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In this work, we study the effects of the tert-butiloxycarbonyl protecting group at the adsorption coverage of
protected 1-amino-3-cyclopentene �ACP� on the Si�100� surface by using a large cluster with a quantum-
mechanical/quantum-mechanical hybrid calculation methodology. We find that at lower coverages, the adsorp-
tion energies do not vary significantly from the ones obtained previously for the unprotected ACP form. At
medium coverages, we find some energetic deviations that are due to counter-intuitive attractive forces be-
tween the adsorbed molecules. These attractive forces make it more probable to find groups of two and three
protected ACP �BACP� molecules adsorbed right next to each other. Higher surface coverages, however, seem
to be severely affected by geometrical restrictions that should be enough to prevent further adsorption. In the
end, we conclude that the protecting group works extremely well and can actually increase the final attainable
coverage for ACP on the Si�100� surface.

DOI: 10.1103/PhysRevB.75.125413 PACS number�s�: 68.43.Bc, 68.43.Fg, 68.47.Fg

I. INTRODUCTION

In 2002 Lin et al.1 used the 1-amino-3-cyclopentene
�ACP� molecule to functionalize the Si�100� surface as a first
step in a process that aimed to attach single-stranded DNA
�ssDNA� to the same surface for later use as a specific DNA
sensor. Problems encountered in the efficiency of their
method2–8 have made them use the tert-butyloxicarbonyl
�tBOC� group to protect the amino group of the ACP mol-
ecule to prevent it from reacting with the Si�100� surface.
The protected ACP �BACP� was found to have a much better
behavior when connecting to the surface. When it was later
on deprotected and all the remaining surface preparation
steps were executed, it was found that it would lead to a
correctly functionalized surface. When this surface was then
used as a ssDNA sensor, it was found that it could be used to
detect even single-base mismatches between the tester ss-
DNA attached to the surface and the complementary ssDNA
in the tested solution. These tests, however, showed that con-
tinuous use of this surface for ssDNA sensing resulted in a
decrease of the measured optical signal with each testing
cycle, i.e., the sensor showed that it was not stable or robust
enough to allow for continuous use.1 However, similar stud-
ies performed in carbon surfaces9 showed that the signal
stays relatively stable in time, and this makes us wonder if
the problem is not in the different protection requisites of
each of these surfaces. Silicon surfaces are prone to oxidiz-
ing attack,10 while carbon surfaces are much more resilient.

The tBOC protecting group seems to function correctly
because its volume is keeping away the amino group from
the surface.11 This is exactly what it was supposed to do, but
then another problem arises. Is the tBOC group avoiding a
large portion of the surface to be covered by the functional-
ization process? Is it inducing a large portion of holes in the
functionalization layer? These can be important issues since
they can compromise surface protection against oxidizing

agents10 such as water12 and oxygen13 present in the DNA
samples that will have to be subsequently analyzed by the
sensor. In this work, we tried to address these problems and
understand how the protecting group is affecting the final
coverage of the surface.

Some previous theoretical work has been done on the ad-
sorption of ACP on the Si�100� surface.11,14–16 It was shown
that the ACP maximum coverage could ideally achieve
roughly half-monolayer �0.5 ML� coverage.16 This is in
agreement with scanning tunneling microscopy studies done
with cyclopentene,17,18 which show that this molecule typi-
cally adsorbs in half-monolayer coverages on the Si�100�
surface. Since the amino group is small and its position in
the molecule upon adsorption is not affecting the apparent
surface area occupied by each ACP molecule when com-
pared with cyclopentene, we would expect them to behave
similarly. However, when we start thinking about the tBOC
protecting group, we quickly realize that its volume can in-
deed present a problem and induce a lower surface function-
alization coverage. Since the protecting group is later on re-
moved, this would leave a lower quality functionalization,
with the surface full of holes. Ideally, we would want com-
plete surface coverage,19–21 but that is not possible even with
the unprotected ACP, so we were expecting that the maxi-
mum attainable coverage for the protected form would be
similar to the unprotected one.14 With this work, we tried to
find some answers to this problem by testing different ad-
sorption patterns on the surface. Basically, we tested several
combinations of adsorbed molecules and free surface spots
and observed how they affect the adsorption energies relative
to their positions and distances.

II. METHODOLOGY

In this work, we used the same methodology that we had
previously used when studying the unprotected ACP cover-
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age on the Si�100� surface,14 i.e., we used a large cluster
�Si273H104� and a quantum-mechanical/quantum-mechanical
hybrid calculation scheme �ONIOM�,22–24 as implemented in
the Gaussian03 software package.25 We concentrated the
higher-level density-functional theory26–28 �DFT� methodol-
ogy �B3LYP� �Ref. 29� with the SHC* basis set30,31 in the
central part of the cluster, where the adsorption is made, and
the lower-level semiempirical AM1 method32 in the outer
part. With this cluster, we can easily represent 21 surface
dimers, disposed in a 7�3 array, reserving the central five
dimers as the testing positions for our study. These five cen-
tral dimers are the ones represented by the high-level DFT
method, while the remaining 16 outer dimers are accounted
for by the AM1 calculation and serve as a constant, control-
lable and more realistic environment for the central part.33

In the five central positions, we tested several coverage
situations by using different combinations of occupied and
unoccupied dimers. The dimers where BACP adsorption oc-
curred are the occupied positions, while the free and clean
silicon dimers are the unoccupied ones. By calculating the
differences between different combinations, we could under-
stand the effect that the environment surrounding an adsorb-
ing BACP molecule could induce on its adsorption energy.
The cluster’s lower-level outer part has been made invariable
throughout all the calculation structures and represents a 0.5
ML coverage; that is, from the 16 dimers present in this
situation, half of the positions are occupied with adsorbed
BACP molecules, while the free dimers have been kept pas-
sivated with hydrogen atoms. Figure 1 shows a top view of
the cluster with a single BACP molecule adsorbed in the
central testing position and the eight lower layer BACP mol-
ecules that emulate the 0.5 ML coverage represented in dark
gray sticks.

To represent the different combinations, we devised a
symbolic representation consisting of a sequence of five A or
“�” to represent an occupied or an unoccupied position, re-
spectively. In this formalism, a representation of AAAAA de-
notes a fully covered surface, that is, a complete monolayer
�1 ML�, while a representation of � �A � � symbolizes a single
adsorbed BACP molecule in the central position �as shown
on Fig. 1�. The A �A �A and �A �A� representations both, refer,
to a half-monolayer coverage �0.5 ML�.

In a previous work where we studied the coverage effects
on the unprotected ACP molecule,14 we started by calculat-
ing the fully covered surface structure and then proceeded by
removing molecules from the surface to get the desired cov-
erages. In this work, however, we did it the other way
around, starting with the clean surface and then binding mol-
ecules to it to get the desired coverages. This was done for
two reasons. First, when we tried calculating the fully cov-
ered surface model, we found that the BACP molecules were
very mobile and interfered with each other much more than
the ACP molecules. That meant that the optimizations were
more difficult and took more CPU time to perform. Second,
since we know that the surface coverage should be no higher
than the one that we found for the unprotected ACP �approxi-
mately 0.5 ML�, it made no sense to spend that amount of
calculation time and resources to perform those big calcula-
tions right from the beginning. This fact affects the compari-
son between ACP and BACP, since we do not have exactly
the same structures. Even so, we can easily compare similar
situations and take valid conclusions from it.

III. RESULTS AND DISCUSSION

It should be noted that all the calculated values refer to
adsorption electronic potential energies and not to adsorption
free energies. This means that no temperature or entropic
effects are being taken into account. The reason for that is
that the calculations are too big for us to be able to calculate
those corrections. However, since we are mainly doing a
comparative study, the absolute values are not very important
given that these corrections should not be too different in all
the calculations. The relative values should be, on the whole,
barely affected. Moreover, a previous theoretical study11 has
calculated these corrections for the adsorption of ACP on
Si�100� and found that they accounted for 10–12 kcal mol−1.
Therefore, we can simply assume that these corrections
should be roughly the same and take that value into account
when we see the values presented in this work.

A. Single-molecule adsorption energy variation

Since we had five testing positions in the cluster, we had
to check if all of them were equivalent. Ideally, they should
be exactly the same with the possibility to find a small dif-
ference when the adsorbed molecule was aligned or not with
the molecules present in the outer lower-level part. For in-
stance, Fig. 1 shows a situation where the central adsorbed
molecule is not aligned with any of the lateral row mol-
ecules. If it was adsorbed one position to the left or to the
right, then it would be aligned.

The results for the five single-molecule adsorptions are
presented in Table I. We can clearly see that there is a ten-
dency for higher �more negative� adsorption energies in the
extremes of the testing positions, where we found values
around −42 kcal mol−1, and gradually decreasing in a more
or less symmetric way to the central position, where we
found a value of −39.5 kcal mol−1. We do not see a pattern
indicating alignment with the molecules adsorbed in the lat-
eral dimer rows. This result shows us two things. First, there

FIG. 1. �Color online� Top view of the Si273H104 cluster. Balls
represent the higher-level layer atoms and sticks represent the
lower-level layer ones. Light gray sticks represent silicon atoms and
dark gray sticks represent BACP atoms.
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is no significant repulsion between molecules adsorbed in
adjacent dimer rows; i.e., although the protecting groups are
bulky, the distance between silicon rows is large enough to
easily accommodate them. Second, our cluster model is
showing some weakness in the representation of the ad-
sorbed structures at the limits of the testing zones. This
clearly happens because the DFT cluster part has a limited
size, and although the semiempirical part is avoiding a rep-
resentation where the DFT part ends directly into vacuum, it
is still not enough to completely eliminate that effect. This
also means that all the calculations performed in small clus-
ter models should be affected by this variation, which, in our
case, even using an outer layer, accounts for nearly
3 kcal mol−1. To avoid this variation, we should only com-
pare structures where the molecules are adsorbing in the
same position, which, ideally, should be the central one.

B. 0.5 ML adsorption states

Table II shows several final structures where the adsorb-
ing molecule is two positions away from another molecule
already present at the surface; i.e., there is always a free
silicon dimer in between. We can see that the adsorption
values for different positions and neighborhoods barely
change from the comparable single-molecule adsorption
structures. At most, we see a decrease of a few tenths of
kcal mol−1 This means that, as we had seen for the ACP
molecule, the BACP molecules can easily adsorb in a 0.5
ML coverage without feeling any repulsive effects between
them. In fact, by comparing the last two values in Table II,
we can see that there seems to be a slight stabilization effect
between molecules, since we observe that adding another
molecule at two positions away from the adsorbing one ac-
tually increases the adsorption energy in 0.3 kcal mol−1. This

same situation can be seen in the third structure, which
shows a difference of 0.8 kcal mol−1 to the next structure and
is 0.5 kcal mol−1 higher than the equivalent single-molecule
adsorbed structure. Although this effect is small, it is still
relevant and it looks like it is caused by an attractive force
between adjacent adsorbed molecules, most probably inter-
actions between the NH and the COO groups of the protect-
ing groups. The possibility of formation of hydrogen bonds
involving these groups is discussed in Sec. III D.

C. Higher coverage structures

Next, we tried to understand how the molecules would
behave if they adsorbed right next to each other, creating
groups of two or three molecules in consecutive dimers in
the same dimer row. Table III shows the structures used to
understand this. On the whole, what can be seen is that the
energies are not as low as we would expect them to be.
Although these bulky molecules are adsorbing right next to
each other, the difference between the equivalent single-
molecule adsorption is roughly 4 kcal mol−1 for the two-
molecule groups and 10–14 kcal mol−1 for the three-
molecule groups. This happens for two reasons. First, the
adsorbed molecules have relatively high flexibility in their
connection to the surface. This allows them to bend and get
farther away from each other, providing the space needed.
However, this also happened with the unprotected ACP form,
and we still did not see these small energy differences. The
second reason explains this, since we can now clearly notice
that there is a significant effect resulting from attractive
forces that are stabilizing these molecules that get close at
the surface and, obviously, the closer the molecules get the
more significant this effect turns out to be.

Figure 2 shows a side view of the central dimer row of the
cluster representing the �AAA� structure. We can clearly see
that the BACP molecules are bent relative to the surface to
provide space for each other. Furthermore, the distortion is
such that further adsorption right next to this three-molecule
group should be very hard to accomplish.

D. Hydrogen-bond formation

The introduction of a carboxylic group in the system has
some significance. The coexistence of CvO groups right

TABLE I. Single BACP molecule adsorption energies. A repre-
sents the adsorbing molecule.

Transition �E �kcal mol−1�

� � � � � → � � � �A −42.2

� � � � � → � � �A� −40.4

� � � � � → � �A � � −39.5

� � � � � → �A � � � −41.2

� � � � � →A � � � � −42.0

TABLE II. 0.5 ML coverage BACP molecule adsorption ener-
gies. A represents the adsorbing molecule.

Transition �E �kcal mol−1�

�A � � � → �A �A� −40.1

� � �A � → �A �A� −40.9

�AA � � → �AA �A −42.7

� �A � � → � �A �A −41.9

� � � �A→ � �A �A −39.2

A � � �A→A �A �A −39.5

TABLE III. Adsorption energies for the formation of two- and
three-molecule BACP molecule groups. A represents the adsorbing
molecule.

Transition �E �kcal mol−1�

� �A � � → � �AA� −35.1

� � �A � → � �AA� −36.1

�A � � � → �AA � � −36.4

� �A � � → �AA � � −37.4

�AA � � → �AAA� −30.5

�A �A � → �AAA� −26.0

�AA � � → �AAA� −30.5
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next to NuH groups always represents the possibility of
formation of hydrogen bonds between adjacent molecules.
Indeed, we found that formation of hydrogen bonds is pos-
sible in this system when two molecules adsorb right next to
each other. However, this is accomplished at the expense of
some energy that is being used to distort the molecules, so
that they align in such a way that the relevant groups come
closer. We found that the adsorption energy for the H-bond-
containing structures was actually lower �less negative� than
that of the equivalent structures with no H bond by
3 kcal mol−1; i.e., the energy required to overcome the dis-
tortion and repulsion that allow the molecules to form the H
bond is actually higher than the stabilization energy that re-
sults from its formation. Figure 3 shows the side view of two
�AA � � structures with the upper one showing the optimized
geometry for the structure with no hydrogen bond and the
lower one showing the structure containing the hydrogen
bond. The large geometrical distortion required for H-bond
formation is clearly visible. The distance between the oxygen
atom and the nitrogen of the amino group involved in the H

bond �O¯HuN� is 2.98 Å, while the oxygen to hydrogen

distance �O¯H� is 2.04 Å. The OĤN angle is 151°. All of
these values are quite typical for a hydrogen bond.

E. BACP vs ACP comparison

To understand exactly what are the differences that result
from the use of the protecting group, we show in Table IV
the comparison between equivalent situations for the pro-
tected and unprotected ACP forms. To minimize energy
variation from the cluster model as discussed above, we are
only comparing structures where the adsorbing molecule is
always in the central position. What can be seen is that, on
the whole, the same tendency is found for both molecules.
However, the BACP energies decline less steeply than the
ACP ones with increasing surface coverage. When we get to
the three-molecule groups, we can see that the difference
already accounts for 6 kcal mol−1 As previously discussed,
this is a result of the attractive interactions between adjacent
molecules and may be responsible for higher than 0.5 ML
coverage surfaces. There is, however, no experimental study
that has ever addressed this issue, so we can only put forward
the hypothesis. Even taking into account the entropic and
temperature corrections, we would still get an adsorption en-
ergy of roughly −13 kcal mol−1, which is quite significant.
However, the problem that the creation of these groups may
face is a kinetic one and not a thermodynamic one. The
adsorption process for these molecules must involve the for-
mation of the intermediate state, which may be severely af-
fected by the lack of space when approaching the surface.
Since this intermediate state is not very stable with an ad-
sorption energy of around −7 kcal mol−1,12 any obstructions
can have a significant effect. Our work, however, cannot ad-
dress this issue, and only a reaction path study can give a
definitive answer to this question.

IV. CONCLUSION

In this paper, we showed that the tBOC protecting group
used to avoid adsorption through the amino group to the
Si�100� surface when adsorbing ACP does work as expected
without creating a worse coverage scenario than the equiva-
lent unprotected form would do. The space left between ad-
sorbed molecules at a half-monolayer coverage is enough to
provide space for the bulky protecting group. Moreover, we
found out that the adsorption group, due to an increase in the

FIG. 2. �Color online� Side view of the central dimer row of the
cluster showing the �AAA� structure. Balls represent the high layer
atoms and sticks represent the low layer ones.

FIG. 3. �Color online� Side view of the �AA�-structures without
formation of H bond �top� and with H bond �bottom�.

TABLE IV. Adsorption energy comparison between equivalent
BACP and ACP structures. A represents the adsorbing molecule.

Structure

�E �kcal mol−1�

BACP ACP

� �A � � −39.5 −39.3

A �A �A −39.5 −38.5

�AA � � −36.4 −34.5

�AAA� −25.6 −19.5
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attractive forces between the adsorbing molecules, actually
slightly improves the energy of the higher coverage struc-
tures when compared to the unprotected forms. This should
make it more probable to find groups of two and three ad-
sorbed molecules in consecutive dimers on the surface. We
do not know, however, if these structures are created at a
reasonable speed or if the kinetics of the process is highly
affected due to possible constraints in the formation of the
required transition state. This answer can only be obtained
through reaction path calculations or desorption scans, which
we have not yet performed.

We also found that our cluster model, although big, still
suffers from limited size problems. We saw that the five cen-
tral positions �out of seven in the same row and 21 on the
whole cluster� were not equivalent, showing energetic varia-
tion of almost 3 kcal mol−1 This should be taken into account

when adsorption studies are performed in small cluster mod-
els and total energies are being calculated.
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