conducting surfaces. Monolayers prepared inelectronic effects resulting from ligand binding to the surface,
this way differ from most other systems in that the metallopor- and from binding Fé-porphyrin to the ligands. Advantages of
phyrin unit is not in direct contact with the surface. Rather, it using the linker ligands, over direct binding of the porphyrin to
is held by the intervening ligand, the “hinge”, that also “protects” the surface, which include stronger porphyfsurface binding
its open faces, thus eliminatingstacking with other porphyrin ~ and better conjugation with the surface, are clearly evident from
moieties. Although the porphyrins are about 1 nm from the these measurements. Further we demonstrate the molecular
surface, electron-transfer capability is retained, as is evident from functionality of the assemblies: by following CdSe PL changes,
our earlier electrochemical resufs?’ we show that the surface-bound"Fporphyrin-ligand com-

It occurred to us, by following biological trends, that if these Plexes interacteversibly with O.. A model is presented to
iron porphyrin complexes are to bind dioxygen, a nonsymmetric €xplain the mechanism of Qinding to the assemblies.
environment that creates two nonequivalent porphyrin faces (and
coordination unsaturation) is needed. This nonsymmetric envi-
ronment may be induced into our two-component system by  Synthesis. Compound2 was prepared by a modification of the
binding either a symmetric ligand to a nonsymmetric iron procedure that was described for compour# In the final step the
porphyrin or a nonsymmetric ligand to a symmetric (or disulfide di-pentachloro phenolate was coupled to 1-(3-aminopropyl)-
nonsymmetric) iron porphyrin. We introduce two bifunctional imidazol (0.9 equiv) and histamine (1.2 equiv), one after the other with

ligands,1 and2 (Chart 1), capable of binding to an appropriate "° intermediate separation. The nonsymmetric product was separated
. - from the two symmetric ones on a silica gel column (CECH;OH).
surface through one end and to axially ligate a heme analogue_l_he overall yield was ca. 25%: *H NMR (400 MHz, CROD)

at the other end. T_he complexes formedlbgr 2 and a her_ne 7.68 (s, 1H), 7.60 (s, 1H), 7.15 (s, 1H), 6.96 (s, 1H), 6.87 (s, 1H), 4.02
analogue, and their structural features, were characterized ing oy =72 Hz), 3.82 (m, 4H), 3.43 (t, 2H, = 7.5 Hz), 3.25 (br.

solution, by UV-vis and'H NMR spectroscopy, prior to the 11, 3.18 (t+ ABq, 4H), 2.82 (t+ ABq, 4H), 2.42 (m, 4H), 1.98
adsorption onto a semiconducting surface. To probe the aniso-(qui, 2H,J = 5.0 Hz). MS (FAB)m/z 496.

Experimental Section

tropic orientation of the porphyrin ring within the cavity formed Iron" protoporphyrin IX dimethyl ester chloride (FePPMeCl) was
by the ligands, we used a combination of dynamic NMR and synthesized by (i) methylation of protoporphyrin IX (0.53 mmol) with
molecular modeling. trimethylsilyl diazomethane (2 mma2 N in hexane) and (ii) insertion

d of iron as FeG (5 molar equiv) and oxidation to Feduring washing

The 1:1, ligand:Fé&-porphyrin complexes were assemble ) )
on the (00019) surfacg ofa);] etchedpsingle crystal of n-type with concentrated NaCl solution. FePPMeCl: IR (CECGI(COOCH;)
1733 cmit. UV—vis (CHCk) Amax 402 nm;e = 7.6 x 10* M~ 1cm™%.

cadmlum. selenide (n-C;dSe), anq the films fprmed Were \is (FAB) miz 644 (MH" — ClI).
characterized by transmission Fourier transform infrared spec- v —vis spectroscopyAll measurements were made on a Beckman

DU-7500 diode array spectrophotometer. Characterization of free-base

GrgfglK,?/:yj"sgEggr%rﬂémgg‘;‘cgfp;é’lli'zgifr'sman’ V.; Monnier, A} pppe, FePPMeCI, and complexes of the latter witbr 2 was done

(17) Kay, A.; Gratzel, MJ. Phys. Chem1993 97, 6272-6277. in CHCI; and DMF, re;pectively, _at room temperature.

(18) Kay, A.; Hamphry-Baker, R.; Gratzel, M. Phys. Chem1994 NMR and Calculation of Activation Parameters. 'H NMR
98, 952-959. measurements of the low-spin comple¥ePPMeClwere carried out
195179)15558%k6i’7K§3|§5%nd0' T.; Zhang, X.; Yanagida, M.Am. Chem. Soc.  on a Bruker AMX-400 spectrometer. The samples of 1:1 ligand-to-

’ 2 : . porphyrin solutions (2225 mM in CDCE) were measured at 12

Let(fcl))gggvf 2 ‘geég?’._‘]é,?goehorst, R. B. M. Schaafsma, TClem. Phys. different temperatures{40 to+50 °C). All chemical shifts are reported

(21) Zak, J.; Yuan, H.; Ho, M.; Woo, L. K.; Porter, M. .angmuir in 6 units from TMS as internal standard. The peak width and chemical
1993 9, 2772-2774. shifts of signals, which were split below the coalescence temperature

(22) Guo, L. H.; McLendon, G.; Razafitrimo, H.; Gao, ¥.Mater. Chem. (27 °C), permitted calculation of the exchange rate between two or
1996 6, 369-374. o more conformations, as explained elsewhere for similar systefits.
69((5%3;5)9‘]8@9' T. A; Schlittler, R. R.; Gimzevsky, J. Nature 1997 386, simplify the calculation, signals of lightly populated conformations (less

(24) Offord, D. A.: Sachs, S. B.; Ennis, M. S.; Eberspacher, T. A.: Griffin, than 0.2 in |nten5|ty_, relative to the main cc_)nformatlon_) Were_omlt_ted.
J. H.; Chidsey, C. E. D.; Collman, J. B.Am. Chem. So&998 120, 4478~ Molecular Modeling. Molecular mechanics calculations with Lif-
4487. son's EFF force field were used to complement the experimental

(25) Katz, E.; Heleg-Shabtai, V.; Willner, I.; Rau, H.; Haehnel, W. measurement8:**Force parameters for the heme and imidazole groups
Angew. Chem., Int. Ed. Engl998 37, 3253-3256.

(26) Ashkenasy, G.; Kalyuzhny, G.; Libman, J.; Rubinstein, I.; Shanzer, (28) Nakamura, M.; Groves, J. Tetrahedron1988 44, 3225-3230.
A. Angew. Chem., Int. Ed. Endl999 38, 1257-1261. (29) Lifson, S.Potential energy functions for molecular biolgdyavies,

(27) Haran, A.; Naaman, R.; Ashkenasy, G.; Shanzer, A.; Quast, T.; B. D., Saenger, W., Danyluc, S. S., Eds.; Plenum Publishing Co.: New
Winter, B.; Hertel, I. V.Eur. Phys. J. BL999 8, 445-451. York, 1982; pp 359-386.
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were added to the basic parameter set with the help of structural was mounted on a glass rod between two Teflon rings within a glass
information derived from Cambridge Structural Database searches andcell. The cell was equipped with a sidearm, through which either
ESP partial atomic charges from MOPAC quantum calculations. solutions or gases could be introduced without disturbing the optical
The initial coordinates for the ligareborphyrin complexes were alignment.
built in stages. First, the hemin core was built, and the vinyl and Contact Potential Difference (CPD) MeasurementsWe used the
propionic acid side chains were added in an extended conformation, CPD method as previously describBBare CdSe surfaces, surfaces
which was not scanned further. The ligating nitrogens of the imidazole covered with ligand, and those covered with the complex monolayer
groups were attached to the ends of an imaginary axis through the iron,(1-FePPMeC) were measured immediately after the adsorption process
perpendicular to, ah2 A from the plane of the hemin. To determine  (described in the film preparation section above). Except for one set
which meso carbon is located between the ligand’s arms, the hemin of experiments, which was done in an inert atmospheg, @l other
was rotated over four J0intervals about this axis, in separate measurements were done in air.
calculations. Independently, the imidazolyl groups were also rotated ~XPS MeasurementsThe XPS data were collected using a Perkin-
in 22.5 intervals about this axis out t890° from their initial positions. Elmer PHI 5400 ESCA system with a MgokX-ray source powered
For each position of the hemin and imidazoles, a pselideymmetry- at 300 W. The aperture size was 1 mim3 mm, and the pass energy
constrained conformational scan of the complex was done (36 separatevas 89.45 eV. The data acquisition time for each run was 4.17 min.
calculations). The condition of ring closure across the cyclohexyl ring Samples were prepared by dipping a crystal of CdSe into an appropriate
base was set about the pseuisaxis, in the hemin ring plane, passing  solution of either ligand or metalloporphyrin, as described in the film
from the Fe through one of the four porphyrin meso carbons. The energy preparation section, and rinsing with either CkiGl toluene.
minimization was done without any symmetry constraint.
Film Preparation. Single-crystal, vapor-grown c-plates of n-CdSe Results and Discussion

with resistivity of ~2 ohmcm were obtained from Cleveland Crystals, ) . ) ) .
Inc. The semiconductor samples were etched iiNBzOH (1:15 v/v), (a) Design, Synthesis, and Solution Behaviolwo essential
revealing the shiny Cd-rich (0001) face that was used to deposit flms components were integrated into the skeletons of ligdrafsd
onto. Films of the metalloporphyrin and of each ligand were prepared 2: (i) a six-membered cyclic disulfide for surface attachment
following a previously reported procedui®&Bifunctional ligandsl and and (ii) two extended imidazolyl residues capable of binding
2 were deposited as films onto the CdSe surface from Gls@ution. metalloporphyrins at the 5th and 6th coordination sites. Synthesis
The metalloporphyrin was reacted with these films to form discrete f 5 \was achieved as described earlier for ligdr?d It is based
I|gand—metallophorphyrm Complefes (e.g.-,FePIPMeC)fII’I this FWO'I __on the preparation of disulfide di-activated ester, followed by
Etep. manner. The discrete complexes were aiso preformed in so yt'oncoupling to the appropriate amino imidazole derivatives. The

y simply mixing equimolar solutions of ligand and metalloporphyrin, =~ "F_ T . .

disulfide and the imidazoles were deliberately placed on opposite

dip-coating the CdSe with the mixture, and a short rinsing with pure - . - ¢ . A
CHCL. sides of the molecules to avoid their mutual interaction with

FTIR Measurements.FTIR spectra were taken with a Bruker FX30 ~ Metalloporphyrins. The same cyclic disulfide serves as the
spectrometer in the transmission mode. The (mercury cadmium) anchoring group of molecular monolayers to gold, as well as
telluride (MCT) detector was cooled by liquid nitrogen. The resolution to semiconductor surfacés!*By using this anchor one prevents
of the spectra was 2 cth The instrument was programmed to run  segregation of the upper arms even-fScleavage occurs prior
128 scans with the reference (the etched, bare CdSe) and then 12§p the surface binding,and one avoids tilt of the molecule
scans with the relevant sample. The spectrum ofitke PPMeClfilm relative to the surface, along an axis parallel to theSond.
without rinsing was compared to the isotropic spectrum in KBr, in the While ligand 1 hasC, symmetry, bearing N-alkyl imidazole

. 1 o >
region 806-3500 cnr. Short rinsing of that film removed excess on both arms, ligan@ lacks this symmetry having two different
porphyrin and left a monolayer. These assemblies were kept in a.

vacuum chamber for a few days over which negligible change in the 'm'dfaZOIeS' NH and N-E_llkyl. Ligation of iron(lll) protopqrphyrln
spectrum was observed. We also monitored the monolayer quality IX dimethyl ester chloride (FePPMeCl, Chart 1) by eitfiesr
following longer exposure to pure CHCIThere, FePPMeCl was 2 Was expected to create complexes that lack symmetry, due to
removed first (after about 1 min) and only much later was the ligand the nonsymmetric porphyrin substitution. In early works it was
monolayer destroyed. shown thatN-methyl imidazole binds Fé&-porphyrins about 3

Steady-State Photoluminescence (PL)A Melles Griot He-Ne orders of magnitude weaker than unhindered NH imidaz8les.
laser (633 nm) provided excitation of the semiconductor. Incident Thus, the complex of with FePPMeCl presents a minimal
intensities ranged from 5 to 20 mW/émEmission spectra were  approach to mimic binding by proximal and distal histidines in
monitored using an Oriel Instaspec |l silicon diode array spectropho- myoglobin. Here, the N-alkyl imidazole arm is bound weakly
tometer or Oriel Instaspec IV CCD spectrophotometer. A cutoff filter and can be replaced by an oxygen molecule.

was used in the spectrophotometer to permit collection of the band- .

edge PL afma~ 720 nm €, ~ 1.7 eV). The entire PL spectrum was _ Complgxgs ofl or 2 with FeP_PMe.CI were also prepared by
monitored, while tracking the PL intensity at a particular wavelength, Simple mixing of a 1:1 solution in CHglor DMF. The
typically the band maximum, as a function of time; the band maximum formation of the desired complexes was evidenced by-uig
did not shift under the low-resolution (0.5 nm) spectral conditions Mmeasurementsifax 411 and 534 nm)!H NMR spectra of
employed. The signal collected was used for computer analysis utilizing 1-FePPMeClsolutions ¢20 mM, 30°C) were obtained, and
InstaSpecl.1 for Windows 95. Binding constants were calculated using the low (8 to 20 ppm) and high—7 to 0) field spectra were
the Langmuir adsorption isotherm based on the data as previously resolved by comparing them to simpler FePPMeCl;Hii®d-

described: , . els33 Only one set of signals was obtained, reflecting complete
A gas flow apparatus was assembled using Tygon tubing that allowed (>99%) 1:1 complexation.

mixtures of nitrogen and oxygen to flow over the semiconductor surface The H NMR measurements of the low-spin complex
while the solid was illuminated. Flow meters were used to introduce P P

variable percentages of each gas @NO,) into the sample cell. Partial l-FePPMeClwere also performed at' various tgmpergtures, from
pressures of the gases were controlled by adjusting the flow rates of ~40 t0+50 °C, to search for the different orientations of the

the incoming gases. The total gas flow rates varied from 80 to 250 Porphyrin fragm_ents relative to the ligand ChainS, due to rotation
mL/min, and the total gas pressure was 1 atm. The sample of CdSearound the FeNim bonds. Only one set of signals was observed

(30) Shanzer, A.; Libman, J.; Lifson, S.; Felder, C.E.Am. Chem. (32) Walker, F. A.; Lo, M.-W.; Ree, M. TJ. Am. Chem. So0d976 98,
Soc.1986 108 7609-7615. 5552-5560.
(31) Ellis, A. B.; Brainard, R. J.; Kepler, K. D.; Moore, D. E.; Winder, (33) La-Mar, G.; Frye, J.; Satterlee,Biochim. Biophys. Acta976 428

E. J.; Kuech, T. F.; Lisensky, G. Q. Chem. Educl997, 74, 680-684. 78—90.
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Figure 1. *H NMR of 23 mM 1-FePPMeClin CDCl;: 1D high field

at (a) 46.0, (b) 30.0, (c) 22.2, and (d) 0® and (e) 2D NMR NOESY,
NOE coupling between CHm of the ligand and two meso protons at
15.0°C. All 1D signals appear below 0 ppm, and are presented one
below the other after compensation for the Curie temperature-dependent
shifts.

- 4.5

above 3C°C (Figures 1a and 1b), and these were attributed to F_lgurg 2. Most stable, calculated,_conformatloane_PP_MeCl The _
view is almost along the porphyrin plane, the two imidazoles are in

rapid rotation. But, at or below room temperature (COaleSCeNnCe o center left and right and the anchor base is at the bottom. Atom
temperature= +27°C) signals of certain protons, undoubtedly  ¢oding: lightly shaded, carbon; darkly shaded, nitrogen; black, iron;
located in the vicinity of the paramagnetic center, split (Figures and white, oxygen. The hydrogens are not shown for clarity, but were
1c and 1d). The same experiment was carried out with a complexincluded in the calculation.

of ligand with one extra spiro carbon, positioned between the

two arms3* This ligand created a cavity equivalent to that  (b) Theoretical Calculations. Molecular modeling, by a
formed by a ligand that is “1/2” carbon per chain longer. We conformational tree search, was used to determine the lowest
observed free rotation at room temperature and a coalescencenergy conformation of a molecular complexisFePPMeCl|
temperature of-+5 °C. The peak separation, inFePPMeCl| where the S-S bond is replaced by a-€C bond. A total of
below room temperature was resolved for the liganc-CHl 520 initial conformations were minimized to 35 final states
protons (intensity ratio 1:1), and for methyl-3Q.5:1:1.2) and  within 33 kJ/mol of the minimum. All the structures obtained,
one of the vinyl group protons~0.2:1:1.2) which belong to  as shown in Figure 2 for the most stable one, share the following
the porphyrin. The other type of vinylic proton signals did not features: (i) the ligand strands are located above the porphyrin
split in this range of temperatures, as shown in Figureda  meso-carbons, on opposite faces, between two substituents, (ii)
The separation of the former vinylic protoris{3.2,—3.4 ppm, the hemin ester carbonyls are bent over and point toward one
respectively, at 22°C) below the coalescence temperature of the imidazole rings and the Fe, (iii) the distance between the
permitted calculation of the activation parameters for the Fe and the SS bond is 9.9t 0.5 A, and (iv) the coordination
chemical exchange, by adaptation of conventional proceduresof imidazoles to the iron center is almost perfectly axial, giving

to the paramagnetic system. The values obtained are thegctahedral coordination geometry (e.g. all Fe to N bonds are
following: AG* = 72.2 kJ mot?, AH# = 86.7 kJ mot?, and within 90 & 2° of each other).

ASIT = 0.048 kJ moatl. The relatively largeAG* value
demonstrates that the ligand arms, which are long enough to
wrap around the porphyrin ring, function as obstacles and block
free rotation. The positive\S’ value may indicate that the
rotation of the ring is facilitated by a transition state in which
one imidazole is (partially) released. The close proximity of
the ligand chains and the porphyrin ring was further evidenced
by NOE coupling, shown in Figure 1e, between thd,E€Im
ligand protons (16.2 and 16.4 ppm at 16) and two of the
four porphyrin meso protons (4.0 and 4.4 ppm).

Each minimized complex was characterized according to the
type of porphyrin meso-carbon that is placed between the ligand
arms. In each type of structure the latter are straddling between
different porphyrin substituentsa, methyl 3 and vinyl 2,3,
methyl 5 and vinyl 4;y, two propanoic methyl esters; arxl
between methyls 1 and 8 (see Chart 1 for the nomenclature).
They position is a priori thought to be the least favorable one,
due to steric hindrance. Note that thendo positions are not
the same. Patteré was found to be the most stable one, with
patterna. first appearing in a conformation 5.9 kJ/mol above
(34) Ashkenasy, G.; Shanzer, A. Unpublished results. the energy minimum. Patterfi is less stable than by less
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than 0.8 kJd/mol. As expected, patterris not observed in any
of the stable conformations.

Ideally, the dipodal ring base-&C and iron-to-imidazole N
bonds should be parallel to each other, and both should be
perpendicular to the Febase midpoint pseudo; dipodal axis. a
In the conformations we obtained the two bonds are withih 17
of being parallel. Similarly, both bonds are within°2df being
perpendicular to the dipodal axis.

We searched, in a similar way, for the stable conformations
in a complex of FePPMeCl and a di-imidazoly! ligand that is
shorter at each arm by one methylene unit. The stability order
of the four possible patterns was found to be the same, but with
much larger energy differences between the patterns. Also, the
shorter chain length leads to a less twisted structure. As all the
structures appear to have a well-characterized geometry, we
would expect a structure like-FePPMeC| with mixed length
spaces (which, lacking a pseudla-symmetry, IS beyond the Figure 3. Transmission FTIR spectra of (&)FePPMeClin KBr and
capability of our current Conformat'onal Sca””'”g programs), (b) 1-FePPMeCland (c)1 on an etched (0001) n-CdSe surface. Spectra
also to have a well-characterized geometry, and in particular ay, ang ¢ are relative to the etched CdSe bare surface spectrum (which
very good octahedral coordination geometry about the iron was used as reference). The intensity scale refers only to spectrum b,
center. while the other two spectra were reduced.

The three stable conformations we assigned in solution, or
by the modeling, exposed a coherent picture. These might affectopposite faces of the CdSe wafer that are covered. This value
the orientation of the porphyrin with respect to the surface. was correlated previously, on similar systems, to coverage of
Although there are some significant changes in the molecular one monolayer or less (0-4€.95)1115
structure due to the adsorption process, we suggest that these In the two-step method, adsorption of the ligand alone resulted
orientations have a crucial influence on the effective interaction in higher surface coverage, as calculated from the amide 1650
of the iron active center and the surface. The findings that both cm~1 vibration. Subsequent adsorption of the porphyrin allowed
ester carbonyls interact with one imidazole, and that there is apartial ligation and caused slight removal of ligand. This could
short-lived state in which one imidazole is released, suggestbe reduced to a minimum by shortening the adsorption time of
that the two imidazoles are not equivalently binding to the iron. the porphyrin €5 min) in the second step. The ligand molecules
The one farther from the heme esters binds more weakly thanwithin the assembly adopted an unstrained conformation that
the other, and can be displaced more easily by small moleculescreated a cavity, not perfectly fitted for porphyrin ligation. We
such as oxygen. demonstrated earlier, on gold, the same phenomenon, where

(c) Surface Modification. Complexes of1 or 2 with the preformed method resulted in a more highly ordered
FePPMeCl were assembled onto CdSe surfaces from chloroformmonolayer and a larger feporphyrin capacity than the two-
solutions in two alternative pathways: (i) as discrete preformed step method.
1-FePPMeClor 2-FePPMeClcomplexes in a single step, after The monolayers of and1-FePPMeClwere analyzed further
the complex was formed in solution, and (ii) in a two-step by XPS. The spectrum of CdSe derivatized bghowed the
manner, in which a monolayer dfor 2 is first adsorbed from characteristic binding energies of the ligand’s atoms, C, O, N,
chloroform, followed by addition of FePPMeCl to this solvent. and S. An indication of substantial coverage by the ligand came
In the following we describe the characterization of the resulting from the large intensity ratio of these peaks relative to the Cd
films by three independent methods. FTIR and XPS are usedand Se peaks. The important signal belongs to théidding
to probe the existence of the expected species, and the extenénergy (160 eV), which was absent in the spectrum of the bare
of coverage. The third method, steady-state PL, allows calculat- surface and is not expected to result from common impurities.
ing how strong the binding of Eeporphyrin is, through the In the monolayer ofl-FePPMeC| which was made in two
ligands, to the SC surface. In addition, PL reveals the electronic steps, an additional doublet of the iron binding energies was
interactions that occur following the binding, an interaction that observed at-712 and 725 eV. The 712 eV peak split into two
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is further elaborated using the CPD changes.
Figure 3 shows the FTIR spectrabfc) and of1-FePPMeCl

peaks (centered at 710.9 and 712.1 eV) which, from comparison
to other systems, both belong to the,2pf Fe**.22 Interestingly,

(b) assemblies on CdSe, after subtraction of the etched bareXPS of a surface that was exposed directlyf-&PPMeCland

surface absorbance spectrum in the 1300 to 1800 cagion.
For comparison, the spectrum bfFePPMeClin KBr (Figure
3a) is shown as well. All four strong vibrations expected in
this region are seen clearly in tieFePPMeClspectrum. The

rinsed with CHC} revealed that so little iron had been bound
that the 712 eV signal was not observed in the limit of our
signal-to-noise.

The surface modification processes induce changes in the

ligand assemblies looks similar and, as expected, lack the 1733CdSe band-edge PL intensiyat Amax = 720 nm in response

cm1vibration of the porphyrin methyl-ester carbonyl symmetric
vibration, and the aromatic stretches at ca. 1430’ci8uch a

to 633 nm excitation; the porphyrin complexes have negligible
absorbance at these wavelengths. Figures 4a and 4b show the

comparison also exposed similarities between these spectra irPL quenching uporl-FePPMeCl adsorption onto the CdSe

the alkyl vibration region (28083200 cnt?) and at~1100

surface, using either the preformed (Figure 4a) or two-step

cmt corresponding to the ligand ether bond. The strongest (Figure 4b) method. In both cases the quenching is compared
vibrations, the carbonyl esters and amides, showed absorbancéo that obtained when the CdSe surface is exposed to FePPMeCl

of about 5x 1074, which includes the contribution from each
molecule of two of these functional groups and of the two

alone. Significantly larger quenching is obtained wheserved
to link the porphyrin to the surface. From Figure 4b, the
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Figure 4. Changes in PL intensity of an etched (0001) n-CdSe sample
resulting from exposure to chloroform solutionslofFePPMeCl, and
1-FePPMeCl In panel A, the sample is first exposed to FePPMeCl,
rinsed with solvent, and then exposedlt&ePPMeCl In panel B, the
sample is exposed sequentially to FePPMeCl, solvgntePPMeCl
(forming 1-FePPMeC), and solvent. The downward spikes are an
artifact of draining the sample cell to change solution ambient. For all
experiments, the PL was excited at 633 nm and monitored at 720 nm.
The data in panels A and B were collected using two different CdSe
samples.

adsorption of ligand. alone caused only a very small enhance-
ment in the PL intensity. The same result was observe@ for
(data not shown).

While preparing the complexes in the two-step method, we
followed the PL changes due to introduction of different

. Am. Chem. Soc., Vol. 122, No. 6, 200021
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Figure 5. Changes in the PL intensity of an etched n-CdSe crystal
resulting from exposure to (Aa 3 mM solution of 1, followed by
FePPMeCl dissolved in Nsaturated CHGIto form 1-FePPMeClon
the surface, and (B) FePPMeCl dissolved ipddturated CHGI The
asterisk on panel A indicates the position where ligandas left to
dry out on the surface. The PL was excited in each case with 633 nm
light and monitored at 720 nm. The downward spikes result from
draining the sample cell when changing solutions. The data on panels
A and B were collected on the same CdSe surface.

binding constant of liganeporphyrin complexes to the surface,
relative to only porphyrin, demonstrate two main advantages
of the use of ligandd and2: (i) the metalloporphyrins are
bound more strongly to the surface than if used directly, due to
chemical bonding of the iron to the linker ligands, and (ii)
assuming that similar absolute coverages are involved the
electronic interaction of the porphyrin with the surface is

concentrations of FePPMeCl to surfaces of CdSe treated withenhanced, perhaps due to “through-bond” interactions.

1 or 2. These are shown, for the case hf in Figure 5a.
Langmuir double reciprocal plots led to estimates for the binding
constantsK, of (1.8 & 0.11) x 1 and (2.4+ 0.19) x 1C°
M~1 for binding FePPMeCl to adsorbed ligandsand 2,
respectively?3 These values are substantially larger than the
~7.5 x 10* M1 value calculated, from the PL changes in Figure
5b, for the binding of FePPMeCl alone to CdSe. The slightly
better binding to2 fits with the favored binding of its NH-
imidazole, relative to N-alkyl, to the henié The good fit of

Under photosaturation conditions, CPD on dry samples, in
ambient atmosphere, provides additional information on the
origin of the PL quenching for adsorption of FePPMeCl onto
CdSe derivatized with a monolayer df° While the first step,
binding ligand1 to the CdSe surface, caused a small and
inconsistent change in the band bendilg, the subsequent
adsorption of FePPMeCl revealed an increasesiaf 80—130
mV. Exposure of the bare CdSe surface to FePPMeCl alone
yielded a similarVs increase. This change in band bending

the PL quenching to the single binding site Langmuir model during the derivatization process is in agreement with the notion
indicates that the FePPMeCl binds solely to the imidazoles. The that the interaction of the Feporphyrin, or maybe its chloride
equilibrium constant values for binding FePPMeCl to the surface counterion, with the surface reduces the probability for charge
treated with the ligands are larger here than the values werecombination, as reflected by the PL quenching. Time-resolved
obtained earlier for complex formation in soluti#iThis result PL (TRPL) measurements show insignificant change in the PL
is attributed to a smaller entropy loss during complexation when decay, indicating that the surface recombination velocity is
the ligand is already assembled in a confined location onto the unchanged upon porphyrin adsorption and suggesting that
surface. quenching is arising from the increase in depletion width
PL results obtained with the two preparative methods that accompanying adsorptida.
we used were consistent. Larger PL quenching and the higher (d) Binding Molecular Oxygen. Films of 1-FePPMeCland
2-FePPMeCl on CdSe were prepared by dip coating in
chloroform solution, allowing the solvent to evaporate, and

(35) Ivanisevic, A.; Ellis, A. B.J. Phys. Chem. B999 103 1914-
1919.
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increase in negative charge on the surface, is in agreement with
the ability of the oxygenated complex to withdraw additional
electron density from the semiconductor bulk.

It occurred to us that some of the iron centers might be
reduced to F& under our experimental conditions, if the n-type
CdSe surface can provide electrons under dark and/or il-
luminated conditions. Divalent Fe porphyrins are well-known
to undergo oxygen binding, and reversibility depends critically
on the ability of the surrounding ligands to prevent irreversible
oxidation. This reaction sequence is summarized in the scheme
below:

e OZ —
Fe"*-por— Fe"%-por== Fe"*-por-Q,

Note that the binding of neutral Qesulted in a complex,

Figure 6. Changes in PL intensity of an etched n-CdSe crystal, coated which is more negative than the originally adsorbed Ferric one.

with a film of 1-FePPMeC| resulting from exposure to various
pressures of © The equilibrium constant that was calculated from these
data using the Langmuir adsorption isotherm model ist3(2 atn.

When the crystal was coated with the ligand alone no changes were

observed in the PL intensity after exposure to 1 atm gf O

quickly rinsing in chloroform to remove the weakly bound
excess complex. To follow their response tg Mese samples
were exposed to various mixtures of Bnd Q, as shown in
Figure 6 for film of 1-FePPMeCl In contrast to the uncoated
surface and td- or 2-coated CdSe, which show no PL response
(<5%) to these gaseous mixtures, theFePPMeC}t and
2-FePPMeClcoated samples exhibit PL quenching that in-
creases with @partial pressure, and saturates-dtatm (Figure

6). The quenching was completely reversible upon returning to

a pure N ambient. Using the Langmuir one-site adsorption
isotherm model, we estimated film-binding constants for O
from the changes in PL quenching. The values calculateH for
are 3.7+ 0.2 and 7.4+ 0.5 atnm! for 1-FePPMeCl and
2-FePPMeClrespectively. The results suggest slightly stronger
oxygen binding t®-FePPMeClthan tol-FePPMeC] and the

binding constants are similar to those previously reported for

the binding of oxygen to several divalent metalloporphyrin films,
adsorbed directly on CdS&lIn conducting these experiments,
we have not tried to optimize the PL response of the films but
from our results, one can see that@n be detected below 0.1
atm (Figure 6).

The reversible film response to oxygen is intriguing and could
reflect several possible binding scenarios. Direct binding o Fe
sites by oxygen is unlikely, based on studies of compounds suc
as the globins or cytochrome P-4%0thus we gathered the

experimental data to suggest other alternatives. The XPS result

for air-exposed samples containing films a@fFePPMeCI

display a double 2y, Fe peak around 711.5 eV, indicating the
presence of two different Fé species. While this might be due
to X-ray-induced damage,
to “free” and oxygen-bound Fé& porphyrins. The experimen-

tally found increase in PL quenching upon exposure to dioxygen
which corresponds to an increase in band bending,

(36) Ortiz-de-Montellano, P. RCytochrome P-450: Reactions, Mech-
anism and BiochemistryPlenum: New York, 1986.

(37) Mashiko, T.; Dolphin, DComprehensie Coordination Chemistry
Wilkinson, G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon Press:
Oxsford, 1987; Vol. 2, pp 81:3899.

This was further supported by CPD measurements, which
showed negligible change:(5 mV) in band bending, following
the adsorption of FePPMeCl in an inert atmosphere.
Alternatively, oxygen could bridge adjacent ferric centers to
form au-peroxo complex. This process, as we understand, dose
not take place here because the metal ions are located far from
each other, and in the presence of imidazoles the oxygen bridges
are known to be broke#l.Experiments with different analytes
and metalloporphyrins are in progress to further elucidate the
origin of the PL response to dioxygen

Conclusions

The results presented here show how bifunctional ligands,
made of alkyl chains rather than a peptide backbone, can be
used to “fix” metalloporphyrins into films. Slow conformational
changes of the porphyrin within the ligands’ cavities, in solution,
gave clues to how the porphyrins are oriented when the
complexes are assembled onto surfaces. The use of the linker
ligands was found to be crucial in enhancing the interaction of
the active moieties with the electronically conductive substrate.
Due to this enhancement, oxygen binding to the headgroup of
such films, the F& porphyrins, could be monitored about 1.5
nm away by tracking changes in the semiconductor substrate’s
PL properties. The oxygen binding is completely reversible and
obeys the Langmuir single-site adsorption model. Clearly, these
findings have implications for sensing other small gaseous
analytes. These, and systems in which the metalloporphyrins
are even further separated from the surfacel@ nm), are
hc:urrently under investigation.
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