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Reaction of Epoxides with Silicon

Amine-Reactive Monolayers on Scribed Silicon
with Controlled Levels of Functionality: Reaction
of a Bare Silicon Surface with Mono- and
Diepoxides™**
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Herein we report a significant advance in the preparation of
patterned and functionalized silicon surfaces by showing that
epoxides react with scribed silicon to yield monolayers with
even greater efficiency than was reported for 1-alkenes,'™! 1-
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alkynes, > 1-halo- and o, w-dihalo- alkanes,* and alcohols.!"
But more importantly we demonstrate that amine-reactive
mixed monolayers with controlled levels of functionality can
be formed on scribed silicon from mixtures containing an a.,w-
diepoxide. As before,™° monolayer formation simply con-
sisted of wetting a dry, native oxide coated silicon surface with
a reactive liquid, which had not been degassed, and scribing it
in the air with a diamond tipped instrument. To our knowl-
edge this is the first report of the reaction of an epoxide and a
bare silicon surface (scribed or unpassivated). We are only
aware of one other independent, unpublished study of the
reaction of ethylene oxide with Si(100)-(2 x 1)."

The epoxide ring is an important functionality for
industry, as well as organic and bioconjugate!® chemistry
because of its reactivity with amines, sulfhydryls, and other
nucleophiles. Other researchers have also recognized the
importance of epoxide-terminated,”'” and otherwise amine-
reactivel'"™% or amine-terminated,"*'*) monolayers. Warning:
Many epoxides and diepoxides are suspected carcinogens.
Appropriate care should be exercised in their use.

We have considered several mechanistic pathways on
model Si(100)-2x1 and (H;Si);Si* structures that could
account for the reaction between scribed silicon and mono-
substituted epoxides (see Figure 1). If one assumes that the
silicon surface has zwitterionic reactivity, then two modes of
addition can be considered. In many respects the most logical
of these paths would involve nucleophilic attack of the
epoxide oxygen onto an oxyphilic silicon. Unfortunately, the
polar intermediate that is formed from the first step suffers
from poor orbital overlap between the silyl anion and the
antibond of the weak carbon—oxygen bond. This would lead
to a disfavored 5-endo-tet reaction according to Baldwin's
rules.'®! Formation of a high energy secondary cabocation is
necessary for the eventual formation of the disilaoxane shown
in path A.

The alternative zwitterionic reaction has nucleophilic
silicon attacking the electrophilic epoxide in an Sy2 fashion
(see path B). The resulting alkoxide would rapidly close to
give a disilaoxane. The position of the alkyl group, R, by
path B may allow better chain packing than the products of
paths A and C. Therefore, the high Cls:Si2p X-ray photo-
electron spectroscopy (XPS) ratios observed for epoxides
support this mechanism. However, it does not take advantage
of the silicon—oxygen bond strength in the first step, the rate-
determining step.

A recent theoretical study shows that alkenes bind to
Si(100)-2 x 1 through a diradical mechanism.!'”! The weakness
of the Si=Si banana bond in Si(100)-2 x 1, which “has been
estimated at values between 1 and 31 kJmol™!, with most
estimates clustering between 20 and 30 kImol "] suggests
that a diradical should be a good resonance structure for it,
and further suggests that scribed silicon may have significant
radical character. A surface silyl radical would be expected to
bond to an epoxide through its oxygen, as shown in path C.
The strong silicon—oxygen bond that would be formed
concomitantly with the opening of the epoxide ring would
be an energetically favorable event. Our ab initio calculations
on (H;Si);Si* are consistent with radical ring opening to give
the more stable secondary radical intermediate. This species
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Figure 1. Possible mechanisms for the reaction of scribed silicon with epoxides. Path A: Nucleophilic attack by the epoxide oxygen. Path B: Nucle-
ophilic attack by the silicon surface. Path C: Radical attack by the silicon surface.
a) 15} L
would rapidly close with the silicon surface to give the ring i H
structure shown. S =] .; . 3
The nature of the scribed silicon surface (radicaloid versus Cis:Si2p a
e . . 09k '
zwitterionic), the orientation(s) of the alkyl groups, the effect s
of the heat generated during scribing on the surface reaction, ol e .
and the possibility that more than one type of mechanism b) D
accounts for bonding on scribed silicon are issues that deserve " sl . '
further analysis.
Figure 2 shows XPS and wetting results from surfaces et | i ¢
prepared by scribing Si in the presence of different 1,2- L]
epoxyalkanes and also 1,2,7,8-diepoxyoctane. The Cls:Si2p afl e 8 /
XPS ratio (Figure 2a) increases as the number of carbon i
atoms in the monoexpoxide increases. This result is in accord c) . ik ' . . .
with alkyl monolayer formation by chemisorption of epox- sl 1 I | i
ides. A slightly larger Cls:Si2p ratio is found for 1,2,7,8- f $
diepoxyoctane compared to 1,2-epoxyoctane. This result is o o0l l !
consistent with a higher concentration of oxirane rings in '
1,2,7,8-diepoxyoctane, compared to 1,2-epoxyoctane, thus 80 L '
leading to a higher surface concentration of alkyl chains. = o ! oy e
Figure 2b shows a steady increase in the ratio of chemically 4 & 8 10 12 14 16
unshifted carbon (carbon bonded only to carbon or hydrogen) i
versus carbon bonded to one oxygen atom. As expected,  Figure 2. Physical properties of silicon scribed under 1,2-epoxyalkanes
1) the fraction of chemically shifted carbon from the mono-  (circles) and 1,2,7,8-diepoxyoctane (triangles, note arrows) as a func-
layers decreases as the chain length of the monoepoxide tion of the number of carbon atoms, n, in the reactive liquid:
increases, and 2) there is more chemically shifted carbon on a) C1s:Si2p XPS uncorrected area ratio, b) XPS ratio of carbon
. . (bonded to carbon or hydrogen) to carbon bonded to one oxygen
the surface prepared by scribing under 1,2,7,8-diepoxyoctane atom, and ) sessile water contact angles, 6, (in degrees).
than under 1,2-epoxyoctane.
The sessile water contact angle measurements of the
surfaces prepared from monoepoxides shown in Figure 2¢  attachment of diepoxides to surfaces through a single epoxide
increase as the number of methylene units in the monoep-  ring.
oxide increases. As before,['l the unusually high contact angles Monolayers prepared from 1,2-epoxyoctane and 1,2,7,8-
for these surfaces is attributed to surface roughness. These  diepoxyoctane were also characterized by time-of-flight
results suggest increasingly thick and dense alkyl monolayers.  secondary ion mass spectrometry (ToF-SIMS). Table 1
The relatively low contact angle from the surface prepared shows peak areas of selected masses from the resulting
with 1,2,7,8-diepoxyoctane is consistent with a polar head spectra. As expected, 1) more (CH,),C,H;O" (n=0, 1, 2),
group, that is, an oxirane ring, at the monolayer surface, and ~CHO*, and CH,O" appear in the mass spectra of surfaces
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Table 1: Intensities of cationic fragments in ToF-SIMS of Si scribed under
1,2-epoxyoctane and 1,2,7,8-diepoxyoctane.

Fragment (with proposed struc- 1,2-epoxyocta-

1,2,7,8-diepoxyocta-

ture) nel? nel?
O+
/ \ 0.02340.003  0.066-0.002
HyC CH
o)
HaCL_ / \ 0.014+0.003  0.023+0.006
HC CH,
o
CH,
N / \ 0.0043+0.0016 0.0070-0.0014
H,C HC CH,
CsH,O0* 0 0
cHO* 0.0104£0.0012 0.0527+0.0147
CH,O* 0.0002 £ 0.0031 =+ 0.0004
CH,* 0.0569+0.0092 0.0648+0.0128
CH,CH,* 0.1866+0.0281 0.0976-0.0122
(CH,),CH,* 0.123440.0247 0.06590.0068
H+ 0.0178+0.0048 0.0374+0.0067

[a] Values are the ratio of the area of the fragment in question to the area
of the 2Si* peak in the same spectrum. [b] In three of four measurements
no signal was observed. Errors are \;—%, where t=3.18 for 95 % confidence
with three degrees of freedom, s is the standard deviation of four
measurements, and N=4.

prepared by scribing under 1,2,7,8-diepoxyoctane than under
1,2-epoxyoctane, and 2)the yield of CH;CH," and
CH,CH,CH," is greater in surfaces derived from the mono-
epoxide than from the diepoxide.

An important method of tailoring surface reactivity and
properties is to create mixed monolayers through chemisorp-
tion of more than one reactive species.'”?! Figure 3 shows the
physical properties of mixed monolayers that were prepared
by scribing silicon in the presence of mixtures of 1,2,7,8-
diepoxyoctane and 1,2-epoxyoctane. As expected from the
results in Figure 2, the Cls:Si2p XPS ratio increases (see
Figure 3a) and the sessile water contact angles decrease (see
Figure 3¢) as the mole fraction of 1,2,7,8-diepoxyoctane
increases. As before,!J these results suggest kinetic, and not
thermodynamic control in monolayer formation.

The amine reactivity of epoxides is used to couple proteins
in bioconjugate chemistry® as well as in many industrial
processes. Figure 3 shows the reaction of mixed monolayers
prepared from 1,2,7.8-diepoxyoctane and 1,2-epoxyoctane
with 1-aminooctane. After this reaction, the Cls:Si2p (Fig-
ure 3a) and N1s:Si2p (Figure 3b) XPS ratios, as well as the
water contact angles (Figure 3c¢) increase above initial levels
with increasing 1,2,7,8-diepoxyoctane concentration in the
scribing liquid. Thus, amine-reactive surfaces with controlled
degrees of available functionality are prepared on scribed
silicon by using a mixture of a mono- and a bifunctional
epoxide.

Epoxides react with gaseous HCI, and this reaction has
been used to label them for XPS studies.*"*?! Functionalized
patches!!! prepared from neat 1,2,7,8-diepoxyoctane and from
neat 1,2-epoxyoctane were exposed to fumes of concentrated
HCI for 1 hr at room temperature. Following this exposure
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Figure 3. Physical properties of mixed monolayers prepared by scribing
silicon under binary solutions of 1,2-epoxyoctane and 1,2,7,8-diepoxy-
octane before (circles) and after (triangles) reaction with 1-aminooc-
tane: a) C1s:Si2p XPS uncorrected area ratio, b) N1s:Si2p XPS uncor-
rected area ratio, and c) sessile water contact angles. y =molar frac-
tion.

the surfaces derived from 1,2-epoxyoctane had no Cl by XPS
but those derived from 1,2,7,8-diepoxyoctane showed signifi-
cant amounts of Cl (~27 C atoms per Cl atom, or ~3.5 alkyl
chains per Cl atom). After HCI exposure, ToF-SIMS of the
diepoxide surface showed pairs of fragments with the same
ratio and spacing as naturally occurring **Cl and *’Cl; these
masses were attributable to CH,CI", CHOHCH,CI", and
CH,CI . Corresponding pairs of peaks were neither obtained
from the monoepoxide surface after HCI exposure, nor in the
mass spectra of the surfaces prior to reaction.

Thus, a combination of instrumental characterization and
chemical studies indicate that scribed silicon reacts with
mono- and di-epoxides to produce alkyl monolayers. Materi-
als and methods for the amine reaction, the surface character-
ization, and semiempirical calculations are given in the
Supporting Information.
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