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Abstract: Quantum chemical calculations have been carried out on the grafting of chain organosilane
compounds on SiO-hydroxylated solid surfaces. It is shown that a single molecule interacting with the
surface lies flat to it, inhibiting further homogeneous film growth. This adsorption exhibits two molecule/
surface interactions: a covalent bond on one side of the molecule and a hydrogen bond on the other side.
We then investigate the possible preorganization of the molecules before grafting due to the presence of
water molecules either in the gas/liquid phase or near the surface. This gives rise to the formation of
dimerized chains. We then demonstrate that this preorganization process prevents subsequent lying flat of
the molecules to the substrate after grafting. Energetics and associated configurations of the overall
deposition process are discussed in detail and provide new insights on the understanding of the formation
of self-assembled homogeneous organic films on microelectronics-type substrates.

. Introduction substrates, that is, silica surfaces, to further address bionano-
technology applications. To reach this major goal, it will be
necessary to develop advanced nanofabrication techniques,
capable of precise and reliable handling of nanometric and
subnanometric components of interest. This implies that future
nanofabrication methods will have to largely rely on a “bottom-
up” chemical approack 20 Recently, Sagiv et &L22 discov-

ered a nanoelectrochemical patterning process that utilizes
electrical pulses delivered by a conductive AFM tip for the
nondestructive nanometer-scale inscription of chemical informa-

The grafting of long chain organosilane compounds on silica
surfaces to form self-assembled monolayers (SAMS) is now
widely investigated experimentally14 Currently, they attract
considerable attention because of potential applications in
biology, chemical sensing, and microelectrorits.’

Intensive ongoing research effort is devoted to the develop-
ment of various experimental functionalizing procedures. The
goal is to form homogeneous organic films onto microelectronics
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(11) Huang, H. B.; Spande, T. F.; Panek, JJSAm. Chem. So2003 125 (22) Maoz, R.; Frydman, E.; Cohen, S. R.; SagiAdu. Mater. 200Q 12, 424—
626-627. 429.
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Chem 2003 75, 4360-4367. 731
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studied their respective self-assembly properties by means ofby considering chemisorption as a local phenomenon. The
STM. Itis well-known that the use of long chains provides dense advantages of finite surface models are 2-fold; on one hand,
and robust SAM$# The presence of the aggregates is often the adsorbate geometry is usually reliably calculdteé8on the
observed"?%>and may act as a significant perturbation in the other hand, the limited extent of the system allows one to apply
case of DNA-based applicatiodsFrom experimental observa-  quantum chemical studies at a sophisticated level to determine
tions, these aggregates can be correlated to water exposureccurately the nature of the molecule/surface interaction. In the
during the deposition procedure. However, the water is neededfollowing, the silica substrate is modeled by asGiH1e

to induce the silane condensation with the hydroxylized tridymite-based molecule that authorizes various OH spatial
silica2%30Therefore, the role of water and its presence at every distributions at the silica surface. For the chain organosilanes
stage of the deposition procedure is of major interest. It has to be grafted on the surface, we considered the trihydroxysilanes
been shown that the proper substrate hydration is the funda-with only a few alkyl chains, that is, (Okt)}Si—CH,—CH,—
mental basis of strategies for the deposition of dense-packed,O—CO—CHgs, where the hydroxyl groups (Oklare generated
highly organized, long chain alkylsiloxane monolayers on solid from a previous hydrolysis of gterminated chains under water
substrates of widely different chemical characters. In the absenceexposure. The resulting organic layer, while being the suitable
of such hydration, the film cannot be decoupled from the one for DNA chip application4® has been suggested and
substrate chemistry, and in most cases, increased film defectsynthesized by Bennetau's grotip.

content can be expecté832Beyond this, it has been demon-  The present work focuses first on the grafting of one organic
strated that in order to better control and enhance the homo-molecule on the substrate. The nature of the interaction and the

geneity of the layers, the effect of two experimental parameters charge transfer from the molecule to the surface is discussed.
has to be considered: the solvent composition and the reactionsecond, gas phase reaction, that is, the dimerization of the

time 24

To the best of our knowledge, despite several experimental
investigations dedicated to the grafting of chain organosilane
compounds to the silica, there are only few theoretical descrip-

molecule, is introduced. This part of the work is motivated by
the experimental observations which indicate that the preorga-
nization of chain organosilanes just before the grafting depends
largely on the nature of the solvettt.

tions of such grafting and even fewer attempts to understand  Finally, we discuss the interaction of a dimer unit (two

the self-organization mechanisit-lowever, there are several
theoretical calculations on the SAMs: simulations of hydrated
multilamellar bilayers?*3>proteir-membrane system attached
to an organic self-assembled monolay&nsolecular dynamics
simulations of supported phospholipid/alkanethiol bilayers on
a gold (111) surfacé’.

Our preliminary aim is to investigate the basic atomistic

mechanisms that govern the grafting procedure via quantum

chemical calculations in view to give key parameters to better
control the deposition technology. In this context, cluster models
are widely used to study theoretically the interaction between
molecules and surfaces. In this context, the silica nano-
structuré® 4! has received considerable attention in recent years.
Molecular dynamics and ab initio calculations have been
reported on the structure and properties of silica nanoclu@ttts.

From a chemical point of view, the cluster approach is justified

(28) Nony, L.; Boisgard, R.; Aime, J. Biomacromolecule2001, 2, 827—
835
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1989 222 95-118.

(30) Morrow, B. A.Stud. Surf. Sci. Catall99Q 57, 160-167.

(31) Allara, D. L.; Parikh, A. N.; Rondelez, Eangmuir1995 11, 2357-2360.
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1647-1651.

(33) Baraille, I.; Loudet, M.; Lacombe, S.; Cardy, H.; PisaniJCMol. Struct.
(THEOCHEM)2003 620, 291—300.

(34) Tu, K.; Klein, M. L.; Tobias, D. JBiophys. J1996 70, 595-608.

(35) Tu, K.; Klein, M. L.; Tobias, D. JBiophys. J 1995 69, 2558-2562.

(36) Nordgren, C. E.; Tobias, D. J.; Klein, M. L.; Blasie, J.Blophys. J2002
83, 2906-2917.

(37) Tarek, M.; Tu, K.; Klein, M. L.; Tobias, D. Biophys. J1999 77, 964—
972.

(38) Wang, L. S.; Nicholas, J. B.; Dupuis, M.; Wu, H.; Colson, S.HAbys.
Rev. Lett 1997 78, 4450-4453.

(39) Xu, C.; Wang, L. S.; Qian, S.; Zhao, L.; Wang, Z.; Li, €hem. Phys.
Lett 1997 265 341—-346.

(40) Xu, C.; Long, Y.; Zhang, R.; Zhao, L.; Qian, S.; Li, Yppl. Phys. A
1998 66, 99-102.

(41) Schenkel, T.; Schlatiter, T.; Newman, M. W.; Machicoane, G. A,
McDonald, J. W.; Hamza, A. VJ. Chem. Phys200Q 113 2419-2422.

(42) Schweigert, I. V.; Lehtinen, K. E. J.; Carrier, M. J.; Zachariah, MPRys.
Rev. B 2003 65, 235410.

(43) Bromley, S. T.; Zwijnenburg, M. A.; Maschmeyer,Ahys. Re. Lett 2003
90, 035502.

attached precursor molecules) with the substrate. The present
work brings new advances in our understanding of some key
points of the self-assembly of one organic layer on top of a
typical microelectronic substrate, from the gas-phase preorga-
nization to the final grafting on the surface.

Il. Computational Methods

The structural properties of all the systems (different monomers,
their associated dimers, and grafting complexes) considered in this paper
have been calculated within the Density Functional Theory (DFT) using
the combined Becke's three parameters exchange functional and the
gradient-corrected functional of Lee, Yang, and Paff.

All calculations have been performed with the DFT/B3LYP method
combined with a standard 6-3G** basis set by means of the Gaussian
98 packagé® This basis set has been demonstrated to reproduce
accurately the energetical and structural properties of molecule/surface
interaction*%® Frequency calculations have also been driven to
confirm the global minima of each structure. The interaction energies

(44) Mlynarski, P.; Salahub, D. R. Chem. Phys1991, 95, 6050-6056.

(45) Crispin, X.; Lazzaroni, R.; Geskin, V.; Baute, N.; Dubois, P.; Jerome, R.;
Bredas, J. LJ. Am. Chem. S0d 999 121, 176-187.

(46) Bennetau, B.; Bousbaa, J.; Choplin, F.; Cloarec, J. P.; Martin, J. R,;
Souteyrand, E. Fr. Demand No. 00 00697, 2000.

(47) Bennetau, B.; Bousbaa, J.; Choplin, F. Fr. Demand No. 00 00695, 2000.
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(50) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.;
Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.11; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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indicating the presence of an,©H,---O3 hydrogen-type of
bond. In particular, the ©-H, bond length is largely modified
between the monomer and the grafting complex. In the present
work, we will focus our analysis on these two interaction
behaviors.

The chain is covalently bonded to the cluster with an angle
<(Siy0O;Si3) of 172.6, a nearly perfect linear bond consistent
with the wide range of possible SD—Si angles expected in
silicon dioxide structures. Concerning the electrostatic interac-
tion that takes place at the other side of the chain, the predicted
H-bond angle indicates a deformation of the H-bond, that is,
the angle<(O,H,0s3) is around 151 One of the most interesting
structural qualities is the elongation of the-X bond since
Figure 1. Grafting of one chain organosilane on silica surface; see also thjg elongation is the key to a reliable interpretation—X
Table 1, column 1. frequency shifts) in the infrared vibrational spectra. For this

Table 1. Total Energy and Selected Structural Data for Grafting purpose, the elongation of the bond length&i;—0O;) and
Complexes? r(O,—Hy), are about-0.030 and—0.012 A with respect to the
grafting complex (1), complex (2), same bond lengths before grafting, for covalent bond and
complexes Figure 1 Figure 4 hydrogen bond (proton donor), respectively. The intermolecular
total energy —3826.561477 —4574.373298 distanceR(0,—0s) in the hydrogen bond is about 2.878 A. This
Covalent Bond: S+O—Si predicted distance is in good agreement with experimental
r(Sii—0x) 1.621 1.634 distances of the moderated hydrogen-bonded compféxes.
R(Sh—Siy) 3.248 3.114 The axis of the organic layer is nearly parallel to the axis of
<(Sik—O;1—Siy) 172.6 142.9 . .
the surface. The interaction energy of the grafted complex (1)
{(Or—Hy) '”termoﬁgl;'gr Hydrogen Bond is about 0.92 eV exothermic (BSSE and ZPE corrections are
R(Si,—O3) 2.878 not accounted for in the calculations). This confirms the
<(02—H2—03) 1511 significant modification in the structural properties.
Intramolecular Hydrogen Bond Another important physical property in the case of grafting
r(Oz—Hy) 0.965 on the surface is the charge transfer since the partial charge
E((%lz__%z)_ol) ‘115050_3 transfer between molecule and surface is a key parameter for

determining the chemical potential, which is close to the
aEnergies are in Hartree, distances in angstroms, and angles in degreesopposite of the work function. This appears in the calculation
of Mulliken charge distribution, which shows a partial positive
are derived from the total energy of the final products compared with charge (0.47e]) located on the organic molecule and a partial
the total energies of the subunits taken separately. _ negative charge on the cluster. This charge transfer and the
To model the silica surface, we have built a cluster model in a step o3 metric changes of these two units upon adsorption are clear
by step procedure. The cluster is based on a cleaved tridymite silica- evidence of the chemical nature of the interaction.

based structure containing eight silicon atoms. A study of the cluster L . .
size has shown that this cluster is relevant to perform reliable energetics (B) The Preorganization of the Organosilane ChainsThe

on these systems (data not shown). Minimization is then performed S€cond discussion is devoted to the dimerization of the orga-
with hydrogen atoms to saturate the dangling bonds. Hydroxylation is Nosilane chains before the grafting. We point out the fact that
considered next by adsorbing two OH species on top of the surface. the aggregate will form in the condition where the initial ¢1)
This cluster model authorizes various OH distributions as it exhibits Si—CH,—CH,—0O—CO—CHjz synthesized chains are hydrolyzed
four surface silicon atoms. In all calculations, the substrate silicon atoms under water exposure to give rise to the (@H3i—CH,—CH,—

are frozen except the Sjdike silicon atoms bonded to OH. O—CO—CHjz molecules considered here; otherwise, no dimer
can be formed. It is, therefore, implicit that, in anhydrous
solution, dimerization occurs in contact with the thin water layer

I1l. Results and Discussion

(A) Grafting of One Organic Chain on the Surface.The  aitached to the substrate. Thus, the chains condense among
grafting of one isolated organic chain on the silicon dioxide themselves, giving rise to the dimer (reaction 2) shown in Figure
surface can be written as the following reaction 1: 2.
cluster+ organic chain— grafted complex (1 H,O (1) 2 x trihydroxysilanes— dimer (1)+ H,0 @)

Before minimization, the organic chain is positioned normal e majn structural characteristics of the dimer (1) are reported
to the surface (starting geometry). The resulting grafted complex;, tapie 2. The interaction energy of the dimer (1) is about

(1) is sketched in Figure 1, and its main structural characteristics j 31 e\ exothermic. The dimer (1) is stabilized by a covalent

are report.eq ir‘ Tqble 1, column 1. ) Si;—0;—Si; bond with an angle of 12723 The predicted
After minimization, the grafted complex (1) lies flat to the  tarmolecular distanc&(Sih—Siy) is around 2.969 A. The

surface and is finally stabilized by two different interactions: q,ctyre of this organization clearly shows that the alignment
(i) the organic chain is grafted on one side with a covalentSi ¢ the 1o chains is disturbed (the distance between the two
0O;—Si;3 bond and (ii) in the other side of the chain with an

electrostatic force defined by one specific local structure (54) Held, A.; Pratt, W. DJ. Am. Chem. Sod993 115 9708-9717.
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Figure 2. Structure of dimer (1); see also Table 2, column 1.

Table 2. Total Energy and Selected Structural Data for Dimer
Molecules?

dimer dimer (1), dimer(2),

molecules Figure 2 Figure 3

total energy —1572.123057 —1194.974908 Figure 4. Grafting of two chains of organosilane on the silica surface; see
Covalent Bond: SiO—Si also Table 1, column 2.
s(ssi'll__gg) ig;e i'é& groups in Figure 2 increases the opening of the angle between
(0.005% (0.004¥ the axis of both chains (s&¥C;—C,) and the Si—O;—Si; angle

R(C1—C2) 11.48 7.42 in Table 2). This opening acts in favor of the formation of two
<(Sii—01— %) 127.3 138.6

hydrogen bonds between the bulk hydroxyl groups instead of a
aEnergies are in Hartree, distances in angstroms, and angles in degree .Smgle one in the t_runcateq case.
b Numbers in parentheses correspond to the elongation of th® 8bnds Second, the steric repulsion should be clear from the geometry
with respect to the monomers. shown in Figure 3, where the chains are truncated so that
Coulombic effects are avoided at the termination of the chains.
Unfortunately, the cluster is also stabilized by one hydrogen
bond arising from the bulk hydroxyl groups terminations acting
in the same direction as the steric repulsion.

(C) Grafting of Dimerized Chain Organosilanes on the
Surface. The adsorption of the dimer (1) on the silica surface
is given by the following reaction:

cluster+ dimer (1)— grafted complex (2)+ H,O (3)

The grafted complex (2) is sketched in Figure 4, and their
calculated structural data are reported in Table 1, column 2.
The initial positioning of the dimer is, as in the previous case
of the isolated chain, normal to the surface. In contrary to the
grafted complex (1), the grafted complex (2) is stabilized by
only one covalent StO—Si bond, having an angle(Si;—O1—
chain terminationsR(C;—Cy)) is about 11.4 A). This is due,  Sis) of 142.9 compared to a nearly linear bond in complex
possibly, to the steric repulsion between the alkyl chains and/ (1). The fact that the dimer is not interacting with the cluster
or to the—OCO—CHjs groups exhibiting a Coulombic repulsion. by the hydrogen bond is probably due to the presence of the
Note that some distortions in the alkyl groups alignment occur. covalent Si—0Os;—Siy bond between the two chain organosilane
To better understand the part of responsibility between thesemolecules. This bond does not allow the rotation of the second
two possible repulsive mechanisms for losing the alignment of chain around the SiO—Si axis. Finally, the two chains remain
the two chains, the dimerization reaction of two Si(@H) nearly perpendicular to the surface, which is in good agreement
(CHy).—CHs molecules is now considered with the chains free with the experimental picture.
of their reactive &0 terminations (see Figure 3 and Table 2). The bond lengti(Si;—01) decreases by 0.017 A with respect
The interaction energy of dimer (2) is around 0.22 eV. This to the same bond length before grafting. This means that the
dimer is also stabilized with covalent-SD—Si bonds having frequencyv(Si;—0s) is less blue-shifted in the case of grafting
an angle €(Sii—0,—%,)) of 138.6. The intermolecular distance  complex (2) than that in (1). The bond length of OH is nearly
R(Si;—Siy) is about 3.10 A. These results confirm that at least unchanged. Within the dimer, the calculated ang(8iz—Os—
the Coulombic part of the repulsive interaction takes place Siy) changes from 127.3 to 166,3and the intermolecular
during dimerization. First, the Coulombic repulsion is confirmed distanceR(Sis—Sis) varies from 2.97 to 3.25 A. The steric
by the fact that the presence of the terminated@ G oxygen hindrance between the two chains is still present, which therefore

Figure 3. Structure of dimer (2); see also Table 2, column 2.

J. AM. CHEM. SOC. = VOL. 127, NO. 27, 2005 9779
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slightly keeps the two chains far from each other (the larger hydrogen bonds. In this view, the initial OH surface distribution,
intermolecular distance between carbon atdrRi€;—C,) is as well as the chain length, is the key parameter of further
around 7.33 A). Note that this distance is much shorter than growth of the layer. Beyond the single molecule picture, we
the same distance in the dimer before the grafting. The decreasenvestigate the gas phase possible precursor/precursor inter-
in bond length is due to some distortion in the alkyl groups’ action. It is shown that stable dimers may form that can
alignment occurring in one of the two chains after their subsequently be chemisorbed on the surface. This gives rise to
interaction with the surface. This explains that the grafting of a complex that, contrary to the single molecule picture, stands
the dimer on the silica surface gives a better organization of on the surface, potentially nucleating a well-defined homoge-
the chains themselves. neous monolayer growth. We, therefore, believe that the growth
The interaction energy of the grafting system is around 0.63 of homogeneous self-assembled monolayers requires the pres-
eV. The difference in the interaction energy between the two ence of water molecules at some stage of the experimental
grafting complexes is due to the absence of the intermolecular geposition procedure to preorganize (through dimerization) the
hydrogen bond and the deformation of the covaleqt &, — chain organosilane compounds before grafting. The role of water
Siz bond in the case of complex (2) (142&mpared to 172%. thus appears to be dual as its presence may be at the origin of
The analysis of the charge indicates a partial charge of 0.31 aggregate formation on top of the self-assembled monolayer.
el located on the dimer anc0.31 |e| located on the cluster. Moreover, we believe that the experimental calibration
As noted for complex (1), the charge transfer and the modifica- - .
tion of the two systems upon adsorption are clear evidence of(process conditions, nature of the .solverllt...,. hydrolysis of thg
precursor molecule under current investigation) could benefit

the chemical nature of the interaction. . L
from this type of calculation in order to form self-assembled
IV. Conclusions monolayers efficiently and reliably.

The formation of self-assembled organic monolayers on
microelectronics-type substrates is a key issue of emerging c
nanobiotechnologies. Quantum chemical calculations are per-
formed to better understand the grafting of chain organosilane
compounds on the silica surface. We observe that a single
molecule chain interacting with the surface tends to lie flat on
the SiQ through two different types of bonding: covalent and JA040246U
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