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A three-step strategy to covalently anchor 5,10,

15,20-tetrakis(hydroxyphenyl)porphyrin molecules on

Si(100) substrates was developed. It consists of the functionalization of the Si(100) surface by the grafting
of 10-undecylenic acid methyl ester on the H-terminated silicon surface, followed by the ester hydrolysis
and, finally, by the covalent assembly of the tetrakis(hydroxyphenyl)porphyrin. The obtained system
was characterized by monochromated angle-resolved X-ray photoelectron spectra and atomic force
microscopy measurements. Results indicated the covalent linkage of the porphyrin molecules to the
functionalized substrate surface. Moreover, both XPS and AFM measurements suggest that the porphyrins
bind the surface in a vertical fashion. The monolayer optical behavior was studied by photoluminescence

measurements at room temperature.

Introduction

Engineering of inorganic surfaces by covalent bonding of

organic molecules represents an interesting approach to th

synthesis of hybrid inorganic/organic nanomaterials.
The use of the conducting Si(18®Y? or othe?* 26 substrates
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is potentially interesting from the perspective of optoelec-
tronic device fabrication that can be easily integrated within
electronic circuits. Porphyrin thin films have been extensively
estudied, due to their interesting electrical and optical proper-
ties!® These thin films are generally obtained by sublima-
tion,?” spin-coating?®2?° or by the Langmuir-Blodgett (LB)
technique’® With these techniques the molecule organization
within the film is difficult to control. Moreover, the resulting
films are soluble in organic solvents. Recently, porphyrin
monolayers were also obtained by self-assentai§?26.31.32
This simple method relies on the covalent anchoring of the
macrocycles on various substrates. Thus, high control on the
molecule organization within the monolayer can be ob-
tained?®
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Well-organized porphyrin molecules, covalently anchored HO OH
to silicon substrates, can also be used to build molecular- O Q
based information storage materi&ist’?? In fact, they
behave as redox-active molecules, whose redox potentials
can be tuned through synthetic deslgri’-??Moreover, when
attached to an electroactive surface, information can be stored
in the discrete redox states of the molecudfed’?? It has
been reported that porphyrin-based information-storage ele- O O
ments exhibit charge-retention times that are long (minutes)
compared with those of the semiconductor elements in HO OH
dynamic random access memory (tens of millisecotls). Figure 1. Schematic draw of 5,10,15,20-tetrakis(hydroxyphenyl)porphyrin
Collectively, these porphyrin properties afford the possibility =
of increased memory density (via multibit information investigation:37:382.3%41 tg show a new approach to obtain
storage) with decreased power consumption (low potentials porphyrin-based monolayers covalently bonded to conducting
and long charge-retention times)y722 Si(100) surfaces, potentially suited for use in electronic
Several recent studies on grafting of organic molecules devices.
on silicon surfaces focused on the Si(111) substrate because In this context, we focused our interest on the grafting of
of the simple chemical etching procedure available to the 5,10,15,20-tetrakis(hydroxyphenyl)porphyrin (called
obtain atomically flat and chemically well-defined P(OH), Figure 1). The resulting porphyrin monolayers have
surfaces® Moreover, it has also been reported that it is been characterized via angle resolved X-ray photoelectron
possible to produce relatively flat Si(100) surfaces, predomi- spectroscopy (AR-XPS) and atomic force microscopy (AFM)
nantly SiH-terminated, even though SiH and Sigroups ~ and luminescence measurements.
are present!

Among the various covalent bonding modes of organic Experimental Section
molecules to silicon, hydrosilation of molecules with multiple Al chemicals, unless otherwise noted, were commercially
bonds on hydrogen-terminated surfaces appears the besivailable (Sigma-Aldrich) and used as received. Solvents for
suited for the largest potential applicatiofis. substrate cleaning were distilled. 1-Decene for monolayer prepara-

Recently, it has been shown that porphyrins can be tion was distilled under reduced pressure over Na metal. The 10-

covalently attached to silica platforms to form high quality undecylenic acid methyl ester was synthesized according to the
. 42 . . method reported by Sieval et &lIn particular, a mixture of 10-

sensor device®: Herein, we expand our previous undecylenic acid (10 g, 54 mmol), 65 mL of methanol, and 0.14

. mL of sulfuric acid was refluxed for 3 h. The methanol excess

(33) (a) Wallart, X.; de Villeneuve, C. H.; Allongue, .Am. Chem. Soc.  was removed in a vacuum, and the resulting material was dissolved

Egggmlf;’270%741;(7)81(?3';?‘)16‘%%’ é{ﬂ'i}]N,iYa,fiﬁrs%rNé ’\g;'éz’rtli-r']flza' in ether. The product was distilled under vacuum to obtain a

A.; Kramer, D. E.; Libera, J. A.; Hersam, M. C.; Nguyen, S. T.; transparent liquid.

BedZylg M. J.Lanbgmuir2004 20, 6252—6258-h(d) B?]nsal, AO-;OLi, Monolayer Preparation (Schemg Ten milliliters of pure 10-

X.; Yi, S. I.; Weinberg, W. H.; Lewis, N. SJ. Phys. Chem. B001 ; ;

105, 10266.10277. (&) Strther, T.. Cai, W.. Zhao, X Hamers, R. J.; Undecylenic acid methyl ester (GHCH(CH,)sCOOCH;) was
Smith, L. M.J. Am. Chem. So@00q 122, 1205-1209. (f) Linford, placed in a small, threg-ngcked flask fitted with a nitrogen inlet
M. R.; Fenter, P.; Eisenberg, P. M.; Chidsey, C. EJDAm. Chem. and a condenser. The liquid was deoxygenated with drjoN1
Soc.1995 117, 3145-3155. h. The Si(100) substrate was first cleaned with “piranha” solution

34) (a) Chabal, Y. J.; Higashi, G. S.; Raghavachari, K.; Burrows, \d.A. . .
Gy \(/a?c. Sci. Technol., 2989 7, 2104. (t?) Cerofolini, G. F.; Galati, C.; (concentrated p50,:35% HO, 70:30 v/v) at room temperature

Giorgi, G.; Motta, A.; Reina, S.; Renna, L.; Terrasi, Appl. Phys. for 12 min, rinsed in double distilled water for 2 min, etched in
A: Mater Sci. Process2005 A81, 745. 2.5% hydrofluoric acid for 90 s, washed with double distilled water

(35) (a) Sieval, A. B.; Demirel, A. L.; Nissink, J. M.; Linford, M. R.; van : : I’ ; ; ;
der Maas. J. H: de Jeu, W. H.: Zuilhof. H. Stitteo E. J. R. for 10 s, dried with prepurified ) and immediately placed in the

Langmuir1998 14, 1759. (b) Cerofolini, G. F.; Galati, C.; Reina, S.;  alkene-containing flask. This system was then refluxed at°70
Renna, L.; Condorelli, G. G.; Fragala L.; Giorgi, G.; Sgamellotti, for 2 h, under slow Mbubbling to prevent bumping. After cooling

A.; Re, N.Appl. Surf. Sci2005 246, 52. (c) Sun, Q.-Y.; de Smet, L.

C'P. M.- van Lagen, B.: Giesbers, M.. Thune, P. G.. van Engelenburg, to room ter_nperature, the substrate was r_emoved from the flask r?md
J.- de Wolf. E. A Zuilhof. H.: Sudholter. E. J. B. Am. Chem. Soc. _ Sonicated in dichloromethane for 10 min. Hydrolysis of the Si-
2005 127, 2514-2523. (100)-supported 10-undecylenic acid methyl ester was performed

(36) Gulino, A.; Giuffrida, S.; Mineo, P.; Purrazzo, M.; Scamporrino, E.;  according to a method reported by Strother et &riefly, grafted
Ventimiglia, G.; van der Boom, M. E.; Fragala J. Phys. Chem. B

2006 110, 16781. surfaces were dipped in a solution of 0.285 g of potasdieirh
(37) Gulino, A.; Mineo, P.; Scamporrino, E.; Vitalini, D.; FragalaChem. butoxide in 10 mL of DMSO for 30 s at room temperature, followed
Mater. 2006 18, 2404. by rinsing with a 0.1 M HCI solution and, finally, washing with

(38) (a) Cohen, H.; Zenkina, O. V.; Shukla, A. D.; Van der Boom, M. E.

. . water.
J. Phys. Chem. B006 110, 1506. (b) Gulino, A.; Condorelli, G. G.; . . . .
Mine(‘,’, P.: Fragalal. NanotechnoIE)g)Qooa 16, 2170. (c) Frydman, Then, the Si(100)-supported 10-undecylenic acid substrate (Si-
E.; Cohen, H.; Maoz, R.; Sagiv, langmuir 1997, 13, 5089. (100)—(CH,)10COOH) was immersed in a 8.¥ 1074 M water
(39) Gulino, A.; Mineo, G. P.; Bazzano, S.; Vitalini, D.; FragdlaChem. solution of the present porphyrin sodium salt [P(Of@} room
Mater. 2005 17, 4043.
(40) Gulino, A.; Bazzano, S.; Mineo, P.; Scamporrino, E.; Vitalini, D.;
Fragala |. Chem. Mater2005 17, 521. (43) Sieval, A. B.; Demirel, A. L.; Nissink, J. M.; Linford, M. R.; van der
(41) Gulino, A.; Mineo, P.; Scamporrino, E.; Vitalini, D.; FragdlaChem. Maas, J. H.; de Jeu, W. H.; Zuilhof, H.; Sudtes, E. J. RLangmuir
Mater. 2004 16, 1838. 1998 14, 1759.

(42) Yerushalmi, R.; Scherz, A.; van der Boom, M.EAm. Chem. Soc (44) Strother, T.; Cai, W.; Zhao, X.; Hamers, R. J.; Smith, L. MAm.
2004 126, 2700. Chem. Soc200Q 122 1205.
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Scheme 1

¢ H,80, :35% H,0, 70:30 viv
2.5 % hydrofluoric acid
CH,=CH-(CH,),-COOCH,, 170 °Cfor2 h

Potassinm tert-butoxide in DMSO
Rinsing with a 0.1 M HC1

P(ONa),
8.7-104 M water solution

temperature under stirring for 12 h. Next, substrates bearing the nm line beam. The emission was recorded &t ®@h respect to

porphyrin covalently assembled monolayer (Si(t0®)CAM) were the exciting line beam.
repeatedly sonicated and alternately washed with water and ) ]
2-propanol to remove any residual unreacted porphyrin. After that, Results and Discussion

substrates were washed with a pH 9 water solution in order to
remove any eventual ionically (noncovalent) bounded species and,
finally, washed again with double distilled water. No reaction has

been observed when anhydrous dimethyl sulfoxide (DMSOQO) was D: () .graftlng .Of the undecylerllc acid methyl e_ster .on
used as solvent. H-terminated Si(100) surfaces via thermal hydrosilylation,

Angle resolved X-ray photoelectron spectra (AR-XPS) of the (i) hydmeS'S of the estgr, a”@' (iif) rea_ctlon of a porphyrin
Si(100)-P-CAM were measured at two different takeoff angles, SOdium salt water solution with the Si(100)-supported 10-
relative to the surface plane, (1045°) with a PHI 5600 Multi undecylenic acid substrate.

Technique System, which offers a good control of the electron off-  We are aware that in water solution the reaction between
take angle (base pressure of the main chamberl®1° Torr).45:46 a carboxylic acid and sodium phenolate does not occur.
The acceptance angle of the analyzer and the precision of the sampl@\evertheless, two different reaction mechanisms can be
holder concerning the takeoff angle a8° and+1°, respectivelys hypothesized to rationalize the observed reaction (vide infra)
The spectrometer is equipped with a dual anode X-ray source, ajn the present heterogeneous system (sdliglid inter-
spherical capacitor anglyzer (SCA) with amean diameter of 279.4 phase). (1) The carboxylic acid functionalities on the Si
mm, and an electrostatic lens system Omni focus Ill. Samples were g - -0 immersed in water give an extremely concentrated
mounted on Mo stubs. Spectra were excited with monochromatic ~ . . . h

acidic surface that can give rise to self-protonat€2lOOH,"

Al Ka radiation. The XPS peak intensities were obtained after . .
Shirley background removal.No relevant charging effect has been surface groups. In water, the porphyrin sodium phenolate

observed. Freshly prepared samples were quickly transferred to thediSSOciates to give a porphyrin phenolate group. Therefore,
XPS main chamber. Experimental uncertainties in binding energies &n acid-catalyzed esterification reaction betwe€@OOH,"

lie within +0.28 eV48 Some spectra were deconvoluted by fiting and the anionic porphyrin phenolate can occur by nucleo-
the spectral profiles with a series of symmetrical Gaussian envelopesphilic substitution. (2) The equilibrium reaction porphyrin
after subtraction of the background. The agreement fa&or, phenolate+ R—COOH = porphyrin-OOCR + OH™ in
[2(Fo — Fo)%3—(Fo)4*? after minimization of the functior} (F, water can be unbalanced toward the right because of the very
— Fo)? converged taR values=<0.04. low local (on the surface) OHconcentration. In fact, the
~Atomic force microscopy (AFM) measurements were performed concentration of OH groups originating from the reaction
with a Solver P47 NTD-MDT instrument in semicontact mode 4 pe evaluated to be lower than that coming from the water
(resonance frequency 150 Hz).. self-dissociation. Both hypotheses require the presence of a
Room-temperature photoluminescence (PL) spectra were 0b-\, oy layer on the substrate surface and, therefore, agree well

tained with a SPEX Fluorolog 111 instrument equipped with a . . .
xenon lamp (450 W), operating in the 26800 nm range, with with the fact that no reaction has been observed in anhydrous

two monochromators. The monolayer was photoexcited with a 425 DMSO. ) )
These overall observations suggest that porphyin molecules

are covalently attached to the substrate via the undecylenic

The preparation of P(OH)nolecules covalently assembled
on silicon surfaces required a three-step procedure (Scheme

(45) Gulino, A.; La Delfa, S.; Fragala; Egdell, R. G.Chem. Mater1996

8, 1287. acid moiety. The obtained new porphyrin covalently as-
(46) SGC‘f“;‘géé’*éoc‘z’ggme"" G. G.; Fragala; Egdell, R. G-Appl. Surf.  sembled monolayers are robust and strongly adhere to the
(47) Repoux, MSurf. Interface Anal1992 18, 567. substrate surface, as they cannot be removed by repeated

(48) (a) Cerofolini, G. F.; Galati, C.; Renna, L.; Viscuso, O.; Camalleri, sonication, basic solution washing, nor by the “Scotch tape

M.; Lorenti, S.; Condorelli, G. G.; Fragala L. J. Phys. D.: Applied P— : ;
Physics2002 35, 1032. (b) Cerofolini, G. F.; Galati, C. Renna, L. decohesion” test, as evidenced by both XPS and lumines-

Surf. Interface Anal2002 34, 583. cence measurements.
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Figure 2. Monocromated Al Kt excited XPS of Si(100)P-CAM in the
Si 2p energy region at 20and 453 electron takeoff angles.

Table 1. XPS Atomic Concentration Analysis of the Si(100)P-CAM

PTA2
deg Si2p O1s Cls N 1s
45 20.7 (Sif+5.2(SiQ) =259 258 474 0.9
10 8.6 (Si)+6.3(SiQ)=149 202 634 15 45°

aPTA = photoelectron takeoff angle.

Molecular monolayer characterization of the Si(160) — —
P-CAM was carried out with X-ray photoelectron spectros- 530 535 540
copy. This technique is ideal, since it allows high vertical ST
resolution and gives information on the bonding states of B 1nd1ng Energy /eV
the grafted molecules by the ana'ysis of ang|e_reso|ved Figure 3. Monoc_romated Al Kx excited XPS of Si(100)P-CAM in the

40,49 O 1s energy region at 1(Gnd 45 electron takeoff angles.
measurement§; 40

Table 1 collects XPS atomic concentration data of a
prototypical Si(100)-P-CAM at 45 and 10 photoelectron
takeoff angles (PTA), once the relevant atomic sensitivity
factors have been accounted &rOn the basis of XPS
results? it is possible to estimate the surface coverage with
porphyrin molecules, 2.5 10 molecules/crh This value
is similar to those already obtained for $i€upported
porphyrin monolayer424!

No fluorine signal was observed. Moreover, there is

Moreover, the 2:1 spinorbit doublet, at lower binding
energy, shows a separation of 0.6 eV, well-tuned with that
expected for a Si(100) substr&fé! The decreasing intensity
behavior of the Si 2p signal, on decreasing the photoelectron
takeoff angle, is mainly due to the falloff of the Si(100)
component. The presence of some substrate surface
oxidation is not unexpected for the ester-fuctionalizated Si-
(100) surface after hydrolysis and functional molecule linkage

evidence of a decrease of both Si and O peaks, while the C(|n water media) steps and was already reported for a similar

. o . i systen®®
signal significantly increases, on decreasing of the PTA. The Y . . ]
N peak shows a moderate increase only. Analogously, the O 1s signal suffers an intensity decrease

In particular, the whole Si 2p signal goes from 25.9% at ©n going from 43 (25.8%) to 10 (20.2%) (Table 1). It
45° to 14.9% at 10 photoelectron takeoff angles (Table 1). therefore transpires that this signal is Iargely due to the SlO
Two features are always evident (Figure 2). The 2p doublet substrate phase rather than to the porphyrin oxygen. Figure
at 99.0 (2p,) and 99.6 (2p,) eV,25! consistent with the 3 shows a main peak at 533.0 eV with a high energy (534.8
presence of Si, whose atomic concentration goes from 20.7%€V) shoulder, evident at Qakeoff angle. This shoulder
at 45 to 8.6% at 10, and the broad band at 103.0 &&/54 (Y15 of the intensity of the main peak) accounts for the
consistent with the presence of some Si®hose atomic ~ 0Xygen of the €O group of the esteric functionalftyof

concentration goes from 5.2% at 4% 6.3% at 10. the —COOP feature.
Figure 4 compares C 1s photoelectron spectra of Si-
(49) Gulino, A.; Mineo, P.; Fragajd. J Phys. Chem. @007, 111, 1373. supported undecylenic acid (left inset), Si(166)-CAM)

50) Briggs, D. InPractical Surfaces Analysi2nd ed; Briggs, D., Seah, P - - . .
=0 8 B Eds.; WILEY-VCH: Weinheim. Germany, 1095: Vol. 1 (main figure), and acetylated Si(166p-CAM (right inset;
(51) Condorelli, G. G.; Motta, A.; Fragala. L.; Giannazzo, F.; Raineri,  Vide infra). The C1s band of the acid (left inset) consists of

Xaganescm, A.; Gatteschi, DAngew. Chem. Int. Ed2004 43, two main components: the first centered at 285.0 eV is due

(52) Cape|-5ancheZ’ M. C.; Barrioy L.; Campos-Manin’ J. M.; FierroY J. to the allphatIC backbone and the Second at 2896 eV iS due
L. G. J. Colloid Interface Sci2004 277, 146.

(53) Alexander, M. R.; Short, R. D.; Jones, F. R.; Michaeli, W.; Blomfield,
C. J.Appl. Surf. Sci1999 137, 179. (55) Condorelli, G. G.; Motta, A.; Favazza, M.; Nativo, P.; Fragala..;

(54) Taranekar, P.; Fan, X.; Advincula, Rangmuir2002 18, 7943. Gatteschi, DChem. Eur. J2006 12, 3558.
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Figure 5. Monocromated Al Kx excited XPS of Si(100)yP-CAM in the
280 285 250 N 1s energy region at 20and 45 electron takeoff angles. The dashed
Bmdmg Energy eV line, superimposed to the experimental profile, refers to the sum of the

Figure 4. Monocromated Al Kt excited XPS of Si(100)P-CAM in the Gaussian components.

C 1s energy region at 2@nd 45 electron takeoff angles. The dashed line,
superimposed to the experimental profile, refers to the sum of the Gau35|anWOrthy of note, the whole carbon atomic concentration

components. Left inset: spectrum of the Si(100)-supported undecylenic acid. significantly increases from 47.4% (at%%o 63.4% (at 10),

Righ f the Si(1 AM h
ag%yg;?ggt spectrum of the Si(108p-CAM after reaction with acetic as expected for the upper layer nature of the signal (Table
1).

to the carbon of the COOH grodp Photoelectron spectra Finally, the nitrogen atomic concentration shows a sig-
of Si(100)-P-CAM in the C 1s region (main Figure 4) nificant increase upon decreasing the electron takeoff
consist of three main components. The first, centered at 285.0angle from 0.9% (at 43 to 1.5% (at 10) (Table 1). The

eV, is due to both aliphatic and aromatic backbones (hereafterN 1S spectra (Figure 5) show a peak with a shoulder
referred to as €.57-5 The shoulder at 286.6 eV, in tune at 400.1 and 398.2 eV, respectively. These features account
with literature dat&259-6is due to the carbon center of the for the two kinds of nitrogen in the free porphyrin
porphyrin phenyl ring bonded to one oxygen atom and to base®37:5328%According to already reported studies on
the —C=N porphyrin groups. Finally, the highest binding similar porphyrin systems, the lower/higher BE intensity ratio
energy component at 289.4 eV is due to th€OOP and is about 1:3774249

unreacted-COOH groups, where P represents the porphyrin.  In order to obtain suited reference for the N 1s feature of
Note that the relative intensity (with respect to th€ C the porphyrin sodium salt, some test samples consisting of
component) of this band is much lower compared to the Si- Si(100) substrates immersed in some 40 C,HsOH
supported acid, accounting for the increased number of porphyrin solutions with identical volumes of 1, 2, 3, or 4
carbon atoms due to the presence of the porphyrin backbonex 104 M NaOH solutions were analyzed. XPS results
always show N 1s spectra with two components having

(56) Condorelli, G. G.; Motta, A.; Bedoya, C.; Di Mauro, A.; Pellegrino, an intensity ratio~1:3, in the analyzed takeoff angle
G.; Smecca, Elnorg. Chim. Acta2007, 360, 170.

(57) Sarno, D. M.; Matienzo, L. J.; Jones, W. E., l#iorg. Chem 2001, range.
40, 6308. ; ;
(58) Karweik, D. H.; Winograd, NIinorg. Chem 1976 15, 2336. Fu.rther eXp.e”metntS were ma(.je to rule out glther any
(59) Bartlett, B.; Valdisera, J. M.; Russell, J. N., Surf. Sci 1999 442, possible physisorption or alternative-8D—porphyrin sur-
265.

(60) Serafin, J. G.; Friend, C. M. Am. Chem. Sod 989 111, 4233.

(61) Beason, G.; Briggs, D. IHigh Resolution XPS of Organic (62) Zeller, M. V.; Hayes, R. GJ. Am. Chem. Sod 973 95, 3855.
Polymers. The Scienta ESCA 300 Databasgley and Sons: New (63) Yamashige, H.; Matsuo, S.; Kurisaki, T.; Perera, R. C. C.; Wakita,
York, 1992. H. Anal. Sci 2005 21, 635.
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Figure 6. Representative AFM image of the Si(16@-CAM.

face grafting®® Both a hydrophilic Si@ and a hydrophobic ~ molecules were removed along straight lines by rastering
undecylenic acid methyl ester terminated surfaces werethe surface with the AFM tip under a suitable constant force.
exposed to a 8.% 104 M P(ONa), water solution and then ~ The obtained scratch depth is about 30 A and corresponds
rinsed, according to the procedures adopted for Si(x80) to the size of the porphyrin almost linearly bonded to the
CAM preparation. No P(OH)sticking was detected in XPS  10-undecilenic acid methyl ester assembly (31.9 A) (Scheme
spectra on both SiOH and methyl ester terminated surface, 1). All these observations should be considered only reason-
thus indicating that physisorption does not occur. On the able estimations. In fact, the real resolution of this technique
other hand, electrostatic linkage of these water-soluble and the reliability of the MM- results should be also taken
porphyrin molecules on the acid-terminated silicon surface into account. Besides, the porphyrin in the porphyrin 10-
can be similarly ruled out, since they cannot be removed by undecilenic acid molecular assembly can rotate around
repeated sonication in water nor by basic washing. Moreover, different bonds, thus allowing adjacent porphyrin molecules
the surface coverage estimated on the basis of XPS resultgo interact togethef

(2.5 x 10" molecules/crfy vide supra) itself helps to rule In addition, in order to investigate on the number of
out any possible physisorption. In fact, the area available pinding sites ¢ OH groups) involved in the substrate grafting
on the substrate (footprint) for the porphyrin 10-undecilenic py the porphyrin molecule that, in turn, determines the
acid molecular assembly is about 2 times larger than the porphyrin geometry adopted with respect to the substrate
assembly size. Finally, eventual ionic bounded speciessyrface, a Si(106)P-CAM was dipped into acetic
should give additional XPS peaks at higher binding energies. anhydride fo 1 h at 60 followed by repeated rinsing in
None of them has been observed in present SitB9)  double distilled water and drying under a nitrogen stream.
CAMs. This procedure should be effective in transforming the
In summary, the XPS technique is very useful to study remaining —OH porphyrin groups, not involved in the
monolayers since it provides chemical information that is grafting, in P~-OCOCH; functionalities. In addition, the
unigue and not available with many other spectroscopic washing procedure with water should hydrolyze the eventual

techniques. mixed anhydride due to the presence of unreaet&®OH
Surface morphologies of Si(100P-CAM were obtained groups.

by atomic force microscopy (AFM) measurements.
Figure 6 shows a representative AFM image of the Si-
(100)-P-CAM. The obtained average peak-to-péky is

Itis evident that the XPS band at 289.4 is more intense in
both Si-supported acid (left Inset of Figure 4) and in
. acetylated Si(106)P-CAM (right inset of Figure 4) with
equal to 0.67 nm with a 1.11 A mean roughness. respect to the Si(108)P-CAM (main Figure 4). XPS atomic

Molecular mechanics force flelo! calculations (MM concentration results indicated a 100% increase in the C 1s
method) performed on this porphyrin molecule covalently band, at 289.4 eV in acetylated Si(16G)-CAM, with

bonded to the 10-undecilenic acid give an assembly length respect to that of the Si(L0BP-CAM. Taking into account

of 31'9. A. AFM measurements do not haye enough lateral the presence of COOP moieties and unreacted undecylenic
resolution to show the arrangement of a single molecule on —COOH functionalities, both somewhat buried by the
thg substrate. Thgrefore, in order to further ipvestigate the porphyrin molecules, th,is relevant signal increase mainly
th|pkness of the'S|(109)P-CAM, ato”?'c force lithography indicates the formation of topmostfOOCCH; ester func-
using the AFM tip was performed (Figure 7). Thus, grafted tionalities (right inset of Figure 4). This result confirms the

(64) (a) Boukherroub, R.; Morin, S.; Sharpe, P.; Wayner, D. D. M;
Allongue, P.Langmuir200Q 16, 7429. (b) Cleland, G.; Horrocks, B. (65) MonsuScolaro, L.; Romeo, A.; Castriciano, M. A.; De Luca, G.;
R.; Houlton, A.J. Chem. Soc., Faraday Trans995 91, 4001. PataneS.; Micali, N.J. Am. Chem. So003 125 2040.
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Figure 7. AFM image of the (a) scratch depth section, (b) scratch depth, and (c) 2D scratch size.

obtained AFM depth, indicating that the P(QHind the solutions and thin film&57* Moreover, this result well
surface in a vertical fashion with one or two porphyrin OH matches an already reported study on a porphyrin monolayer
groups involved in the substrate grafting. Then, the remaining assembled on a transparent, insulating,Si@bstraté® The

OH groups of the P(OH)Mmolecule undergo the esterification

process with acetic anhydride. (66) Sagun, E. I.; Zenkevich, E. I.; Knyukshto, V. N.; Shulga,
. - . . A. M.; Starukhin, D. A.; von Borczyskowski, @hem. Phys200
Finally, preliminary luminescence measurements carried — 57g 517, Y 2YSKOWsK ys2002

out on this monolayer show a promising behavior. In (67) Aﬁhkenasy, (?] Ivanisevic, A.; Chohen, R.; Felder, C. E.; Cahen, D.;
. . P Ellis, A. B.; Shanzer, AJ. Am. Chem. So200Q 122 1116.
fact, Figure 8 shows a representative PL emission (68) Balzani, V. InSupramolecular Photochemistry, D.; Series C: Math-

spectrum fexc = 425 nm) of the Si(106}P-CAM. Two well- ematical and Physical ScienceReidel Publishing Co.: Dordrecht,

P : The Netherlands, 1987; Vol. 214; pp 220.
resolved PL emissions at 658 and 701 nm are evident and(eg) Roy, J. K.; Carroll, F. A.: Whitien, D. GJ. Am. Chem. Sod974

well-tuned with already reported measurements on both 96, 6349.
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3000 Conclusion
A monolayer of 5,10,15,20-tetrakis(hydroxyphenyl)-
5 porphyrin molecules covalently assembled on a Si (100)
3 20001 surface, functionalized by 10-undecylenic acid, was synthe-
:é sized. The monolayer was characterized by monochromated
g angle resolved X-ray photoelectron spectra and atomic
g 10001 force microscopy measurements. XPS O 1s, C 1s, and N 1s
£ spectra show evidence of covalent linkage of porphyrin
molecules to the functionalized substrate surface. AFM
images and lithography support a Si(100)-supported 10-
o ' undecylenic acid porphyrin monolayer with a plausible
600 700 indication that porphyrin molecules bind the surface in a
Wavelength / nm . . -,
) ) ) vertical fashion. In addition, the system shows a
Figure 8. Representative photoluminescengg{= 425 nm) spectrum of .. . . L . .
the Si(100}-P-CAM in air. promising luminescent behavior, which is potentially inter-

esting for fabrication of molecular-based information storage
luminescent behavior presently observed opens new insightmaterials and, in general, for high-quality sensor devices
in this field, since this porphyrin monolayer is covalently where both conducting and luminescent properties are
assembled on a conducting Si(100) surface. Therefore, itrequired.
represents a potentially interesting system for applications
where both conducting and luminescent properties are
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