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Abstract: We have investigated the reaction of tetrakis(dimethylamido)titanium, Ti[N(CHzs)2]s, with N-iso-
propyl-N-[4-(thien-3-ylethynyl) phenyl] amine and N-isopropyl-N-(4-{[4-(thien-3-ylethynyl) phenyllethynyl}-
phenyl) amine self-assembled monolayers (SAMs), on polycrystalline Au substrates. The structure of the
SAMs themselves has also been investigated. Both molecules form SAMs on polycrystalline Au bound by
the thiophene group. The longer-molecular-backbone molecule forms a denser SAM, with molecules
characterized by a smaller tilt angle. X-ray photoelectron spectroscopy (XPS) and angle-resolved XPS
have been employed to examine the kinetics of adsorption, the spatial extent of reaction, and the
stoichiometry of reaction. For both the SAMs, adsorption is described well by first-order Langmuirian kinetics,
and adsorption is self-limiting from Ts = —50 to 30 °C. The use of angle-resolved XPS clearly demonstrates
that the Ti[N(CHjs)2]4 reacts exclusively with the isopropylamine end group via ligand exchange, and there
is no penetration of the SAM, followed by reaction at the SAM—Au interface. Moreover, the SAM molecules
remain bound to the Au surface via their thiopene functionalites. From XPS, we have found that, in both
cases, approximately one Ti[N(CHz)2]4 is adsorbed per two SAM molecules.

Introduction most well-known examples. In all these cases, the so-called
bottom contact is formed using chemically specific adsorption,

Most modern electronic devices are solid-state devices, the : .
alternatively referred to as self-assembly. The solution-phase

active components of which are constructed essentially entirely i ) )
of inorganic materialssemiconductors, metals, various oxides, er03|t|on of qrganoth|ols on gdiis a well-developed chem-
nitrides, and silicides. To date, excepting important applications iStry for forming well-ordered self-assembled monolayers
such as photoresists in lithography, organic materials have (SAMS). These SAMs can hav? rigid backbones comprised of
played a rather secondary role in this technology. This situation 2romatic fragments or “floppy” backbones comprised of

is changing, and considerable interest has developed in the pas@/iPhatic fragment8.The former, including oligo(phenylene-
5—10 years concerning the use of small molecules in active ethynylene) SAMs, have attracted interest due to their structure,

components of electronic circuitrthe field is known as which should promote facile electrical conduction along their
molecular-scale electronics or molecular electrohidsmajor molecular backbone. Indeed, conjugated SAMs have been used

. . . .. . . i ifi 10,11 i
challenge in this area is devising chemistries and processes thafof Making sensord rectifiers/®!* and molecular switches.
can bring together these two diverse materials sets, inorganic” €ommon motif in these devices is an electrode/molecule/
and organic, without doing damage to the delicate organic electrode microstructure, formed by sequential deposition and
' . . i 511,12
structures and functionalities. patterning step: ,
Attempts to construct devices incorporating molecules have  'tiS important to note, however, that with all these approaches

taken many designs: break junctions, formed mechantcatig a second or top contact with the SAM (an inorganic-on-organic
electrically3 nanopore¢,and cross-bar arrayare perhaps the interface) is required to fabricate functional molecular electronic

. . . . . . (6) Nuzzo, R. G.; Allara, D. LJ. Am. Chem. Sod.983 105, 4481-4483.
T School of Chemical and Biomolecular Engineering, Cornell University.  (7) Bain, C. D.; Troughton, E. B.; Tao, Y.-T.; Evall, J.; Whitesides, G. M.;

* Department of Chemistry and Chemical Biology, Cornell University. Nuzzo, R. G.J. Am. Chem. S0d.989 111, 321—335.
(1) Reed, M. A.; Tour, J. MSci. Am.200Q 86—93. (8) Tour, J. M.; Jones, L., Il; Pearson, D. L.; Lamba, J. J. S.; Burgin, T. P.;
(2) Reed, M. A.; Zhou, C.; Muller, C. J.; Burgin, T. P.; Tour, J. Btience Whitesides, G. M.; Allara, D. L.; Parikh, A. N.; Atre, S. \J. Am. Chem.
1997, 278 252-254. S0c.1995,117, 9529-9534.
(3) Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish, Y.; Petta, J. (9) Hutchinson, J. E.; Postlethwaite, T. A.; Murray, R. Mangmuir1993 9,
R.; Rinkoski, M.; Sethna, J. P.; AbfanH. D.; McEuen, P. L.; Ralph D. 3277-3283.
C. Nature2002 417, 722-725. (10) Martin, A. S.; Sambles, J. R.; Ashwell, G.Bhys. Re. Lett. 1993 70,
(4) Ralls, K. S.; Buhrman, R. A.; Tiberio, R. @ppl. Phys. Lett1989 55, 218-221.
2459-2561. (11) Metzger, R. M.; Xu, T.; Peterson, |. R.Phys. Chem. B001, 105,7280-
(5) Chen, Y.; Ohlberg, D. A. A.; Li, X.; Stewart, D. R.; Williams, R. S.; 7290.

Jeppesen, J. O.; Nielsen, K. A.; Stoddart, J. F.; Olynick, D. L.; Anderson, (12) Chen, J.; Reed, M. A.; Rawlett, A. M.; Tour, J. I8ciencel999 286,
E. Appl. Phys. Lett2003 82, 1610-1612. 1550-1552.

10.1021/ja054378e CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 14299—14309 = 14299



ARTICLES Dube et al.

devices. The tip of either a conducting atomic force microscope of metal thin films on SAMs (thiols), including Au growth via
(c-AFM) or a scanning tunneling microscope (STM) has been [(CH3)sP]JAuCHs,2® Pd growth via Cp(allyl)Pd%3C and Al
used to make this contatt.1®> This approach can work well  growth via [(CH)3NJAIH 33132 In the case of Au and Pd
for fundamental studies of single to several hundred molecules,deposition, the selectivity of growth and film morphology were
but it obviously does not make a permanent contact and is, in examined. In the case of Al depositidhinterfacial chemistry
general, unsuitable for fabricating arrays of devices. Formation was examined using XPS, but an explicit examination of the
of inorganic or metal thin films on SAMs, whether explicitly  kinetics of adsorption was not attempted. Recently, we have
for top contacts or not, has mostly involved evaporative completed what is perhaps the most rigorous study of the
deposition in a vacuum or liquid-phase deposition. Vapor reaction of a transition metal coordination complex with
deposition of elemental metals (e.g., Ag, Cu, Ti, Al, Fe, Cr, SAMs 2 in this case, the reaction of tetrakis(dimethylamido)-
and Au) on SAMs possessing different terminal organic titanium, Ti[N(CHs)2]4, a TiN precursof**! with alkyltrichlo-
functional groups (OFGs) such asCH;, —OH, —COOH, rosilane SAMs possessingOH, —NH,, and —CHjs terminal
—COOCH;, —CN, and—SH has been studied extensivéfy2 OFGs. We found by XPS that the reaction was self-limiting in
In many cases, due to the rather unspecific reactions of manyall these cases. Using angle-resolved XPS (ARXPS) to probe
of these elemental metals, mixed adlayers were formed becausé¢he spatial extent of the reaction, we found that penetration of
reactions occurred not only with the OFG tail groups but also the SAM followed by reaction at the SAM/substrate occurred
apparently with the SAM backbone and headgroups. Suchin the case of the-CH; SAM. In the case of the-NH, SAM,
penetration of the organic monolayer by the metal species, thehowever, no evidence of penetration was found, and reaction
extent of which depended on the terminal OFG, as well as the was confined to the terminatNH; group.
metal studied, is unacceptable concerning most devices envis- In this work, we consider the reaction of Ti[N(GH]4 with
aged for molecular electronics. Formation of inorganic-on- adsorbed molecules that possess specially chosen head and tail
organic interfaces via liquid-phase thin-film deposition has also groups and backbone. In particular, a thiophene headgroup has
been problematic. Ti@thin films have been deposited on been chosen for its affinity for Au surfaces, an isopropylamine
alkyltrichlorosilane SAMs possessing different terminal terminal OFG to react with Ti[N(CH2]s, and a phenylene-
OFGs?5-28 The films, in most instances, were rough and ethynylene backbone for electrical conduction. Although a
exhibited poor adhesion, while molecular-level details concern- specific device function is not assumed here, this scheme leads
ing the interfaces were absent from these studies. Finally, X-rayto the aforementioned electrode/molecule/electrode structural
photoelectron spectroscopy (XPS) revealed that the films motif used in molecular switche¥ and rectifiers! Thiophenes
suffered from carbon and chlorine contaminati®n. offer potential advantages over the related thiols. For example,
Formation of inorganieorganic interfaces via the use of thiols may be reduced to thiolaf@®r oxidized to disulfide$?

transition metal coordination complexes holds tremendous Whereas the likelihood of a thiophene group participating in
promise. A key is to tailor both the terminal OFG and the reactions other than simple molecular adsorption, under our
transition metal complex such that they react with each other reaction conditions, is quite small due to its stable ring structure.

in a specific fashion. Growth that is self-limiting may also be

Comparative studies of thiophene SAMs and thiol SAMs on

desirable and feasible with this approach, as uncontrolled Au are relatively scarce. STM has been used to demonstrate

continuous deposition might lead to degradation of the interface. that thiophene can form well-ordered monolayers on Au(#11).
There are a handful of studies that have examined the depositionin another study, the structural evolution of a thiophene SAM

(13) Cui, X. D.; Primak, A.; Zarate, X.; Tomfohr, J.; Sankey, O. F.; Moore, A.
L.; Moore, T. A.; Gust, D.; Harris, G.; Lindsay, S. Nbcience2001, 294,
571-574.

(14) Ng, M. K.; Lee, D. C.; Yu, L.J. Am. Chem. So002 124, 11862~
11863.

(15) Bumm, L. A; Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.;
Jones, L., II; Allara, D. L.; Tour, J. M.; Weiss, P. Sciencel996 271,
1705-1707.

(16) Jung, D. R.; Czanderna, A. \@rit. Rev. Solid State Mater. Sci994 19,
1-54

(17) Herdt, G. C.; Jung, D. R.; Czanderna, A. W®fog. Surf. Sci1995 50,
103-129.

(18) Tarlov, M. J.Langmuir1992 8, 80—89.

(19) Ohgi, T.; Sheng, H.-Y.; Dong, Z.-C.; Nejoh, Burf. Sci 1999442 277—
282

(20) Fisher, G. L.; Hooper, A. E.; Opila, R. L.; Allara, D. L.; Winograd, N.
Phys. Chem. BR00Q 104, 32673273.

(21) Konstadinidis, K.; Zhang, P.; Opila, R. L.; Allara, D. Surf. Sci.1995
338 300-312.

(22) Hooper, A. E.; Fisher, G. L.; Konstadinidis, K.; Jung, D.; Nguyen, H.;
Opila, R. L.; Collins, R. W.; Winograd. N.; Allara, D. L. Am. Chem.
Soc 1999 121, 8052-8064.

(23) Fisher, G. L.; Walker, A. V.; Hooper, A. E.; Tighe, T. B.; Bahnck, K. B.;
Skriba, H. T.; Reinard, M. D.; Haynie, B. C.; Opila, R. L.; Winograd, N.;
Allara, D. L. J. Am. Chem. So@002 124, 5528-5541.

(24) Carlo, S. R.; Wagner, A. J.; Fairbrother, D. H.Phys. Chem. R00Q
104, 6633-6641.

(25) shin, H.; Collins, R. J.; De Guire, M. R.; Heuer, A. H.; Sukenik, CJIN.
Mater. Res1995 10, 692—-698.

(26) Shin, H.; Collins, R. J.; De Guire, M. R.; Heuer, A. H.; Sukenik, CJN.
Mater. Res1995 10, 699-703.

(27) Niesen, T. P.; Bill, J.; Aldinger, RChem. Mater2001, 13, 1552-1559.

(28) Masuda, Y.; Jinbo, Y.; Yonezawa, T.; Koumoto, ®hem. Mater2002
14, 1236-1241.
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(29) (a) Wohlfart, P.; Weiss, J.; Kashammer, J.; Winter, C.; Scheumann, V.;
Fischer, R. A.; Mittler-Nehera, S hin Solid Films1999 340, 274-279.
(b) Winter, C.; Weckenmann, U.; Fischer, R. A.; Kashammer, J.; Scheu-
mann, V.; Mittler, SChem. Vap. Depr200Q 6, 199-205. (c) Fischer, R.
A.; Weckenmann, U.; Winter, C.; Khammer, J.; Scheumann, V.; Mittler,
S.J. Phys. IV: Proc2001, 11, Pr3/1183-Pr3/1190.

(30) Weckenmann, U.; Mittler, S.; Knaer, S.; Aliganga, A. K. A,; Fischer, R.
A. Chem Mater2004 16, 621-628.

(31) Weiss, J.; Himmel, H. J.; Fischer, R. A.; Woell,Chem. Vap. Deposition

1998 4, 17-21.

Wohlfart, P.; Weiss, J.; Khmmer, J.; Kreiter, M.; Winter, C.; Fischer,

R.; Mittler-Neher, SChem. Vap. Depositio999 5, 165-170.

Killampalli, A. S.; Ma, P. F.; Engstrom, J. R. Am. Chem. SoQ005

127, 6300-6310.

(34) Fix, R.; Gordon, R. G.; Hoffman, D. MChem. Mater.1991, 3, 1138~

1148.

Musher, J. N.; Gordon, R. @. Mater. Res1996 11, 989-1001.

Ritala, M.; Asikainen, T.; LeskélaM.; Jokinen, J.; Lappalainen, R.;

Utriainen, M.; Niinistq L.; Ristolainen, EAppl. Surf. Sci1997 120, 199—

212.

(37) Berry, A.; Mowery, R.; Turner, N. H.; Seitzman, L.; Dunn, D.; Ladouceur,
H. Thin Solid Films1998 323 10-17.

(38) Min, J.-S.; Park, J.-S.; Park, H.-S.; Kang, S.J\Electrochem. So200Q
147, 3868-3872.

(39) Ritala, M.; Asikainen, T.; Lesk&ld.; Dekker, J.-P.; Mutsaers, C.; Soininen,
P. J.; Skarp, JChem. Vap. Depositioh999 5, 7—9.

(40) Elam, J. W.; Wilson, C. A.; Schuisky, M.; Sechrist, Z. A.; George, S. M.
J. Vac. Sci. Technol. R003 21, 1099-1107.

(41) Elam, J. W.; Schuisky, M.; Ferguson, J. D.; George, STMn Solid Films
2003 436, 145-156.

(42) Biebuyck, H. A.; Bain, C. D.; Whitesides, G. Mangmuir1994 10, 1825-
1831.

(32)
(33)
)

(35)
(36)

(43) Fenter, P.; Eberhardt, A.; EisenbergerSPiencel994 266, 1216-1218.
(44) Dishner, M. H.; Hemminger, J. C.; Feher, FLAngmuir1996 12, 6176—
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Figure 1. Schematic for the synthesis NfisopropylN-[4-(thien-3-ylethynyl) phenyl] amine and-isopropylN-(4-{[4-(thien-3-ylethynyl) phenyl] ethynyl
phenyl) amine.

_N»

on Au(11ll) was examined by Fourier transform infrared phenyllethyny}phenyl) amine were synthesized using the scheme that
reflection absorption spectroscoﬁyThe formation of the SAM is shown in Figure 1. Details of the synthetic procedure, as well as all
was found to occur in two stages: in the first stage, thiophene assignm_ents of the_ chemical shifts from NMR, are in_ the Supporting
orients parallel to the Au surface; in the second stage, the Information. One ligand7) has one phenyl ring in its backbone,
molecular orientation changes to upright. In other work, ¥PS whereas the other has twd)(From now on, we will use the shorthand

revealed that the sulfur in thiobhene chemically interacts with notation1P for the former an@P for the latter, in an obvious reference
P y to the number of phenyl groups in the molecule. SAMs of these

Au, indicated by a shift in the binding energy of the S(2p thiophene ligands and 4-aminothiophenol were prepared on evaporated
by 2-3 eV. gold substrates via a liquid-phase deposition process. Contact angle
Herein, we describe our studies of the following: the measurements, ellipsometry, and X-ray photoelectron spectroscopy
synthesis and formation of SAMs possessing a molecular (XPS) were employed to characterize the order, thickness, and
backbone that should facilitate facile electrical conduction and composition of these monolayers. Characterization of the SAMs via
an endgroup that should bind in a specific fashion to a Au XPS and their reactions with Ti[N(Cd]+ were carried out in a custom
substrate; the reactions between the organic functional tailgroupgPuilt ultrahigh vacuum (UHV) chamber that is described in detail
of these SAMs [-NH(CsH7)] and a transition metal coordina- ~ €sewhere’
tion complex, Ti[N(CH)2]s. We use XPS to probe the nature |||. Results and Discussion
of SAMs that are formed, quantify the kinetics of adsorption o
of the Ti complex on these layers, and determine the specificity A+ Characterization of the SAMs. We have used contact-
and/or spatial extent of reaction between the Ti complex and @ngle measurements, ellipsometry, and XPS to characterize the
the SAMs. Ultimately, this strategy could be used to make layers formed from the adsorption of the two molecules of

“sandwich” structures comprising electrode/molecule/electrode, INterest on polycrystalline Au. In Table 1, we present data for
or any of a variety of structures where precisely fabricated the @dvancing and receding contact angles of water, as well as
inorganic-organic interfaces are key structural elements. the hysteresis for both of the SAMs. As may be seen, we observe

a smaller contact angle for tté® SAM in comparison to the
Il. Experimental Section 2P SAM. These results are in qualitative agreement with results

Complete details concerning the experimental procedures employedr€Ported for thiol SAMs possessing conjugated backbones of

here are in the Supporting Information, and we only give a brief Varying lengths’® In particular, in this work, it was reported
summary here. The thiophene ligands:isopropylN-[4-(thien-3- that increasing the chain length of the conjugated thiols reduced

ylethynyl) phenyl] amine andli-isopropyIN-(4-{ [4-(thien-3-ylethynyl) the tilt angle, which in turn, resulted in a more hydrophobic

(45) Matsuura, T.; Nakajima, M.; Shimoyama, Jon. J. Appl. Phys2001, 40, (47) Xia, L.-Q.; Jones, M. E.; Maity, N.; Engstrom, J. R.Vac. Sci. Technol.
6945-6950. A 1995 13, 2651-2664.

(46) Noh, J.; Ito, E.; Nakajima, K.; Kim, J.; Lee, H.; Hara, M.Phys. Chem. (48) De Boer, B.; Meng, H.; Perepichka, D. F.; Zheng, J.; Frank, M. M.; Chabal,
B 2002 106, 7139-7141. Y.; Bao, Z.Langmuir2003 19, 4272-4284.
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Table 1. Properties of Self-Assembled Monolayers

contact angle

SAM advancing receding hysteresis thickness (ellipsometry) molecular length density (cm~2, XPS)
1P 56° + 3° 41° £ 2° 15° 6.6+ 0.4A 12.6 A 2.1140.87 x 101
2P 66° + 1° 56° + 2° 10° 16.64+ 0.8 A 19.6 A 3.42+ 0.79x 104
4-aminothiophenol 27+ ¥ 10.7+0.8A 56A 3.24+0.91x 104
character of the longer ring system. Indeed, the ellipsometric 310" T T r T
data, also shown in Table 1, confirms this picture. The measured - Au(f)
ellipsometric thicknesses for tHEP and 2P SAMs are 6.6+ 8,510tk ]
0.4 and 16.6= 0.8 A, respectively, vs estimated lengths (from g P
molecular models) of 12.6 and 19.6 A for the molecules ; , !
themselves. These results are in good qualitative agreement with & 210°f 2P ]
data for other conjugated thiol SAM&and the larger tilt angle 5]
implicated for the shortetP SAM can be attributed to weaker 8 1510°F .
intermolecular forces due to fewer aromatic rings in the §
backboné? et @ ]
Survey XP spectra have been collected from both SAMs, and . . . .
the following peaks have been observed: Au(4f), N(1s), C(1s), -20 0 20 40 60 80
and S(2p). The survey scan was followed by detailed scans for take-off angle (deg)
all of these. The C(1s) feature can be used to estimate the F l T T T ]
absolute coverage of the SAMs. To accomplish this, one needs <~ 300 N S(2p) J 200
to account for the photoelectron cross-section$or the C(1s) @ [ v ]
and the Au(4f),) peaks, the analyzer transmissiai), which g [ ]
is inversely proportional to the kinetic enerdy € 968.6 and ; 200 [ + 4 100
1169.6 eV, respectively), the atomic density of the two elements, < [ 1P (} {’ ]
N, and the inelastic mean free pafh,for the photoelectrons. s [ ]
Concerning thesepadoc = 9.85° Na, = 5.88 x 1022 8 100 | 0
atomscm 35 andAa, = 15.5 A52 The atomic density of C in ?3 I (b) + ]
the SAM depends on the coverage or density of the SAdyv A [ |
(moleculescm=2), and the mean spacing between C in the 0_20 (') 2'0 4'0 6'0 80-100
backbonedc. The integrated intensity of the Au ) peak
for a clean Au substrate is proportional ¢@a,NauAauT(Eau). 1200 take-off angle (deg)
For the C(1s) peak, we must account for the finite thickness of ' ' ' Cl(ls)
the layer, and the integrated intensity is proportionad@nsam/ {; 1000 [ ]
dc) AcT(Ec)[exp (—ndc/Ac cosh)], wheren is the number of C 2
in the SAM backbone anélis the takeoff angle. For the inelastic 8 g0l ]
mean free path of the C(1s) photoelectrons, welsse 24.5 ; %
A.53 Making use of these expressions, we have computed the < 600 [ ,p ]
density,nsam, for both the SAMs, and these values are also §
given in Table 1. Given the assumptions made here to calculate S 400 + 1P :
these values, we estimate that their absolute accuracy is E ©
approximately+30%. A higher density (3.4 10 vs 2.1 x 200 .
104 moleculescm™2) is observed for thP SAM. This can 20 0 20 20 %0 30
again be attributed to the fact that more aromatic rings lead to take-off angle (deg)
higher intermolecular forces which in turn account for the i
Figure 2. Integrated peak areas as a function of takeoff angle fodthe

smaller tilt and higher packing density A density of 4.5x

10" moleculescm=2 has been reported for a SAM of 444
(phenylethynyl)-phenylethynyl]-benzenethiol on Zwyhich has

a similar molecular structure to tHP SAM, but possesses a
different headgroup and lacks the terminal isopropylamine
group, which in our case may hinder packing of the molecules.

(49) Frey, S.; Stadler, V.; Heister, K.; Eck, W.; Zharnikov, M.; Grunze, M.
Langmuir2001, 17, 2408-2415.

(50) Practical Surface Analysis: Volume |, Auger and X-ray Photoelectron
Spectroscopy2nd ed.; Seah, M. P., Briggs, D., Eds.; John Wiley and
Sons: Chichester, England, 1990.

(51) Ashcroft, N. W., Mermin, N. DSolid State Physi¢csHarcourt Brace
College Publishers: Orlando, FL, 1976.

(52) Powell, C. J.; Jablonski, Al. Vac. Sci. Technol. A999 17, 1122-1126.

(53) Lamont, C. L. A.; Wilkes, JLangmuir1999 15, 2037-2042.

(54) Walker, A. V.; Tighe, T. B.; Stapleton, J.; Haynie, B. C.; Upilli, S.; Allara,
D. L.; Winograd, N.Appl. Phys. Lett2004 84, 4008-4010.
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(filled symbols) and2P SAMs (open symbols) on polycrystalline Au for

the (a) Au(4f), (b) S(2p), and (c) C(1s) features from XPIat 30 °C.

The smooth curves represent fits of the data to models that are described
in the text. The parameters found from these fits are given in the text and/
or in Table S1 in the Supporting Information.

Angle-resolved XPS has been used to probe the SAMs, which
is particularly valuable concerning noninvasive depth profiling
of the layers. ARXPS of the Au(4f), S(2p), and C(1s) peaks
have been obtained. The takeoff angle was varied frérto0
64°. Plotted in Figure 2a are the Au(4f) integrated intensities
as a function of the takeoff angle for both the SAMs we consider
here. The data can be modeled as a semi-infinite (Au) substrate
that is covered by a uniformly thick two-dimensional (SAM)
film: 1(0) = lo exp (—dsaw/A cos ), where, |y is the
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unattenuated emission achieved at normal takeoff angle. The T T T T T

smaller integrated intensities for tf&P SAM at all takeoff 400 | Tiep) Ti[N(CH)) ],

angles are consistent with the fact that more attenuation of the

Au (4f) photoelectrons is occurring due to the presence of a

thicker (and denser) overlayer. In terms of the parameters, from 300 1

these data, we findsam/A = 0.47+ 0.01 and 0.49t 0.02 for

the 1P and 2P SAM, respectively. These values for the

parameters, as well as all values obtained in this work from

ARXPS, are also given in Table S1 in the Supporting Informa-

tion. In Figure 2b, we display the S(2p) integrated intensity as

a function of the takeoff angle for both SAMs. In this case, it

is assumed that sulfur atoms are arranged in a 2-D plane at a

distanced, from the SAM-vacuum interface. The expression

is given byl(6) = (Io/cosf) exp(—d/icosh), where againg is

the unattenuated emission achieved at normal takeoff angle A 100 ; o . \

fit to the data shown in Figure 2b give$l = 1.69+ 0.57 and 445 450 455 460 465 470 475

2.05+ 0.65 for thelP and2P SAM, respectively. These values Binding energy (eV)

indicate that the sulfur is a significant distance beneath the rigure 3. XP spectra of the Ti(2p) feature for clean Au a8 SAM

surface, presumably at the SAMu interface. Also, the values  surfaces, both exposed to Ti[N(G}l4 at Ts = 30 °C. Exposures were

found ford/A increase with increasing length of the SAM. We ~ 1:01 and 0.50< 10" moleculescm Z respectively. Spectra have been fit
. . . . . to two peaks using Gaussiahorentzian product functions.

will return to a discussion of the physical meaning of the

absolute values below. Results from ARXPS of the C(1s) peak on the clean Au substrate in comparison to the surface with the

for both the SAMs are presented in Figure 2c. Here we use the 5 SAM. The area of the peaks can be used to estimate the
following expression to model the datd(d) = lo [1 — exp surface density of Ti. First, we obtained a Ti(2p) spectrum from

(—dsan/Z cos 0)], which assumes the C is present at SOMe 4 reference single-crystal TiGurface. The area under this peak
constant density in a thin film at the surface and wHeis the is proportional tooriNATT(Er), wheredr; = 20.67 A5 and

C(1s) emission from a semi-infinite SAM film. Here we find N = 3.2 x 10 atomscm2, The Ti atoms in the Ti[N(Ch)2]a
thatdsaw/2 = 0.32+ 0.14 and 0.68 0.12 for thelP and2P adlayer are modeled as a thin film of thicknessand atomic
SAM, respectively. Qne final set of experiments was condgcted densityN'r;. The area under the peak from such an adlayer is
to further characterize the SAMs. In these experiments, first a o onortional tosrN 10y T(En)/cos6, assumingdn < An. Thus,
scan for Au(4f) was completed on a clean Au substrate, and {he guantityN'ridr;, which represents the Ti surface density
this was followed directly by another scan on a Au substrate (atomscm2), can be calculated directly. We find that the
covered by the SAM. Again, assuming the SAM covers the (temperature-averaged) saturation Ti densities on the three
surface uniformly this gives directly the quantl{y)/l, = exp- substrates are 0.078 0.03 x 101 (clean Au), 1.2+ 0.2 x
(—dsam/A cos ). We find thatdsam/A = 0.21 4+ 0.01 for the 1014 (1P SAM), and 2.1+ 0.2 x 104 atomscn2 (2P SAM).

1P SAM and 0.29+ 0.01 for the2P SAM. These values are in - A higher Ti saturation coverage for tB® SAM is in agreement
qualitative agreement with those found in Figure 2a, b, and c. ith the results given above where a higher coverage of SAM
One explanation for the disparity tisav/4 values could be a  molecules, and hence reactive endgroups, was implicated.
difference in attenuation between the Au photoelectrons and To examine the kinetics of adsorption, we have acquired
those arising from C and S. For ex_ample, asC aqd_S are t_’Othcoverageexposure relationships for both the SAMs at two
part of the SAM molecules, attenuation by the remaining portion different values offs (30 and—50 °C). These data have been

of the moleculg is assured. Such is not the case for the Au g 1o first-order Langmuirian kineticsng(do/dt) = Sk oF(L —
substrate, particularly for a less-than-well-packed SAM over- 0), where,ns is the density of reactive sites (moleculas 2),

layer. In any event, these results are c_onS|stent Wlth_a SAM g'is the fractional surface coverage of Ti[N(@Ha, Skois the
where the molecules are bound exclusively by the thiophene i,iia| reaction probability, andF is the incident flux of Ti-
end of the molecule. [N(CH3)2]4 (moleculescm=2-s1). The data and the fits thereof

B. Reaction of Ti[N(CHzs)z]4 with the SAMs. The reaction  are presented in Figure 4 for tHé> and 2P SAM. Using our
of Ti[N(CH3)2]4 with the clean Au substrate and the and2P estimates for the absolute densities of Ti and the estimated
SAMs has been examined using XPS. In our previous work on incident flux of Ti[N(CHs)2]4, we can calculat&zo. At Ts =
trichlorosilane-based SAMS,the starting substrate was found 30 °C, we find thatSz o = 0.024 and 0.028 for th&P and 2P
to be the most reactive. In this work, the substrate was SAM, respectively. AiTs = —50 °C, we find values of 0.010
“chemical” silicon oxide, which has a high density of silanol and 0.020, respectively. Whereas the uncertainties in the absolute
groups at the surface. To determine if a similar phenomenon values are on the order ef50%, the uncertainties in the relative
was possible in the systems examined here, we have studiedsalues are much less, perhaps on the ordetd0%. Given
the reaction of Ti[N(CH),]4 with a clean Au substrate at = these estimates, we conclude that the initial reaction probability
30°C. After a 1 hexposure to Ti[N(CH)2]4 (dose of~1.01 x in three of the four cases is within the experimental uncertainties.
10" moleculescm™2), a Ti(2p) spectra was acquired, which is  For the case that appears to deviate, 1R&SAM at Ts = —50
displayed in Figure 3. In Figure 3, we also display the results °C (Szo = 0.010), we note that the fit to the model at low
of a 30 min exposure of theP SAM to Ti[N(CHs),]4. It can
be clearly seen that there are only trace amounts of Ti present(ss) Seah, M. P.; Dench, W. /Surf. Interface Anal1979 1, 2—11.

2P SAM

200

100 clean Au

Intensity (counts—s'l)

J. AM. CHEM. SOC. = VOL. 127, NO. 41, 2005 14303



ARTICLES Dube et al.

1510" —— . . . T T T r 500
1210 .
Ng 1104 £ 300 | T1[N(CH3)2]4 {)
bt 1510 — 1 400
& s510° "o
2 L & 200 |
& 1110 ‘;::; +
& ok g 2P SAM 1300
5 5107 T wof
S 510° | Ti[N(CH)),], :
= on1PSAM 1o 2 - 200
-1 10“ 1 1 1 1 a
0 500 1000 1500 2000 & 0p 1PSAM
Exposure time (s) & 4 100
T T T TI=30 DC
«— 210*}F (b) : ] 310" -100 | +
5 1 1 1 '} 0
0 20 40 60 80
é 110" | 210"
kS take-off angle (deg)
B » Figure 5. Integrated peak areas for the Ti(2p) region as a function of takeoff
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Z (open symbols) to Ti[N(Ch)2]4 at Ts = 30 °C. The smooth curves represent
- Ti[N(CH,) | fits of the data to a model that is described in the text. The parameters
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0 500 1000 1500 2000
Exposure time (s) adlayer other than reaction with the endgroup, possibly including
Figure 4. Coverage-exposure relationships, deduced from XPS, for the displacement/desorption of the adsorbed molecules. These data
adsorption of Ti[N(CH),]4 on (a) thelP SAM and (b) the2P SAM, both are shown in Figure 6a, b, and ¢, which are identical in layout

for Ts= —50 and 3C°C. The fits to the data, shown as smooth curves, are

for first-order Langmuirian Kinetics. to those shown in Figure 2, and have been fit to the corre-

sponding functional forms indicated above. A number of things

coverage is not particularly good, and a simple linear fit of the are apparent upon comparison of Figures 2 and 6. First, the
first three to four data points would have revealed a laBger qualitative trends for all three peak areas for both SAMs are
closer to that implicated in the other three cases. unchanged after exposure to Ti[N(gks—the Au(4f) and S(2p)

Angle-resolved XPS has been used to probe the spatial extenpeaks are attenuated, whereas the C(1s) increases in intensity
of the reaction between Ti[N(GHb]4 and the SAMs, similar to at more glancing takeoff angles. These results are consistent
what was conducted for the SAMs themselves (Figure 2). To with a situation in which significant structural rearrangement
probe for the spatial location of Ti in the adlayer, XP spectra and/or ligand displacement has not occurred upon Ti[N{&} i
for the Ti(2p) features have been acquired at four different chemisorption, leaving the molecules still bound to the Au

takeoff angles from Oto 64°. In Figure 5, we display the Ti-  surface via the thiophene linkage. Indeed, some changes in
(2p) integrated intensity, plotted as a function of takeoff angle, features are minimal. For example, a fit of the data for the Au-
for both SAMs and saturation exposures to Ti[NEH. (4f) peaks shown in Figure 6a givesaw/A = 0.46+ 0.01 and

Clearly, for both adlayers, we see that the intensity increases0.43 + 0.04 for thelP and 2P SAM, respectively, values
as a function of takeoff angle, which points to the presence of essentially unchanged from those for the bare SAMs (cf. Table
Ti at the SAM—vacuum interface, as opposed to being buried S1, Supporting Information).
at the SAM-Au interface. The Ti (2p) has been fit to the Closer inspection of the data, however, does reveal some
expression used for the S(2p) peak above (Figure 2b), namely,important differences. In particular, for ti2 SAM, exposure
1(0) = (Io/cos0) exp(—d/A cosO). Here we force the quantity  to Ti[N(CHas)2]4 resulted in a rather small increase06% in
d/1 to be a positive definite. A fit of the data (shown by the the Au(4f) intensity at all takeoff angles, whereas a more
smooth curves) gived/A = 0.0003+ 0.3 for thelP SAM and substantial increase o0f21% occurred on thelP SAM.
d/A = 0.0003+ 0.2 for the2P SAM. From these values, we  Although Ti[N(CHs)2]4 chemisorption might produce SAM
can safely conclude that all the Ti is present at the SAM  desorption, this seems very unlikely because the Ti species does
vacuum interface in both cases. Penetration, followed by reactionnot compete with the SAM for adsorption sites, but rather
at the SAM-Au interface, can be ruled out on the basis of these exhibits a propensity to react with the endgroup on the SAM
data and is unlikely due to the negligible reactivity observed itself. A more plausible explanation is that reaction between
for TI[N(CH3)2]4 on the clean Au substrate. In summary, these the Ti species and the SAM has changed the orientation of these
results indicate that the Ti is at the SAMacuum interface, species, making them more upright and less able to cover the
bound to the—NH(i-CsH7) SAM endgroup in both cases. underlying Au substrate. This scenario is consistent with the
Angle-resolved XP spectra of the Au(4f), S(2p), and C(1s) larger change seen for ti€ SAM, which, from ellipsometry,
peaks have also been acquired from adlayers representingconsists of a monolayer that is less dense and less upright.
saturation exposures of both SAMs to Ti[N(gks These For the S(2p) peak, cf. Figure 6b, we find that there is a small
experiments were conducted to determine if exposure of the change in the absolute intensities for i @RSAM upon reaction
SAMs to Ti[N(CHg)2]4 resulted in significant changes in the with Ti[N(CH3)2]4, whereas there appears to be a much more
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Figure 7. Relationship between the concentration of Ti in the saturated
adlayers and the concentration of molecules (and functional endgroups) in

+ the SAMs. The datum for the NH,-terminated alkylsilane is from ref 33.
+ the (bare) SAMs, we have been able to compute the SAM
) 20 %0 3010 density. Likewise, following a saturation exposure to Ti-
take-off angle (deg) [N(CH3)2]4, we have been able to compute the density of Ti
' ) ' present. Combining these results allows us to calculate the Ti/
] SAM ratio for both SAMs. In Figure 7, we plot the Ti density
. vs the SAM density at saturation. Also plotted are our data for
] the reaction of Ti[N(CH)2]4 with a tricholorosilane-based
alkylamine SAM on SiQ@:33 As may be seen the ratio is1:2
in both cases considered here and for the alkylaminsH,
endgroup), a result that is consistent with different scenarios.
In one scenario, it can be argued that each Ti[N{GH
molecule is reacting with two SAMs via the NH(i-CsH-)
group, effectively occupying all possible reactive endgroups.
20 40 60 80 In another scenario, one could argue that on an average only
take-off angle (deg) one-half of the—NH(i-CsH7) groups are reacting with Ti-
Figure 6. Integrated peak areas as a function of takeoff angle fonthe  [N(CHz)2la. This situation is also plausible because the SAM
(filled symbols) and2P SAMs (open symbols) after saturation exposures ligands considered here are bulky and possess a relatively
to Ti[N(CHa)2]4 at Ts = 30 °C for the (a) Au(4f), (b) S(2p), and (c) C(1s)  inflexible backbone, where steric hindrance might limit Ti-

features from XPS. The smooth curves represent fits of the data to models . .
that are described in the text. The parameters found from these fits are [N(CHs)2]4 to react only with every alternate reactive endgroup.

given in the text and/or in Table S1 in the Supporting Information. Additional insight into the stoichiometry of the adlayer can
be gained by examining the N/Ti ratio. Concerning the scenarios

substantial 50% at O takeoff angle) attenuation of this peak considered above, for Ti[N(C]4 reacting with only one-half
for the2P SAM. Given the results for the Au(4f) peak discussed of the SAMs present, and simple ligand exchange for chemi-
above, differing behavior of the two layers is not unexpected. sorption [loss of one N(Ch), ligand via formation of HN-
For example, restructuring of tHid> adlayer upon reaction into  (CHz);], we would expect a ratio of 5:1 in the absence of
a more sparse adlayer, which is also thicker, might produce attenuation effects. Alternatively, for the case where each Ti-
minimal changes in the intensity. On the other hand, reaction [N(CHz);]4 reacts with two SAMs, again by simple ligand
and deposition leading to minimal restructuring of #i#SAMs exchange, we would expect a ratio of 4:1. In Table 2, we give
could further attenuate the S(2p) signal coming from the-Au  the N/Ti ratios for the saturated adlayers for both SAMs and
SAM interface. Finally, for the C(1s) peak, cf. Figure 6¢, we for our previous results on the alkylamine. Also indicated in
find that there is minimal change in the absolute intensities (less Table 2 are the substrate temperatures at which the experiments
than 5%), and fits to the data giweam/A = 0.42+ 0.04 and were conducted. The N/Ti ratios have been calculated after
0.98 £ 0.05 for thelP and 2P SAM, respectively. These  making suitable corrections for the photoelectron cross-sections.
somewhat larger values falsam/A might reflect a thicker C Clearly, a N/Ti ratio of approximately 3:1 is observed for both
layer due to the presence of the N(gHligands from the Ti- the SAMs considered here, independent of substrate temperature.
[N(CH3)2]a. At Ts= —50°C, a ratio of~4:1 is observed for the alkylamine.

To obtain more insight into the structure and composition of The ratio of 3:1 is unexpected, but nonetheless in poor
the adlayer formed at a saturation exposure, we further consideragreement with the scenario where only one-half of the SAMs
the results from XPS. In particular, from the C(1s) feature of react with Ti[N(CH)2]4. Alternatively, exclusively attenuation
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Table 2. Stoichiometry of the Saturated Adlayers, Ti[N(CHs)2]4 on 310*
SAMs

substrate
substrate SAM temperature N/Ti

polycrystalline Au 1P —-50°C 2.9+0.2
1P 30°C 3.0+ 0.2

2P —50°C 3.3+04

2P 30°C 29+0.2

4-aminothiophenol 30C 4.0+0.3

SiO, —NHa-terminated —-50°C 4.0+0.3
alkylsilane 110* (a)

—NHa-terminated 30°C 3.0+£0.2

alkylsilane -20 0 20 40 60 80
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effects would also seem to be insufficient to explain a reduction
in the theoretical ratio of 4:1 for Ti[N(Ck.]4 bound to two
SAMs. One remaining possibility is the additional loss of ligand
via pathways that do not involve ligand exchange.

As a final point of comparison, we have examined the
adsorption of 4-aminothiophenol (4-ATP) on polycrystalline Au
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and its reaction with Ti[N(Ch)2]s. This molecule, which has
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been examined by a number of groups concerning its use as an OF  (b)
adhesion promoté¥, 58 possesses a much simpler structure, ) ) ) 120
—SH and—NH; groups separated (para) by a phenyl group. In 20
one study® from electrochemical deposition, a saturation take-off angle (deg)
coverage of 5.5 0.4 x 10" moleculescm™2 was reported. 1500 L ' ' ' ]
As with the molecules of primary interest here (ttRRand2P C(1s)
SAMs), we first prepared an adlayer of the SAM itself and
1200 | -
and ARXPS. Subsequently, this layer was exposed to Ti- A
[N(CHs3),]4 and the layer was again characterized using ARXPS. ]
For this adlayer, we did not attempt a characterization of the
kinetics of adsorption. The results of the contact angle and
(sessile drop method) of 269 3.1 is smaller than that observed \ . .
for the 1P and 2P SAMs. The ellipsometric thickness of 10.7 20 20 40 60 80
+ 0.8 A, unlike the results for th&P and 2P SAMs, is larger take-off angle (deg)
than expected, even for a molecule bound to the surface uprightFigure 8. Integrated peak areas as a function of takeoff angle for the
bound upright, and if it is bound with a higher density than the i“g%ef‘é ?2: iﬁ'g’ S(Z? Zﬁr&?)cf 'S(B"S"’zzspf‘)f“;?fg"?cfxc"("fsﬁrgﬁ;ﬁi’%ﬂ;ps,
1P and 2P SAMs, then it could produce a larger apparent The smooth curves represent fits of the data to models that are described
thickness from ellipsometry due to the assumptions concerning in the text. The parameters found from these fits are given in the text and/
Concerning ARXPS of 4-aminothiophenol, the results are 0.11 £ 0.10 for Ti[N(CHs)z]4 on aminothiophenol, which

presented in Figure 8a, b, and c for the Au(4f), S(Zp), and C(ls) indicates that all of the Ti is present at the SAMacuum
peaks (pre- and postexposure) and in Figure 9 for the Ti(2p) interface.
peak (exposure was1.01x 10" moleculescm 2). As shown Examining the results shown in Figure 8, we observe the
qualitatively similar to that observed for ti®> and2P SAMs: Figure 8a givesisaw/Z = 0.49+ 0.02 (bare SAM) and 0.4%
increasing attenuation of the Au(4f) and S(2p) features with 0-01 (reacted SAM), a minimal change. More interesting is the
increasing takeoff angle, higher intensity for the C(1s). Again fact that we observe an increase in the Au(4f) emission at all
these features have been fit to the models used to fit the data in'@k€off angles after exposure to Ti[N(Gkls, where the
ARXPS on the SAM after reaction with TiN(G§s].. In Figure SAM _(21.2_%) in the same situati_o_n. As indicated above, if
9, we fit the data for the Ti(2p) peak, using the form used above chem!sorptmn results in local denS|f|ca_1t|on of the adlayer about
in connection with Figure 5, and arrive at a valuedif = the Ti ‘?e”‘e“ then this could oc_cur n th_e al_:)sence of SAM

desorption. For the S(2p) peak displayed in Figure 8b, we see

20 40 60 80

characterized it using contact angle measurements, ellipsometry,
ellipsometry studies are displayed in Table 1. The contact angle © 4-aminothiophenol
(calculated length of 5.6 A). One expects this molecule to be 4-aminothiophenol SAM on polycrystalline Au, prior (open symbols) and
the dielectric constant. or in Table S1 in the Supporting Information.
Figure 8, the results for ARXPS on the unreacted SAM is following: for the Au(4f) feature, a fit of the data shown in
Figures 2 and 6. Shown in Figures 8 and 9 are the results for Percentage increase (21.5%) is essentially that seen fdrithe

that exposure to Ti[N(CEk);]4 has changed the photoemission

(56) Schlieben, O.; Hormes, J. Synchrotron Radl999 6, 793-795.

(57) Hooper, A. E.; Werho, D.; Hopson, T.; Palmer, Surf. Interface Anal. intensity only perhaps a small amount. These results would seem
2001, 31, 809-814. : o ;

(58) Batz, V.; Schneeweiss, M. A.; Kramer, D.; Hagefstydl.; Kolb, D. M.; to conﬁr_m tha_t the SAu bonc_i IS IntaCt’_even in the presence
Mandler, D.J. Electroanal. Chem200Q 491, 55—-68. of reaction with the—NH, tailgroup. Finally, for the C(1s)
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+50%, a relative comparison can be made with more confi-
dence, as the method of calculatiSgo was identical in both
cases. Thus, a difference in reactivity in the two cases is a factor
of 3.6—4.2, with the primary alkylamine being more reactive.
One expects some difference between the—NH, group
compared to thefAr—NH(i-CsH7)] group. First, the N-H
bond dissociation energy of the former is expected to be higher
by about 6-7 kcatmol=1,5° suggesting lower reactivity for the
—R—NHa group. Additionally, a monoalkylamine species is less
acidic than anN-alkyl aniline. Hence, if the transamination
reaction were mediated by deprotonation of the incoming ligand,
then the long-alkyl-chain-R—NH, species would be moder-
ately less reactive toward substitution. On the other hand, steric
effects will certainly be in play for th&P and2P SAMs (e.g.,

the bulkieri-CgH; and phenyl groups), in comparison to the
long-alkyl-chain —R—NH,. On the basis of our results, it
appears that these steric effects dominate the substitution

# chemistry in our system, probably influencing both the pre-

angle for a saturation exposure of the 4-aminothiophenol SAM to Ti- €xponential factor and the barrier to reaction.

[N(CH3)2]4 at Ts = 30 °C. The smooth curves represent fits of the data to

Concerning the structure of the SAMs, both before and after

a model that is described in the text. The parameters found from these fits exposure to Ti[N(CH)s]4, work on related systems is very

are given in the text and/or in Table S1 in the Supporting Information.

feature, we see from Figure 8c that the intensity increases wit

increasing exposure to Ti[N(G}3]4. This situation is consistent
with an increased amount of C in the layer due to the N{gH

ligands. As discussed above in connection with Figure 6c, we

limited. Most relevant are structural studies of thioph&ifg,

pand oligo(phenylene-ethynyleffiémonolayers. STM studié%

suggest that thiophene forms an ordered paired-row structure
on Au(111), with a density 0f5.2 x 10" moleculescm=2.
However, adding methyl groups to the molecule in the case of

found a modest¢20%) decrease in the C(1s) intensity for both 2,5-dimethylthiophene destroys the ability to form this ordered

the 1P and 2P SAMs upon exposure to Ti[N(Chb]s. It is

important to note that there is considerably less C in the 4-ATP
(6 atoms vs 16 and 23), and a larger relative increase is expected
In terms of the parameters used to fit Figure 8c, the increase in

the C fraction is about 0.8& 0.41 or 5.3+ 2.5 C atoms if no
SAM is lost to desorption.

As with the results for thdP and2P SAMs, XPS can also

be used to quantify the stoichiometry of the adlayer: the ratios

Ti/SAM and Ti/N at saturation. Following a procedure identical
to that used for thedlP and 2P SAMs, we calculate that the
absolute coverage of 4-ATP for our conditions was 3t2@.91

x 10" moleculescm™2. For Ti, we estimate a saturation
coverage of 1.5& 0.36 x 10" moleculescm™2. These results

are plotted in Figure 7, and we see that they are in good

agreement with the other systems we have studied wNRR
termination: a Ti/SAM ratio of~1:2. For the N/Ti ratio, we
find a value of N/Ti= 4.03+ 0.25 for 4-ATP and Ti[N(CH)2]4
adsorption atTs = 30 °C. This is essentially the result we
achieved with an—NHj-terminated alkylsilane SAM on SiO
but seems to differ from the results we report here fortRe
and 2P SAMs and the alkylsilane afs = 30 °C, where the
apparent stoichiometry was3:1.

structure, and no ordered monolayers are observed. In the case
of oligo(phenylene-ethynylene) monolayers (thiol headgroup,
unfunctionalized phenyl tail group), on the basis of results from
contact mode AFM! a (v/3 x +/3)R30° structure was formed,
which would correspond to a density of4.6 x 104
moleculescm2. Addition of a—NO, group at the central phenyl
group did not seem to affect ordering of this monolayer. Finally,

in this study, on the basis of results from infrared spectros€bpy,

an average tilt angle 0f#32—39° was reported.

In the work we report here, we use XPS to deduce structural
properties of the monolayers. For tB® SAM, we estimate
that the saturation density is 3:410" moleculescm~2, which
would represent a coverage of 0.245 on Au(111), consistent
with a (2 x 2) overlayer. The ellipsometric data implies a tilt
angle of @ = cos1(16.6/19.6)= 32.1°, remarkably close to
that reported elsewhere for the oligo(phenylene-ethynylene).
How do the results for th&P SAM fit into this picture? Let us
assume that th&P SAM forms a (2x m) overlayer, where a
larger tilt angle results iim > 2. That is, as the tilt angle
increases, the spacing between adjacent chains perpendicular
to their molecular axis does not. Again making use of the
ellipsometric data, a tilt angle of 58.4s implicated for thelP
SAM. If the spacing between the molecular axes has not

Reviewing our results as a whole, we will focus on the  changed from that for th@P SAM, then the increase in tilt
following three important issues: (i) the kinetics of adsorption; angle would maken ~ 2 cos(32.1)/cos(58.4) = 3.23. The

(ii) the structure of the reacted and unreacted SAMs; and (iii) density of such a layer of theP SAM would be 2/3.23 that of
the stoichiometry of the saturated adlayer. Concerning the first ne 2p SAM layer, or (2/3.23)(3.4x 10%4) = 2.1 x 104

of these, in previous work® we examined the reactions of Ti-
[N(CH3s)2]4 on alkylsilane SAMs on Si@ For a —(CHy)12—
NH, SAM, we found initial reaction probabilities 6f0.13, 0.10,
and 0.14 forTs = —50, 30, and 110C, respectively. Focusing
on the results ats = 30 °C for thelP and2P SAMs, we found
values ofSgp = 0.024 and 0.028, respectively. Although the

absolute accuracy of both sets of results may be no better than

moleculescm™2, exactly the result we estimate from XPS.
Although this result fits perfectly into the structural model we

(59) Gomes, Jose’ R. B.; Ribeiro da Silva, Maria D. M. C.; Ribeiro da Silva,
Manuel A. V.J. Phys. Chem. 004 108 2119-2130.

(60) Noh, J.; Eisuke, I.; Araki, T.; Hara, Msurf. Sci.2003 532—535, 1116~
1120.

(61) Stapleton, J. J.; Harder, P.; Daniel, T. A.; Reinard, M. D.; Yao, Y.; Price,

D. W.; Tour, J. M.; Allara, D. L.Langmuir2003 19, 8245-8255.
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Figure 10. Possible reaction pathways for Ti[N(GH]4 reacting with thelP and 2P SAMs.

have just described, we hesitate to assign too much quantitativeforming metallacycles and/or imin¥ds likely not kinetically
importance to it due to the use of XPS as a quantitative measurefeasible atTs < 30 °C. However, for the Ti[N(CH),]»(a)
In a relative sense, however, XPS is quite reproducible and fragment bound by siloxane bridges examined by Beaudoin and
reliable, and these results certainly highlight the important Scott53just such a mechanism was proposed for prolongeid(
differences in thelP and 2P SAMs. In particular, the lower  h) “exposure” to vacuum at room temperature. Thus, including
density and larger tilt angle implicated for tHE? SAM, this mechanism, two pathways appear reasonable on the basis
whatever the exact structure may be. of precedent. First, a dimethylamide could abstract a hydrogen
A final point of discussion concerns the stoichiometry and from the adjacent FiN(CHs), functionality to generate free
structure of the reacted adlayer, and we consider possibleHN(CHs), and an azametalacyclopropane (alternately described
scenarios in Figure 10. Chemisorption most likely involves as a bound imine), (¢N(i-CsH-)).Ti(7%-CHNCHs)) (pathway

transamination ligand exchange reactions with thr —NH- A, Figure 10)3-Abstractions from dialkylamide groups are well
(i-C3H7) and—Ar—NH; groups at the SAMvacuum interface  established in early transition metal chemi$&§>7° A second
[forming HN(CHjs)2(g)], and these may be facile & < 30 °C. possible route involves abstraction of an isopropyl group

Perhaps the most striking result we have is the implied hydrogen to afford HN(Ck). and the azametalacyclobutane,
stoichiometry of the adlayer, Ti/SAM: 1:2, for four rather (L—N(i-CsH7))(L—«2-N,C—NCH(CHz)CH,)Ti(N(CHs)2) (path-
different amine-terminated monolayers (cf. Figure 7). The best way B, Figure 10). While not as common, in complexes that
explanation for these results is successive ligand exchangeare sterically crowded, abstractions of peripheral hydrogens can

reactions with adjacent molecules in the SAML(—NHR), ~ occur concomitant with cyclometalation of the ligafid’3
forming a (L —NR),—Ti[N(CH3)2]»(a) species. This modelis  Subsequent loss of propene from the azametalacyclobutane
a perfect fit for the results for 4-aminothiophenol and-thiéH - might occur to give (EN(i-CsH7))(L—N=)Ti(N(CHa),), and

terminated alkylsilane alts = —50°C, based on the implicated  thjs 3-coordinate species would be expected to add any number

N:Ti ratios (cf. Table 2). Itis also consistent with results reported of CH bonds-either intra- or intermoleculartyacross the imido
by Scott and co-workers for Ti[N(Cb]4 reacting on silica

surface$253where E£Si—0—),—Ti[N(CH3)2]2(a) species were (64) Dubois, L. H.; Zegarski, B. R.; Girolami, G. $. Electrochem. S0d.992,

impli However, for h th&P and 2P SAM nd th 139 3603-3609. Driessen, J. P. A. M.; Schoonman, J.; Jensen, K. F.
P cated. Howeve o or both th&P and S s, and the Electrochem. So001, 148 G178-G184.
alkylsilane atTs = 30 °C, a stoichiometry of 3:1 is indicated.  (65) Nugent, W. A; Ovenall, D. W.; Holmes, S.Qrganometallics1983 2,

A further loss of dimethylamine from (EN(i-CsHy)).Ti- (66) 1|\/|6a1;e1rB%' M.; Curtis, C. J.; Bercaw, J. E.Am. Chem. Sod.983 105,
[N(CHs3),]2 is a plausible way in which the predicted 4:1 ratio 2651-2660. T T '

i i H i i (67) Groysman, S.; Goldberg, I.; Kol, M.; Genizi, E.; Goldschmidt, Z.
of N/Ti can be lowered. As discussed elsewh@8iiéthe kinetics Organometallice2004 23, 1380-1890.

of gas-phase unimolecular decomposition of Ti[NEEH: is (68) Coles, N.; Harris, M. C. J.; Whitby, R. J.; BlaggQtganometallics1994

; it 1 i 13, 190-199.
used as a guide, then decomposition of Ti[N(ZH(a) species (69) Maury. F.. Ossola, FAppl. Organomet. Chen1998 12, 189-199.
70) Chiu, H. T.; Huang, C. OMater. Lett.1993 16, 194-199.
(62) Bouh, A. O.; Rice, G. L.; Scott, S. 1. Am. Chem. S04999 121, 7201~ (71) Simpson, S. J.; Andersen, R. laorg. Chem.1981, 20, 3627-3629.
7210. (72) Rothwell, I. P.Acc. Chem. Red.988 21, 153-159.
(63) Beaudoin, M.; Scott, S. lOrganometallic2001, 20, 237—239. (73) Rothwell, I. P.Polyhedron1985 4, 177—200.
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linkage’*7> In these scenarios, the ultimate N/Ti ratio would these SAMs with Ti[N(CH),]4 in both cases is self-limiting,
be 3:1. The feasibility of these two mechanisms is currently and the kinetics of adsorption are in good agreement with first-
being investigated using quantum chemistry calculatiéns. order Langmuirian kinetics. The initial probability of reaction
Independent of this proposition, however, is the unambiguous on these SAMs is about a factor of 4 smaller than that observed
preference of Ti[N(CH)2]4 to react with these layers via two  on a—NH, terminated alkylsilane, which we attribute to steric
successive ligand-exchange reactions. As discussed above, ousffects caused by theCszH; group on these SAMs. Angle-
results for thelP SAM seem to indicate that the bare SAM is  resolved XPS conducted after the reaction of the SAMs with
a low-density layer characterized by molecules closer to parallel Ti[N(CH3)2]4 shows clearly that the reaction occurs cleanly with
to the surface, rather than perpendicular. Reaction with Ti- the terminal isopropylamine group, and there is no reaction at
[N(CH3)]4 would likely change that, particularly if two  the SAM—Au interface. From XPS, we find that the stoichi-
molecules are bound to the same Ti center. Indeed, a moreometry in the saturated adlayers for both SAMs~i%:2 for
upright (—L—NR),—TiN(CHs).(a) species might be expectto  Ti/SAM and ~3:1 for N/Ti. These results are best explained
occupy a smaller area of the Au surface and lead to lessby a model where chemisorption involves ligand-exchange
attenuation of the Au signal. This is, of course, exactly what reactions resulting in one Ti[N(Cfb]x fragment bound to two

we see from XPS. In contrast, the more-uprigRtlayer may SAMs via the isopropylamine group. Taken as a whole, these
lead to species covering similar amounts of the Au surface, results indicate that transition metal complexes can bind very
leading to little change in attenuation of the Au sighagain, specifically and noninvasively to the endgroups on SAMs that

this is what is observed in XPS. More definitive conclusions possess a backbone that may be useful in fields such as
concerning the structure of the reacted adlayers await directmolecular electronics.

structural studies using techniques such as STM.
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