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Abstract: We have investigated the growth of first generation branched polyamidoamine dendrons on silicon
dioxide as a way to tailor and control the subsequent chemisorption of transition metal coordination
complexes. Beginning with straight-chain alkyl, amine-terminated self-assembled monolayers as anchors,
we find that the efficiency of the dendritic branching step depends on the length of the anchor, it being
nearly perfect on a 12-carbon chain anchor. The reaction of these layers, both the anchor layers and the
first generation dendrons, with Ta[N(CHs).]s and Ti[N(CHs).]s have been examined in ultrahigh vacuum
using X-ray photoelectron spectroscopy. We find that the saturation coverage increases with the density
of terminal —NH; groups; thus, the branching step has effectively amplified the chemisorptive capacity of
the surface. Concerning the spatial extent of reaction we find that it depends on the thickness and structure
of the organic layer. The thinnest layer cannot prevent penetration of the metal complex to the organic/
SiO; interface, where it can react with residual —OH, whereas, on the longer straight chain anchor, reaction
occurs exclusively at the terminal —NH; group. On the branched dendrons, the situation is more complex,
and reaction occurs not only with the terminal —NH, group but also likely with functional groups, such as
—NH—(C=0)—, on the backbone of the branched dendron.

1. Introduction TaN&?21In principle, the deposition of these barrier layers, which

must be conformal over high aspect ratio features, can be
achieved by atomic layer deposition (ALE)!1 This has proved

to be problematic. For example, nucleation of the barrier layer
on porous dielectrics is difficult often due to their molecular

composition, and by definition, their void spaces provide no

sites for thin film nucleation. It is here that an appropriately

designed interfacial organic layer may provide a solution.

Ideally, such a layer would maximize the surface density of

Interfaces play an important and sometimes dominant role
in determining the performance characteristics of many modern
solid-state devicek.To date, inorganieinorganic interfaces
such as SiSiO, have been most prevalent in semiconductor
technologies. There is increasing interest, however, in the
incorporation of organic molecules as active components in
semiconductor devices. Self-assembly is a popular and effective
method to form what might be termed as organic-on-inorganic : I . .
interfaceg* In order to completely realize the promise of potential nucleation sites, and the evolution of its structure would

organic molecules in such devices, methods to foronganic- be |ntr|n§|cally self-expanding and quqe filling. i i
on-organicinterfaces must also be developed. Organic layers that possess a dendritic structure might fulfill

One technology where inorganic-on-organic interfaces have the need for both filling space and providing nucleation sites.

. . ! . . L. i i i 14 -di -
potential application is for barrier and seed layers in interconnect Polyamidoamine (PAMAM) dendrime¥s 4 are three-dimen

structures. Currently, considerable research is directed at replacSional, highly ordered, tree-like branched macromolecules that

ing SiO; as the interlayer dielectric (ILD) with materials having ,
. X « (6) Maisonobe, J. C.; Passemard, G.; Lacour, C.; Lecornec Motte, P.; Noel,
dielectric constants much less than 4, the so-called ‘#tow- P.: Torres, JMicroelectron. Eng200Q 50, 25—32.

dielectrics™ Various materials have been proposed. and it is (7) Satta, A.; Baklanov, M.; Richard, O.; Vantomme, A.; Bender, H.; Conard,
prop ! T.; Maex, K.; Li, W. M.; Elers, K. E.; Haukka, SMicroelectron. Eng.

very likely that materials possessing significant porosity will 2002 60, 59-609.
eventually be required. In order to prevent diffusion of the (8 Min, K. H; Chun, K. C.. Kim, K. B.J. Vac. Sci. Technol. B996 14,
interconnect metal (Cu) atoms into the porous dielectric, it must (9) Tsai, M. H.; Sun, S. C.; Chiu, H. T.; Tsai, C. E.; Chuang, S.Agpl.
it i i Phys. Lett.1995 67, 1128-1130.
be sealed by deposmng an ultrathin film Of’ say, TiNor (10) Ritala, M.; Asikainen, T.; Leskela, M.; Jokinen, J.; Lappalainen, R.;
Utriainen, M.; Niinisto, L.; Ristolainen, EAppl. Surf. Sci1997 120, 199-
(1) Streetman, B. G.; Banerjee, Solid State Electronic Déces Prentice 212.
Hall: 2000. (11) Kim, D. J.; Jung, Y. B.; Lee, M. B.; Lee, Y. H.; Lee, J. H.; Lee, JTHIin
(2) Ulman, A.An introduction to Ultrathin Organic Films: From Langmuir- Solid Films200Q 372 276-283.
Blodgett to self assemblAcademic Press: 1991. (12) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S;
(3) Dubois, L. H.; Nuzzo, R. GAnnu. Re. Phys. Chem1992 43, 437— Roeck, J.; Ryder, J.; Smith, Polym. J.1985 17, 117-132.
463. (13) Tomalia, D. A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S;
(4) Ulman, A.Chem. Re. 1996 96, 1533-1554. Roeck, J.; Ryder, J.; Smith, Rlacromolecules1986 19, 2466-2468.
(5) Morgen, M.; Ryan, E. T.; Zhao, J.; Hu, C.; Cho, T.; Ho, PABnu. Re. (14) Padias, A. B.; Hall, H. K.; Tomalia, D. A.; Mcconnell, J. R.Org. Chem.
Mater. Sci.200Q 30, 645-680. 1987, 52, 5305-5312.
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can be synthesized in a highly controllable manner using a There has also been work concerning the growth from surfaces
divergent® or a convergent methdd. They possess reactive  of polymeric films that possess a linear backbone, such as alkyl
surface and/or terminal groups, and the density of these, as wellpolyamidé® and nylon-66'! In these studies polymerization was
as the degree of branching, increases with the number of timesachieved by exposing the surface in an alternating fashion to
(i.e., “generations”) the sequential growth process is repeated.vapors of the monomers. Solution-phase chemistry, including
Owing to their molecular structufé;'8 dendrimers may find click chemistry?2 has also been used for the layer-by-layer
important applications in fields such as gene thergg{drug growth of polymer films that possess linear carbon backbéhes.
delivery222sensorg3-25 catalysis 262’ and surface modifica- Once the polymeric thin film has been formed, whether it be
tion.28 In many cases preformed solution synthesized dendrimersdendritic, branched, or linear, in applications as we mentioned
have been immobilized on solid substrates such as $flica, above one may wish to deposit an inorganic thin film on the
gold*® and mica®! In this approach the dendrimer is bound to  organic layer. In terms of dendritic layers, there have been a
the substrate by the surface/terminal groups, which may or mayfew studies directed at examining the evaporative deposition
not involve covalent bonding. Alternatively, in some applications of metal thin films (e.g., Au, Cu, Cr, Co) directly on the
one may wish to initiate growth at the substrate surface and dendrimer**47 In one study, the adhesion of Au to amine
ensure covalent attachment. Indeed, solid-phase synthesis oferminated polyamidoamine (PAMAM) dendrimers (bound to
dendrimers has been studied on high surface area substrates susiO,) was found to be effective only for the eighth generation
as ultrafine silica and polymeric beads in colloidal solutions of dendrimer** In another study, Cr and Co films were deposited
these supports. The applications of solid supported dendrimerson a PAMAM layer adsorbed on Si0and X-ray photoelectron
include enhancement of resin loadifig® with dendrimers spectroscopy (XPS) showed that the metal penetrates the
acting as efficient DNA carriers; palladium-complexed den- dendrimer to form metal nitride in each cd8&or the relatively
drimers acting as recyclable catalysts for hydroesterification unreactive metals, Au and Cu, XPS found evidence for the
reactiond’ and dendrimer growth on carbon black for controlling  “disruption” of the dendrimer layer (penetration by the metal)
its surface propertie®. but none for the formation of a nitrid®.In general, studies of
Other approaches have been attempted concerning the growthhe deposition of metals on dendrimer layers by “physical”
of oligomeric and polymeric organic layers on surfaces. Using methods (e.g., evaporation, sputter deposition) found formation
organomercaptan self-assembled monolayers (SAMs) as arof a mixed/composite metabendrimer layer.
anchor, hyperbranched polymer films consisting of branches of | the work reported here we have examined the formation
a random copolymer of poly(acrylic acid) and poly(acrylamide) of first generation polyamidoamine dendrons on SiOrfaces
have been grown on Au surfac&The thickness of these films  that have been functionalized with self-assembled monolayers
increased nonlinearly with the number of discrete synthetic Steps.[—(CH,),—NH,, n = 3, 12]. After formation of the SAMs, a
(15) Tomalia, D. A.; Durst, H. DTop. Curr. Chem1993 165 193-313. generation 1 layer is formed by subsequent reactions with
(16) Wooley, K. L.; Hawker, C. J.; Frechet, J. M.1l.Am. Chem. Sod991 methylacrylate and ethylenediamine. The organic layers (both

113 4252-4261. ) ) .
(17) Naylor, A. M.; Goddard, W. A.; Kiefer, G. E.; Tomalia, D. A.Am. Chem. generation 0, i.e., the SAM, and generation 1, the dendron) have

S0c.1989 111, 2339-2341. i i iD-
(18) Tomalia, D. A.; Naylor, A. M.; Goddard, W. AAngew. Chem.nt. Ed. been characterized using colntact angle me,asu,rem,ems’ ellip
Engl. 199Q 29, 138-175. sometry, and XPS. The choice 6fNH, termination is not

(19) Ong, K. K.; Jenkins, A. L.; Cheng, R.; Tomalia, D. A.; Durst, H. D.; Jensen, H i
3. L Emanuel, P. A Swim. C.R.: Yin. Rnal. Chim. Acti2001, 444, accidental. In previous work we have demonstrated that SAMs

143-148. that possess terminal amine groups can react with transition

() K e e SO S Ay anstensen.  metal coordination complexes via simple ligand exchange

(21) Quintana, A.; Raczka, E.; Piehler, L.; Lee, I.; Myc, A.; Majoros, |.; Patri, reactions'®49Thus, these layers can act to seed further growth
A. K. Thomas, T.; Mule, J.; Baker, J. R., fiharm. Res2002 19, 1310~ of a transition metal/transition metal nitride thin fif#5: As a

1316.

(22) élgng, W. D.; Kataoka, KI. Drug Deliwery Sci. Technol2005 15, 19— consequence we have also characterized the reactivity of these

(23) Valerio, C.; Fillaut, J. L.; Ruiz, J.; Guittard, J.; Blais, J. C.; Astruc D, 1ayers toward two transition metal coordination complexes,
Am. Chem. Sodl997, 119, 2588-2589. tetrakis(dimethylamido)titanium, Ti[N(C¥h]4, and pentakis-

(24) Albrecht, M.; Gossage, R. A.; Spek, A. L.; van KotenGhem. Commun.
(Cambridge U.K.) 1998 1003-1004.
(25) Schlupp, M.; Weil, T.; Berresheim, A. J.; Wiesler, U. M.; Bargon, J.; (39) Zhou, Y.; Bruening, M. L.; Bergbreiter, D. E. M. C. R.; Wells, M. Am.

Mullen, K. Angew. Chemlnt. Ed. 2001, 40, 4011—+. Chem. Soc1996 118 3773-3774.
(26) Scott, R. W. J.; Sivadinarayana, C.; Wilson, O. M.; Yan, Z.; Goodman, D. (40) Kubono, A.; Yuasa, N.; Shao, H. L.; Umemoto, S.; Okui,Thin Solid
W.; Crooks, R. M.J. Am. Chem. So2005 127, 1380-1381. Films 1996 289 107-111.
(27) Knapen, J. W. J.; Vandermade, A. W.; Dewilde, J. C.; Vanleeuwen, P. W. (41) Shao, H. I.; Umemoto, S.; Kikutani, T.; Okui, Rolymer1997, 38, 459—
N. M.; Wijkens, P.; Grove, D. M.; Vankoten, ®lature1994 372 659— 462.
663. (42) Such, G. K.; Quinn, J. F.; Quinn, A.; Tjipto, E.; CarusoJFAm. Chem.
(28) Zhang, X.Y.; Wilhelm, M.; Klein, J.; Pfaadt, M.; Meijer, E. Wangmuir Soc.2006 128 9318-9319.
200Q 16, 3884-3892. 43) Kohli, P.; Blanchard, G. l.angmuir200Q 16, 4655-4661.
(29) Knecht, M. R.; Sewell, S. L.; Wright, D. WL.angmuir2005 21, 2058— (44) Baker, L. A.; Zamborini, F. P.; Sun, L.; Crooks, R. Knal. Chem1999
2061. 71, 4403-4406.
4

J.J. Am. Chem. S0d.998 120, 5323-5324. Appl. Surf. Sci2001, 175 134-139.
(31) Hellmann, J.; Hamano, M.; Karthaus, O.; ljiro, K.; Shimomura, M.; Irie,  (46) Curry, M.; Arrington, D.; Street, S. C.; Xu, F. T.; Barnard, J.JAVac.

M. Jpn. J. Appl. Phys. Part 2998 37, L816—L819.

)
)
(30) Hierlemann, A.; Campbell, J. K.; Baker, L. A.; Crooks, R. M.; Ricco, A.  (45) Rar, A.; Zhou, J. N.; Liu, W. J.; Barnard, J. A.; Bennett, A.; Street, S. C.
) Cu
Sci. Technol. 2003 21, 234-240.
)

(32) Fromont, C.; Bradley, MChem. Commur200Q 283-284. (47) Street, S. C.; Rar, A.; Zhou, J. N.; Liu, W. J.; Barnard, JCAem. Mater.
(33) Lebreton, S.; How, S. E.; Buchholz, M.; Yingyongnarongkul, B. E.; Bradley, 2001, 13, 3669-3677.
M. Tetrahedron2003 59, 3945-3953. (48) Dube, A.; Chadeayne, A. R.; Sharma, M.; Wolczanski, P. T.; Engstrom, J.
(34) Dahan, A.; Weissberg, A.; Portnoy, hem. Commur2003 1206-1207. R. J. Am. Chem. So@005 127, 14299-14309.
(35) Gebbink, R. J. M. K,; Kruithof, C. A.; Klink, G. P. M.; Koten, G. Rev. (49) Killampalli, A. S.; Ma, P. F.; Engstrom, J. R. Am. Chem. SoQ005
Mol. Biotechnol.2002 90, 183-193. 127, 6300-6310.
(36) Wells, N. J.; Basso, A.; Bradley, NBiopolymers1998 47, 381—-396. (50) Dube, A.; Sharma, M.; Ma, P. F.; Engstrom, JARpl. Phys. Lett2006
(37) Reynhardt, J. P. K.; Alper, H.. Org. Chem2003 68, 8353-8360. 89, 164108.
(38) Tsubokawa, N.; Satoh, T.; Murota, M.; Sato, S.; ShimizuPblym. Ad. (51) Dube, A.; Sharma, M.; Ma, P. F.; Ercius, P. A.; Muller, D. A.; Engstrom,
Technol.200], 12, 596-602. J. R.J. Phys. Chem. Q007, 111, 11045-11058.
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Scheme 1
H,N NH,
T P
(o] 0 NH HN
0}\ (o) 0)\ o)
NH, Y Ny
CH,O(CO)CHCH, HoN(CH,),NH, )
—_— —_—
SICH) \T-:(cng)g \?i(CHa)g
(o] (o] (o}
Gen-0-3C Gen-1-3C
Table 1. Properties of the Organic Layers
contact angle (deg) ellipsometric theoretical calculated —NH,
organic layer adv/rec hysteresis thickness (A) molecular length (A) terminal density (cm~2)
3C
generation 0 66.%4 3.4/43.3+ 2.2 23.4 54 0.9 5.4 3.15x 10
generation 1 50.& 1.2/37.7+ 1.2 13.1 11.2£ 2.0 10.9 3.9% 104
change —15.9/-5.6 -10.3 +5.5 +5.5
12C
generation 0 64.6-0.9/45.3+ 1.9 18.7 1374 3.3 16.9 2.63x 104
generation 1 41.3 1.0/28.0+ 0.9 13.3 19.5+ 1.7 21.6 5.01x 10
change —22.7/-17.3 —-54 +5.8 +4.7

(dimethylamido)tantalum, Ta[N(CHb]s. In particular, using examined using contact angle measurements, ellipsometry, and XPS,
angle-resolved XPS, we will examine explicitly the tendency including angle resolved XPS. Both Gen-0 and Gen-1 layers were also
of the coordination complexes to engage in ligand exchange exposed to the transition metal coordination complexes in a custom
reactions with the terminal amine groups vs penetration of the designed ultrahigh vacuum chamBewhich also served as the chamber
organic layers and possibly reaction with the underlying,SiO where the studies using XPS were conducted.

We will also consider explicitly the change in reactivity of the 3. Results and Discussion

layers as a function of generation, which will shed light on the
ability of this approach to control the density of chemisorbed
transition metal coordination complexes, which could profoundly
affect thin film nucleation.

3.1. Characterization of the Organic Layers.In Table 1
we report contact angles (advancing and receding), the thickness
deduced from ellipsometry, the thickness predicted from the
estimated molecular length (ACD/ChemSketch, Toronto, ON,
Canada), and the calculated (from XPS) density of terminal
—NH> groups for the organic layers considered here. The contact

Comple_te details conct_erning the experimental procedurgs emplqyedang|eS measured for the Gen-0 SAMs for both species (3C and
here are in the Supporting Information, and we only give a brief 5~y o6 found to be in close agreement with those reported
summary here of the elements most essential to this study. In this work g . o 49 53
the first step involved the formation of two types-eNH, terminated previously: namely 59447 % and 63/42°>° for Gen-0-12C

C*4 Also, the measured

self-assembled monolayers covalently bound to a chemically oxidized (a‘,jV’rec) a.nd 62338'70 for Ge.n-(')-3 i
Si(100) wafer (referred to as “chemical oxidea 20-25 A thick). ellipsometric thicknesses are within 6 and 20% of the theoretical

One of these involved silanization using 3-aminopropyldimethylethox- Molecular length of the Gen-0-3C and Gen-0-12C anchors.
ysilane, forming a—NH, terminated 3-carbon backbone alkyl SAM After treating the Gen-0 SAMs to produce the branched Gen-1
(referred to as Gen-0-3C). The other involved silanization using 11- structures we observe changes in both the contact angles and
cyanoundecyltrichlorosilane, which, after subsequent hydroboration, the ellipsometric thicknesses, as may be seen in Table 1. For
forms a—NH; terminated 12-carbon backbone alkyl SAM (referred to both anchors, we see a decrease in the contact ang|e in going
as Gen-0-12C). These Gen-0 SAMs served as the anchor from whichfom Gen-0 to Gen-1da. —20° for the advancing angles). This
generation 1 layers were formed by successive reaction with methyl
acrylate (forming Gen-0.5) and ethylenediamine (forming Gen-1). This (52) Xia, L. Q.; Jones, M. E.; Maity, N.; Engstrom, J. R.Vac. Sci. Technol.

reaction strategycf. Scheme 1, only 3C is shown) is essentially the A 1995 13, 2651-2664. )
(53) Balachander, N.; Sukenik, C. Nangmuir199Q 6, 1621-1627.

divergent type solvent phase synthesis used to make polyamidoamine(54) Kanan, S. A’; Tze, W. T. Y. Tripp, C. Rangmuir 2002 18, 6623
(PAMAM) dendrimers'? The organic layers, at all generations, were 6627.

2. Experimental Procedures

15024 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007
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decrease may be attributed to an increase in the hydrophilic 800 T r T T
character of the surface due to an increase in the density of A C(1s)
terminal —NH; groups. It is interesting to note that while we I
observe similar contact angles for both Gen-0 layers, a larger
decrease in the contact angle is seen for the 12C anchor. This
result would suggest that the degree of branching is more
efficient for the longer starting anchor, perhaps due to steric
reasons. Concerning the trend in the contact angle hysteresis,
we see that for both anchors there is a decrease, whereas the
decrease is largest for the 3C anchor. Hysteresis is most often
associated with the perfection of the monolayer (less defects, 0
smaller hysteresi8). Based solely on hysteresis, our results A e
would suggest that the Gen-0-3C layer is the most defective 275 280 285 290 295
and/or least homogeneous. However, following the Gen-1 Binding energy (eV)
synthesis step, both the 3C and 12C layers exhibit essentially

the same hysteresis, suggesting similar homogeneity. [ o ]

After carrying out the Gen-1 synthesis step a clear increase 1200 | (b) Cls) ]
in the ellipsometric thickness is also seen for both the 3C and ™ [ ]
12C layers. As may be seen in Table 1, the thickness of the
layers increase by 5.5 and 5.8 A for 3C and 12C, respectively.
These increases are nemarkable agreemerttased on the
expected changes in molecular length and further emphasize
the efficiency of the branching step.

XP spectra have been obtained for all four layers considered
in Table 1 (both anchors, both generations). First, a survey scan
(0—1300 eV kinetic energy) was performed, and in all cases
the spectra showed only the peaks corresponding to the presence
of Si, C, O, and N. Second, detailed scans were acquired for
the C(1s) and N(1s) peaks. Finally, angle resolved XP spectra

Figure 1. XP spectra of the C(1s) feature for Gen-0 SAMs: (a) 3C; and

were O_btamed for the_ C(Ls) and Si(2p) regions. (b) 12C. The spectra have been fit to two peaks: the one at a binding energy
In Figure 1 we display the C(1s) XP spectra for both of284.6 eV corresponds to aliphatic carbons-@EH,—R), and the one at
(generation 0) anchors, 3C and 12C. A similar set of spectra 286 eV, to amino carbon (RCHz—NH,).

for corresponding generation 1 layers are shown in Figure 2.
First, a cursory inspection of Figures 1 and 2 reveals that the Moving on to the C(1s) XP spectra for the Gen-1 layers, in
trend in the C(1s) peak intensity tracks that of the measured addition to the aliphatic and amino carbons, we now expect
ellipsometric thickness: Gen-0-3€ Gen-1-3C< Gen-0-12C  contributions also from the amidic carbons@(=0)—NH—].

< Gen-1-12C. Second, the full widths at half-maximum for these Thus, the C(1s) spectra for the Gen-1-3C and -12C layers were
features are larger than that expected for emission from a singlefit to three peaks separated by binding energy shifts of 1.4 and
oxidation state of C, and as may be seen, we have fit these3.8 eV with respect to the aliphatic peak at 284.6°¢\?8We
features to multiple peaks. Multiple peaks are expected given now label the peak at 3.8 eV higher binding energy as C3 (for
the structure of these layers. For the two Gen-0 SAMs we expectthe amidic carbon). As may be seen the C(1s) features in Figure
contributions from C bound to Si (RCH,—Si) and from 2 are fit well by these three peaks. From these fits, the ratio of
aliphatic (R-CH,—R) and amino (R CH,—NH,) carbons. One  the areas of the peaks for 3C are C2/£1D.98 and C3/C¥
expects the former two to be described by a similar oxidation 0.24. Similarly, for Gen-1-12C, the integrated intensity ratios
state, whereas a peak shift of 1.4 eV between aliphatic andare C2/C1= 0.72 and C3/C%= 0.20. To summarize these
amino (higher binding energy) carbons is expeé&fedor results we have tabulated the predicted stoichiometry of the
convenience, we will label the peak for aliphatic carbon (incl. layers and that deduced from XPS, and these results appear in
those bound to Si) as C1 and that from the amino carbon asTable 2. As may be seen, thererésnarkably good agreement
C2. As may be seen in Figure 1, both features are well fit to between the values implicated from XPS and those predicted.
two peaks separated by 1.4 eV, and the ratio of areas, C2/C1,Given the aforementioned attenuation effects, such agreement
is found to be 0.35 for 3C and 0.32 for 12C. In comparison, iS not surprising for the shorter Gen-1-3C layer but perhaps
the expected ratios of the number of amino to aliphatic carbon unexpected for the thicker Gen-1-12C layer.

atoms for the two Gen-0 SAMs is 0.25 for 3C and 0.091 for ~ We now consider the N(1s) spectra for the four organic layers,
12C. These differences between expected and measured valuednd these spectra are displayed in Figure 3. In principle the
are due mostly to photoelectron attenuation as the amino carbond\(1s) intensity should be a rather direct measure of the density
will be the least attenuated if they reside at the SAM/vacuum Of the two Gen-0 anchors. As may be seen, the intensity
interface as expected. Indeed the difference is smallest for theobserved from the Gen-0-3C layer exceeds that from the Gen-
shorter SAM, where attenuation effects are also the smallest.

N
[
(=

Gen-0-3C

S
S

Intensity (counts - s'l)

Intensity (counts -s™)

| Gen-0-12C
800

400

YR S T S N S S T T N T T S TH T T ST —
275 280 285 290 295
Binding energy (eV)

(57) Demathieu, C.; Chehimi, M. M.; Lipskier, J. F.; Caminade, A. M.; Majoral,
J. P.Appl. Spectrosc1999 53, 1277-1281.

(55) Joanny, J. F.; Degennes, P.J5Chem. Phys1984 81, 552-562. (58) Peeling, J.; Hruska, F. E.; Mckinnon, D. M.; Chauhan, M. S.; Mcintyre,

(56) Kishi, K.; Ehara, Y .Surf. Sci.1986 176, 567—577. N. S.Can. J. Chem1978 56, 2405-2411.
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1200 T T T T 300 —~—r—v—"r—"—"r—"rrTr—"T——"TrTTT—TT—T T
o ~ N(1s) @ ]
‘v F '—.‘m 200 [ Gen1 ]
}'2 800 [ . [
g e 3C anchor ]
: Z ol :
a0 < 1oy ]
g .
d ! £
0 =] .
- = O
" PR —— | F— PR — | ekl PR A PR | i ~100 3 . L. Ly . o L , L o L
27 280 .1 25 0 29 390 395 400 405 410
Binding energy (eV) Binding energy (eV)
' y y ] 1
_ 1600 C(1s) . ]
o : ~ 400 F N(1s) (b) 3
o 1200 Gen-1-12C ] o s Gen1 :
5 ] n 300 F b
3 "3 [ 12C anchor 1
S 800 E : ;
= S 200¢ 1
g R-C(=0)-NH-R
g a0 ] 2 00 f ]
s ] 5 i ]
0 1 2 of :
275 280 290 295 )] S T S
Binding energy (eV) 390 395 400 405 410

Figure 2. XP spectra of the C(1s) feature for Gen-1 layers: (a) 3C and Binding energy (eV)

(b) 12C. The spectra have been fit to three peaks: the one at a binding Figure 3. XP spectra of the N(1s) feature for both generations: (a) 3C
energy of 284.6 eV corresponds to aliphatic carbons@R>—R); the one and (b) 12C. Spectra have been fit to a single peak in each case. Empty
at 286 eV, to amino carbons {FCH>—NH>); and the one at 288.4, to amidic ~ symbols are for the Gen-0 ancho@)( filled are for the Gen-1 layerds).
carbons -C(=0)—NH—).
reactions, such as steric effects. In addition, competing reactions
that do not follow Scheme 1 may also lead to a reduced amount
of N added in the Gen-1 step.

Returning to our results for the C(1s) features, these spectra

aliphatic 0.452 04 0.522 0.591 may also be used to estimate the absolute density of the Gen-0

2%;’0 g:fgé gfg 8:%2 g:g;ﬁ SAMs and the absolute density that is added in the Gen-1 step.

In the Supporting Information we provide complete details for
this calculation, including the model used, how we make use

0-12C, and the ratio of integrated intensities is 1.66. This of ARXPS data for the C(1s) feature, and how the density is
suggests a h|gher (average) density for the Gen-0-3C mono|ayerpa|CU|ated. The calculated densities are given in Table 1. Given
Also of interest is the relative change of the N(1s) feature the assumptions we have made here and the experimental
following the branching step. We expect, of course, an increase Uncertainties, we estimate the absolute accuracy of these values
in the intensity for this feature in both cases in going from Gen-0 t0 be£30%. For Gen-0 layers, we see that we estimate densities
to Gen-1. In the absence of attenuation effects the ratio N(Gen-0f 3.15 x 10* cm™2 for 3C and 2.63x 10 cm™2 for 12C.
1)-to-N(Gen-0) should be 5 if the branching step involves Due to the unambiguous nature of assembly for these layers,
complete conversion of all terminalNH, groups. For the 3C  these densities are also that for the terminblH groups. The
layer we see that the increase is modest, and the ratio offatio of densities, Gen-0-3C/Gen-0-12C, is 1.2 from this analysis,
integrated intensities is 1.5. For the 12C layer, the increase isWhich is in fair agreement with that implicated by the N(1s)
much more substantial and the ratio is 3.42. A number of factors SPectra (1.66). In previous work, we found a density of (2.38
could contribute to the observation of the N(Gen-1)-to-N(Gen- *+ 0.17) x 104 cm™2 for 12C;*® whereas a value of (1.9%&
0) ratio being less than 5. First, attenuation effects clearly can 0-50)x 10'cm™2has been reported for 38For Gen-1 layers,
play a role, as the Gen-1 synthesis step ade8 & of organic we see that we estimate densities of 3:971.0' cm 2 for 3C
thin film, which will be denser than the Gen-0 layer when the @nd 5.01x 10**cm™2for 12C. If the amount of C and N added
Gen-1 step involves complete conversion. This would mostly follows the stoichiometry expected for Gen-1, then these values
affect the intensity from the branching N atom, and somewhat &€ IS0 representative of the density of the terminbiH,
less from the amido N atom. Second, reactions might be 9roups. From these values we see that the ratio of terminal
incompl_ete at both (addition and conde_nsation) st_ages of the(59) Moon, J. H.: Shin, J. W.: Kim, S. Y.: Park, J. Wangmuir 1996 12,
synthesig? There are many effects that might lead to incomplete 4621-4624.

Table 2. Stoichiometry of Gen-1 Organic Layers

Gen-1-3C Gen-1-12C

type of C XPS theoretical XPS theoretical
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Figure 4. XP spectra of the Ta(4f) feature following saturation exposures Figure 5. Peak area of the Ta(4f) region following saturation exposures
of both the Gen-0@) and Gen-1M) layers of (a) 3C and (b) 12C to Ta-  Of both the Gen-0Q) and Gen-1M) layers of (a) 3C and (b) 12C to Ta-
[N(CH3)2]s at Ts = 25 °C. In all cases, the spectra have been fit to a single [N(CHz)z]s at Ts= 25°C as a function of takeoff angle. The smooth curves

peak [after removal of the contribution of the O(2s) feature: see Supporting are a fit to a model described in the text, which assumes that Ta is uniformly
Information]. distributed at a depthy from the surface, and the values fdy derived

are shown in Table 3.

—NH_ group densities for Gen-1 to Gen-0 is 1.26 for 3C and  hege complexes to react with the termirdiH, groups (and
1.90 for 12C. The observed deviation from the ideal value of 2 possibly the—NH— groups, vide infra) via ligand exchange

in each case might be attributed to incomplete reactions at Gen-a5ctiong® We consider first the reaction with Ta[N(GH]s.
0.5 and Gen-1 stages (reaction with methyl acrylate, and reaction|, this work the surfaces with the organic layers were exposed
with ethylene diamine) of the synthesis, more specifically retro {4 the Ta complex at room temperature in the ultrahigh vacuum
Michael additiofi® and hydrolysis of the ester preventing its  champer. In situ XPS has been used to characterize the reactions
amidation. These nonidealities have been found to limit the yatween the Ta complex and the organic layers.
yields of the dendrimer product also in solvent phase dendrimer |, order to compare the saturation coverages of Ta[NjgH
§ynthe5|§.2 Finally the incomplete conversion of the Gen-1step o, the four interfacial organic layers, we have collected spectra
|mpllgated by this analysis, more so for the Gen-0-3C layer, is i poth the Ta(4f) and Ta(4d) regions. The coverageposure
con5|§tent with that suggested by the N(1s) speetdz (supra. relationship for Ta[N(CH)JJs on Gen-0 and Gen-1 12C
A final set of analyses we have conducted on the substratesj,gicated that the adsorption of the tantalum complex on these
possessing the organic layers only are XPS and ARXPS of the grganic layers proceeded via first-order Langmuirian kinetics
Si(2p) region, and these results are given in the Supporting (detajls in the Supporting Information). The spectra in the Ta-
Informatlon. Summarizing here, thege results yerlfy the cpnclu- (47) region, while more intense, are complicated by the presence
sions made above, that an organic layer is formed in the o 55 O(2s) peak, which we account for using the procedure
generation O steps, which attenuates photoemission from theqiined in the Supporting Information. In Figure 4 we plot the
_underlymg SiQ substrate. In addition, the attenuation IS Ta(4f) spectra for both Gen-0 and Gen-1 on the (a) 3C and (b)
increased as the Gen-1 layers are formed, and the attenuation ¢ anchors. These spectra have been stripped of their O(2s)
is stronger for Gen-1 step on the 12 C anchor, indicating a more ¢omponents. [A similar set of results for the Ta(4d) feature are
efficient conversion on the longer anchor. . given in the Supporting Information.] As may be seen from
3.2. Reaction of the Organic Layers with Ta and Ti  gjther figure, on both surfaces there is a significant increase in
Coordination Complexes.Having chgrac_terlzed th_e organic  intensity going from Gen-0 to Gen-1. On the 3C layer the ratio
layers we now move on to an examination of their reactivity f jntegrated intensitied;raun cen 1-30/1 Ta@n cen-o0-3c, S 2.03,
with two transition metal coordination complexes. We expect \yhile that on the 12C layelraan cen 11201 Ta@h Gen0-126, IS
(60) Kozlecki, T.; Samyn, C.; Alder, R. W.; Green, P.I5Chem. Soc., Perkin 2.41. AnalySIS of the Ta(4d) Sp_eCtra_ give similar increases in
Trans.2001, 2, 243-246. the amount of chemisorbed Ta in going from Gen-0 to Gen-1,
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Table 3. Properties of the Chemisorbed Layers

density of metal (cm~?)

alA dy (A) uncorrected corrected

Ta[N(CHs)z]s

Gen-0-3C 0.12t 0.07 52+ 3.1 (1.194 0.30) x 10* (1.39+£0.37) x 104

Gen-1-3C 0.22t 0.06 57+ 1.4 (2.434 0.46) x 10* (3.23+£0.65)x 104

Gen-0-12C 0.02 0.22 0.3£3.1 (0.964 0.25) x 10+ (0.99+ 0.38) x 104

Gen-1-12C 0.48: 0.08 8.5+ 1.5 (2.314 0.44) x 10* (4.284+0.94) x 104
Ti[N(CH3)2]4

Gen-0-3C 0.406t 0.06 14.7+ 2.2 (1.984 0.59) x 10™ (3.30+ 1.01) x 104

Gen-1-3C 0.26+ 0.03 5.6+ 0.6 (2.494 0.72) x 10* (3.47+1.01)x 104

namely a factor of 1.92 on the 3C anchor and 2.26 on the 12C plane at a distancdr, from the surface. In this case photo-
anchor. This of course correlates with our estimates that the emission from such a film is given bif6) = (lo/cos 8) exp-
Gen-1 layers have a higher density of termindlH, groups. (—drd/Acos6), wherely is the unattenuated emission achieved
These results strongly support that the saturation coverage ofat normal takeoff angle. These fits are given by the smooth
the Ta complex is a strong function of the density of the terminal curves shown in Figure 5. These fits give values for the
—NH. groups. parameterdry/A. In order to estimate the (mean) penetration

In order to quantify the amount of Ta chemisorbed on each depth of the Ta layer, we need to estimatdéor the Ta(4f)
surface we have obtained XP spectra from a polycrystalline Ta photoelectrons. In this case we make use of the mean free path
sheet, which we shall use as a reference standard. The area undémplicated by the ARXPS data for the C(1s) feature (found to
this [Ta(4f)] peak is proportional toraNraAtal (Era), Wheredra depend on the layer), given in the Supporting Information, and
= 19.4 A! and Nya = 2.24 x 10?2 atoms cm3. 51 For the relationdrau/Acas) = {E[Ta(4f))/E[C(1s)}}°5, whereE is
photoemission from the Ta atoms in the chemisorbed layer we the kinetic energy of the photoelectrdiisThis procedure
assume that they form a uniform thin film of thickneg and assumes that theN(CHz), ligands retained by the chemisorbed
atomic densityN'r,. If we further assume that the thickness of Ta species do not alter the mean free path.

this layer is much less that the inelastic mean free pathdig., First, from the fits displayed in Figure 5 we find values for
< A1 then the area under the peak for such an adlayer will the parameterry/, and these values are given in Table 3.
then be proportional tarraN'radral (Era)/cos 0. With these  Making use of our estimates for thés, we also calculatelrs,
assumptions, and the integrated peak areas for the reference Tand this is also given in Table 3. For 3C, we see that the distance
sample and for the organic layers exposed to Ta[Njglkl the the Ta is from the surface is essentially indistinguishable for
quantity,N'radra Which represents the Ta surface density, may the two generations. The size of the uncertainty for Gen-0-3C
be calculated directly. These values are given in Table 3 (labeled|imits our conclusions as to the relative position of Ta in the
uncorrected) and range from 0.9610* to 2.43x 10 atoms organic layer. For the Gen-1-3C layer, the uncertainty is reduced
cm2, and the implied depth is’51% of the original thickness of the

It is clear from the above discussion that Ta[N{J#h Gen-1-3C layer (11.2 A), suggesting that Ta does not simply
undergoes a gas-surface reaction with all four organic layers, terminate the layer but forms a mixed adlayer. For Gen-0-12C,
and the amount of Ta deposited is best correlated with the the data indicate that the Ta is bound to the terminiiH,
density of terminal—NH; groups. An unresolved question group and is at the surface, similar to previous observations for
concerns the spatial extent of this reaction, i.e., does the Taa Ti complex?® For Gen-1-12C, however, the implicated value
complex react at the organic/vacuum interface, where the for dr,is significant with respect to the measured ellipsometric
terminal—NH; groups reside, or might it penetrate the organic thicknesses of 19.5 A, representing 44% of this value. Thus,
layer and react with other functional groups on the backbone, on both Gen-1 layers, some penetration and/or restructuring of
or perhaps residual-OH at the organic/Si@interface?® To the organic layer may have occurred.
address this issue we have acquired angle resolved XP spectra \ye have also examined the reaction of T[Nk with
of the Ta(4f) feature. Again, these have been stripped of their thege |ayers. In previous wdflwe have examined the reaction
O(2s) component. In Figure 5 we show the integrated intensities of this molecule with a Gen-0-12C layer. To summarize quickly,
of the Ta(4f) features for both generations for 3C and 12C after i, tnis case we found that the Ti precursor reacted with the
saturation exposures to Ta[N(gk]s. First, at all takeoff angles  terminal—NH, group and that the reaction was limited to the
the Ta(4f) intensity is greater for Gen-1 in both cases, consistentgan/vacuum interface. In particular, using the same model
with the results presented in Figure 4. More importantly, it may gescribed abovegri/A = 0.12 + 0.09. On the other hand, for
be seen that, in all four cases, there is a clear increase in thepis same molecule, reaction on a surface terminated-b@lds
integrated intensity with increasing takeoff angle. In general, {erminated s alkylsilane gavedr/i = 0.86 & 0.19, where

for a species at the surface, the intensity should increase as th@ssentially all observed reactivity could be assigned to the SAM/
takeoff angle increases, whereas, for a species buried beneatljo, interface.

the surface, the intensity will decrease at sufficiently large
takeoff anglesdf. the results for Si(2p) in Figure S-3].

We have fit the data displayed in Figure 5 to a model that
assumes the chemisorbed Ta is present in a two-dimensional(

Here we have examined the reaction of Ti[N(§, with
Gen-0 and Gen-1-3C, and these results are shown in Figure 6.

62) Practical Surface Analysis: Volume Auger and X-Ray Photoelectron
Spectroscopy2nd ed.; Seah, M. P., Briggs, D., Eds.; John Wiley and
Sons: Chichester, U.K., 1990.

(61) Mathieu, H. J.; Landolt, DSurf. Interface Anal1984 6, 82—89.

15028 J. AM. CHEM. SOC. = VOL. 129, NO. 48, 2007



Growth of First Generation Dendrons on SiO,

ARTICLES

——————————————

1200 | ; ]
_ [ T1[N(CH3)2] . ]
‘_‘4@ on 3C dendrimer
£ s00f
=5 3
<] L
<
2 400
2 L
g I
S oF

450 455 460 465 470
Binding energy (eV)

600 T T T T T T T
H‘fm\ T1[N(CH3)2] 4 ]
g 500 L on3C dendrimer Gen-1-3C ]
g L |
9] - !
(I) 3 E
T 400 F ]

[ Gen-0-3C |

« - !
E 1 O ]
e r ]
g (b)
= [

200 1 1 1 1 L 1 1

-10 0 100 20 30 40 50 60 70
take-off angle (deg)
Figure 6. (a) XP spectra of the Ti(2p) feature following saturation

exposures of both the Gen-O) and Gen-1M) layers of the 3C anchor to
Ti[N(CH3)2]4 at Ts = 25 °C. The spectra have been fit to two peakgs(2
2p2), corresponding to the split produced by the sgambit coupling. (b)
Peak area of the Ti(2p) region of the same two layers as a function of
takeoff angle. The smooth curves are a fit to a model described in the text,
which assumes that Ti is uniformly distributed at a degthfrom the
surface, and the values fdf, derived are shown in Table 3.

The spectra for the Ti(2p) region are displayed in Figure 6a for
saturation exposures of both 3C films to Ti[N(gk4. Analo-
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Figure 7. Saturation density of metal (Ta or Ti) in the adlayer as a function
of the density of terminal-NH> groups in the organic layer. Open symbols
represent results on the Gen-0 layers; filled represent results on the Gen-1
layers.

organic layer. This latter value is nearly identical to that
observed for Taide suprg.

Next we will consider the stoichiometry of the adlayers that
are formed. First as discussed above, due to the greater intensity
of the C(1s) feature we have used it to estimate the density of
terminal functional groups. In Figure 7 we plot the saturation
density of the transition metal coordination complexes (corrected
values) vs the (expected) density of terminal functional groups.
Here, for the density of the metal, we have compensated for
the attenuation of the photoelectrons emanating from the
transition metal using thd/A values found from ARXPS. (A
similar plot using the uncorrected values for the density of
metals is given in the Supporting Information.) As may be seen

gous to the results for Ta, the deposition of Ti is greater for the in the figure, there is a strong correlation between the density
Gen-1 layer as compared to Gen-0. Making use of an approachof the terminal functional groups and the saturation density of
essentially identical to that described above in connection with the metals. In terms of the number of functional groups that
Figure 4, as well as elsewhetewe can use these spectra to appear to have reacted with the transition metal coordination

estimate the saturation coverage of Ti[N(§4, on these two

complexes via ligand exchange reactions, the rafio—NH,/

surfaces. The values are given in Table 3. The values found for M, we find that for Ta on the Gen-0 layers it is between 2.3
the 3C anchor can be compared to the value we found previously0.7 and 2.7+ 1.1, whereas on the Gen-1 layers it is ap-

for Ti[N(CH3)2]4 reacting with the Gen-0-12C layer, namely,
(2.474 0.19) x 10 atoms cm?2.4°

proximately 1.2+ 0.3 for both anchors. For the Ti complex on
the 3C layers: values of 0.95 0.33 (Gen-0) and 1.1% 0.35

We have also used ARXPS to examine the spatial extent of (Gen-1) are implicated. For the sake of argument, if we take

reaction of Ti[N(CH),]4 with both the Gen-0-3C and Gen-1-

the number for Ta on the Gen-0 layers as 2 for both cases, it is

3C layers, and these results are shown in Figure 6b. As may bevery comparable to results we have found previously for the
seen, there is an increase in the integrated peak areas for theeaction of TiIN(CH,)2]4 with Gen-0-12€° and for the reaction

Ti(2p) feature with an increase in takeoff angle for both

of this same molecule with oligo(phenylene-ethynylene) SAMs

generations. These data can be compared to similar data forpossessing an isopropyl terminatihAlso, it suggests two

Ta[N(CHs),]s on these same two surfaces, Figure 5a. We
find values fordyi/A (given in Table 3) that are comparable to,

possible scenarios: only one-half of the total termind&iH,
groups in the Gen-0 layers have reacted with the Ta metal

but larger than, those observed for the Ta species. Again, makingcomplexes or each complex has reacted with tvi¢H> groups.

use of estimates for th&s for the Ti(2p) photoelectrons, we
find values for the implicated depth of Ti from the surface. In

Finally, these results, particularly those for the Ta complex,
imply a superlinear dependence (a power law fit to the data

the case of Gen-0-3C we find an unphysical value (depth larger would give an exponertt 1) of the uptake of metal complexes

than that of the layer itself), whereas for Gen-1-3C we find that
dri is ~5.6 A, or about 50% of the thickness of the original

as a function of the density of terminal functional groups.
To conclude our discussion of the stoichiometry of the
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Table 4. Stoichiometry, N/Metal, of Chemisorbed Adlayers at Examination of the Ta(4d) spectra shown in the Supporting
Saturation Exposures Information may shed some light on these issues, such as
Ta[N(CHy)Js TiN(CHy). reactions with residuat-OH vs forming imido linkages. We
organic layer Ta(4f) Ta(4d) Ta, mean Ti(2p) note that the binding energies for the Tay4) on the two Gen-1
Gen-0-3C  5.320.35 544+052 5.38+063 2.44-0.20 layers and the Gen-0-12C layer are similar, namely 236.74
Gen-1-3C  3.26:0.15 3.46+0.21 3.36:0.26 1.64+0.09 0.02 (Gen-1-3C), 230.36: 0.02 (Gen-1-12C), and 230.65
Gen-0-12C  3.33:0.35 4.23£0.65 3.79+0.74 0.05 (Gen-0-12C), while that observed on Gen-0-3C is at 231.64

Gen-1-12C 383019  4.86£0.36  4.35:0.40 + 0.05. The binding energy difference between Gen-0-3C and

Gen-1-3C is+0.90 eV, a result that is consistent with more

adlayers, we can also, using data from XPS, calculate the N/TaéXtensive reaction of Ta[N(CHt]s with residual—OH for the

(Ti) ratio. There are of course four possible contributors to the thinner Gen-0-3C layer. For the 12C layers, however, we
N signal: that from the unreactedN(CHs); ligands and that ~ ©PServe a much smaller difference between Gen-0-12C and Gen-
due to the terminat-NH,, backbone—NH—, and branching ~ 1-12C layers of+0.29 eV, implying a more similar chemical
—N< groups in the dendrons. The interpretation is therefore €nvironment for th_e Tg chemisorbed layer, and little reaction
complicated. A very large N/Ta ratio, nevertheless, would With residual—OH in either case. _

indicate minimal ligand loss, whereas a smaller one would _ Finally we consider the results for Ti[N(G}i], on Gen-0-
indicate increased ligand loss, perhaps even due to species sucRC and Gen-1-3C. For these layers we foung 0.95-1.59

as residua-OH(a) located at the organic/Sianterface. Our ~ On Gen-0-3C andh ~ 1.15-1.59 on Gen-1-3C. For N/Ti we
results are shown in Table 4 for the reaction of both Ta- found N/Tiof 2.4 (Gen-0-3C) and 1.6 (Gen-1-3C). As with Ta,
[N(CH2)2s (all layers) and Ti[N(CH),]4 (just 3C layers). For we find this curious reSL_JIt of the N/M ra_tlo_decreasmg from
the Ta complex we find that the ratio lies between about 3.3 G€n-0 to Gen-1. Following arguments similar to that above,
and 5.4, whereas for the Ti complex it is clearly smaller, between POth values implicate reactions beyond single ligand exchanges
about 1.6 and 2.4. To interpret these, we must account for the With the terminat=NH groups, such as reactions with residual
(terminal organic functional group)/M ratio, or OFG/M, and also —©OH and formation of imido +N=Ti) linkages®® Again
the contributions of the backbone and branching N atoms for €xamination of the binding energy shifts [the Ti(2p) feature in
the Gen-1 layers. First, we start with the Gen-0 layers. The Figure 6a] may prove useful. In this case we find a difference

OFG/M for the Ta on Gen-0 layers lie between 2.3 and 2.7, as Pétween Gen-0-3C and Gen-1-3CH0.73 eV, implicating, as
indicated above. If we defina to be this ratio there are two with Ta, that there is more extensive penetration and reaction
limits for the N/M ratio if only ligand exchange reactions occur. of TiN(CH3)o] with residual—OH in the case of the thinner

If the complex undergoes a single reaction, this leaves 1 Gen-0-3C layer.

OFGs unreacted per metal complex, and a N/M ratio 6f 4. 3.3. DiscussionConcerning growth of the den.drons them-
In the other limit, all OFGs participate and the N/M ratio is selves, from our results, two facts are apparent: (i) the thickness

constant at 5. Thus, for Ta on Gen-0-3€ % 2.3-2.6) we (Table 1) and stoichiometry (Table 2) of the layers are in
expect 5< N/M < 6.3—6.6. The calculated value of 5.4 is most agreer_m_ant with the ex_pec_ted structure of the layers; and (ii)
consistent with multiple ligand exchange reactions per complex. the efficiency of branching is nearly 100% from the longer 12C

For Gen-0-12C, however, the value of 3.8 can only be explained anchor, whereas it is clearly less than 100% for the 3C anchor.

by additional reactions. Such reactions that can reduce the N/TaWhy is this so? Steric factors could play some role as the Gen

ratio include (i) ligand exchange reactions with resida@H 0-3C layer we form is more dense-£0%). In addition, the

at the organic layer/Siginterface and (i) ligand loss involving —NH, in the Gen-0-3C is also more confined to a 2-D plane,
a hydrogen transfer from the amido linkage-NH—Ta), as its backbone is short. These two geometric factors could

eliminating HN(CH),, and forming an imido linkage—{N= conspire to limit the efficiency of the branching step due to

Ta). Concerning the latter, the limit on these would be steric repulsion. . . C
presumably 2 (setting a lower limit for N/Ta of 3), whereas A second, and we believe less likely, possibility involves

steric factors may come into play concerning the former. As nonideal pranching chemjstry, for example, self-cycl!zation,
the ARXPS results indicate the Ta complex is at the surface, where a single ethylenediame completes the branching step,

formation of imido linkages seems more likely. f_O”T””g a ”T‘g""‘_e m0|_ety. This could ?"50. mvolve_ a cross-
. linking reaction with adjacent ester terminations, which are not
Moving to the results for Ta on the Gen-1 layers, we see

hat N/Ta is~3 S h iously. th lue for G emanating from the same anchor. These are shown in Scheme
that N/Ta is~3.4—4.4. Somewhat curiously, the value for Gen- 5 | "o cases, two—{C(=O)—NH—] groups would be

1-3C is smaller than that for Gen-0-3C. Expectations for these formed, but no termina-NH, groups, as opposed to the two
Gen-1 layers are difficult to predict, as backbonBlH— and
possibly other groups [theNH(C=O0) group as a whole] may
contribute. First the OFG/M values for Ta arex 1.2—1.6 on

that should be formed. If these reactions were significant, we

would expect that the thickness of the Gen-1 layer would be

less than expected for perfect branching (not observed), and its
Gen-1-3C and 1:22.2 on Gen-1-12C. If we count one backbone o 4iyity (initial probability of adsorption) may be also be

—NH— and one-half branchingN < per termina—NH, OFG, significantly different from the Gen-0-3C layer (no evidence,
then for single ligand exchange reactions with the terminal group ¢oq Supporting Information). Also, it is not clear that such

the lower limit for N/Ta becomes % 1.5n, and the upper limit,  \o4ctions would lead to the observed decrease in the contact
4 + 2.5n. Clearly the calculated values for N/Ta suggest that angle, whereas an increase in thalH, density should. Thus,

additional reactions, as discussed above, occur on these layers,jiq,gh we cannot completely exclude the occurrence of these
In addition to these two discussed above, reaction with the

backbone—NH— also comes into play. (63) Beaudoin, M.; Scott, S. lOrganometallics2001, 20, 237—239.
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Scheme 2 8 r ; . .
/ N\, [ minimum extent, minimum extent,
HN NH [ concentrated dilute
61 Ta[N(CH,) |, .
o] o]
[ Gen-0-3C
& } [ Gen-1-12C
N N ° ar — i — 1 .
s | incr. ——
E ligand Gen-1-3C Gen-0-12C
z 5 [ exchange i
Ti(CHa)z Ti(CHa)z [ Ti[N(CH,) ],
(0] (0] 0F <4¢—incr. [M]———— E
: concentrated, dilute,
Si O2 | maximum extent maximum extent
) 1 1 1 1
cross-linking 0 1 5 3
/ N\ OFG:M ratio
HN NH Figure 8. Atomic ratio, N/M, vs the ratio of the OFG (terminal organic

functional group;,—NH5)/M for saturated adlayers. Open symbols represent
results on the Gen-0 layers; filled represent results on the Gen-1 layers.

0 0 For the ordinate, the density of metal used is that shown in Figure 7 and
Table 3 (attenuation corrected).

N from Gen-0 to Gen-1, for both anchors and for both metal
reactants. In the case of the 3C anchors, these results are
somewhat complicated by the likely reactions with residual
—OH for the Gen-0-3C layer. The results for the Ta complex
shown in Figure 7 suggest a superlinear relationship. One

Si(CH,), possible reason for a superlinear relationship could be reactions
that depend on the square or a higher power of the concentration
o of reactive end groups. Quantum chemistry calculaftons
indicate that the ligand exchange reactions involvirig—NH;
groups can be catalyzed by the presence of additional groups
of this type. Such an effect could contribute to the superlinear
cyclization dependence.

The identity of the chemisorbed species and the degree of
nonideal cyclization/cross-linking reactions, we believe they ligand loss appear to depend relatively strongly on the nature
contribute here little to the observed behavior. of the organic layer, which is indicated by the results shown in

Concerning the reactions with transition metal complexes, Table 4. The amount of ligand loss will depend on the identity
we will focus our discussion on the key aspects of the reacted of the attacking ligands, their density, and steric issues, including
layers: the spatial extent of reaction, their density, and the their spatial arrangement. There may also be a relationship
identity of the species that are formed. Concerning the spatial Petween the density of chemisorbed species and the degree of
extent of reaction, these results are summarized above in Tabldigand loss, due to interactions between the adsorbed species.
3. First, concerning the reaction on the Gen-0-3C layer, In Figure 8 we plot the N/M ratiocf. Table 4) vs the OFG/M
significant penetration by both the Ta and Ti complex is ratio (cf. Figure 7), and all six combinations of metal complex
indicated (from ARXPS) and reaction with residuaDH at and organic layer are considered. First, on Gen-0-3C, we can
the organic/Si@interface is likely (binding energy shifts). For ~ compare the two metal complexes. As already discussed, both
Ta on Gen-0-12C, in contrast, the results indicate that reactioncomplexes likely react via ligand exchange with at least one
occurs essentially exclusively at the organic/vacuum interface, fesidual—OH. For Ta[N(CH)z]s, this would produce=Si—
similar to what we have observed for the reaction of Ti- O—Ta[N(CHs)zs. As the OFG/M ratio is about 2, if these
[N(CH3)2]4.4° For both Gen-1 layers penetration of-480% of terminal —NH, groups were merely “spectators” in this case,
the organic layer thickness is indicated. For these layers therethen N/Ta should be 6. We see that this is close to the case,
are additional reactive groups present on the branches, whichwhere possibly there is one additional reaction involving one

could provide additional sites for reaction and a driving force ©f these terminat-NH; groups, leading to a N/Ta of 5. For the
for penetration. reaction of Ti[N(CH)2]4 the situation is quite different. Here

As to the density of _chem_lsorbed s_pemes, itis clea_r that in (64) Haran, M.: Engstrom, J. R.; Clancy,J>Am. Chem. So006 128 836
all cases that the chemisorptive capacity of the surface increases ° 847.
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the density of adsorbed Ti is about twice as much as that of Ta, Scheme 3

and the amount of ligand loss is also more, NAi2.44 + H

0.20. The OFG/M ratio is 0.95 0.33. There are two R N——TalN(CHe). ],
possibilities that would give this stoichiometry, involving the
loss of three ligands, depending on the participation of residual
—OH. At this point comparison to previous wdPks useful,
where we found for Ti[N(CH),]4 on bare chemical oxideT{

= 30°C) that N/Ti= 1.22 and the saturation density of Ti was

HZNj
HN
(5.824+ 0.86) x 10 atoms cm?, or 7.83+ 1.20 x 10 atoms 1b
cm~2 accounting for attenuation effects. The values for Ti- G Ta[N(CH;).]s
N/-Z
|

la

R— N==Ta[N(CH.),],

[N(CH3)2]4 on Gen-0-3C at saturation represeat 34—42% —_— n
of these values. Given the coverage of Gen-0-3C of 315 ™~
10 molecules cm?, it is plausible that the thin Gen-0-3C layer Ta[N(CH:). ],
is primarily occupying/blocking sites. Here the species formed R N/
would mostly be £Si—0);—Ti—N(CHzg),, present in nearly | 2
equivalent concentrations to Gen-0-3C. On the other hand, one R
ligand exchange reaction with Gen-0-3C (in lieu of one with R
—OH) would give ESi—0O),—Ti—[N(CHs),](NH—R—), also N\Ta[N(CH ]
consistent with this stoichiometry. )&| sre
For the Ta complex on Gen-0-12C, as discussed above, the R o 3
—R—NHy/Taratio is 2.7+ 1.1. The N/Ta ratio is 3.7% 0.74,
and ARXPS indicates that there is very little penetration of the
organic layer, indicating reaction is essentially exclusive with
the terminal—=NH; groups. For the sake of argument let us take  \ye have investigated the growth of branched polyamidoam-
N/Ta as 4 and OFG/Ta as either 2 or 3. The loss of three ligandsjne dendrons on silicon dioxide and their subsequent reaction
and formation of [(CH)N].Ta(—NH—R—)(=N—R—) would with transition metal coordination complexes. From ellipsometry
satisfy the former, while loss of four ligands and formation of \ye found that the thicknesses of the layers were in excellent
[(CH3)NJTa(—NH—R—)(=N—R—) would satisfy the latter.  agreement with what one would predict based on realistic
Further reductions in the N/Ta ratio, or the participation of mglecular models. From XPS, although the stoichiometry of
spectator Gen-0-12C molecules, would require multiple imido he near surface layers was as expected for a perfect Gen-0 to
linkages, or possible other mechanisms. Interestingly, in earlier ggn-1 branching step, it also indicated that the branching step
work®® we found for Ti[N(CH)z]s on Gen-0-12C that OFG/Ti o, the shorter anchor perhaps only involved two-thirds of the
was~2 and N/Ti was~3 (Ts = 30 °C), implicating an imido  molecules in the layer, whereas conversion on the longer chain
species such as (GEN—Ti(—NH—R—)(=N—R-). anchor was very efficient. The metal complexes Ta[NgzH
Finally, we come to the reactions on the Gen-1 layers. Given and Ti[N(CHs)2]4 chemisorb on all surfaces examined, exhibiting
perfect conversion of Gen-0 to Gen-1, the backbone of the OFG first-order Langmuirian kinetics. The amount of uptake of the
(the branch) is given by-(CH;)2(C=0)NH(CH;),—NH,. We metal (particularly Ta) complexes by the surfaces increases
present four possible linkages between the backbone and thesomewhat stronger than linearly with the density of terminal
Ta complex in Scheme 3. On both Gen-1 layers the OFG/Ta —NH, groups. Thus, the Gen-0 to Gen-1 step effectively
stoichiometry is~1.2, and N:Ta stoichiometry is-6 (Gen- amplifies the reactivity of the surface. For reactions on the
1-12C) and 3-4 (Gen-1-3C). This stoichiometry implies that  thinnest Gen-0-3C layer, penetration of the organic layer occurs
reaction with a single branch involves the loss efligands and both complexes react with residuaDH at the organic/
and formation of interactions with both the terminaNH, and SiO; interface. For the Ta complex on the longer anchor, the
the backbone-NH—(C=0). What is somewhat surprising is  reaction is limited to the-NH, terminal group and involves
that each branch of the structure would be required to react to3—4 ligand exchange reactions, producing®amido/imido
match the stoichiometry. Apparently, steric interactions between |inkages to the SAM. On the more complicated Gen-1 layers,
the adsorbed Ta species are not sufficient to limit the reaction. the reaction of the Ta complex most likely involves the loss of
Referring to Scheme 3, two of the linkageid(and 2) would the 2-3 ligands, and each Ta complex appears to interact with
release two ligands per Ta complex per branch. If multiple on average one of the branches of the dendron, and bonding to

linkages can be formed, such &b and 3 (or if 2 forms an both terminal—NH, and backbone-NH—(C=0)— groups is
imido linkage), this would lead to the loss of three ligands per jndicated.

Ta complex per branch. Of course additional reactions could
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