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ABSTRACT: Carbon dative bond formation between an
organic molecule and a semiconductor surface is reported
here for the first time. Our studies show that the
adsorption of tert-butyl isocyanide on the (100) surface
of germanium, measured using Fourier transform infrared
spectroscopy, temperature-programmed desorption, and
density functional theory calculations, occurs via formation
of a dative bond to the surface through the isocyanide
carbon. The experimentally observed adsorption energy of
26.8 kcal/mol is the largest among any organic molecule
dative bonded on the Ge(100)-2 X 1 surface studied to
date. The dative-bonded adsorbate is characterized by a
N=C stretching frequency significantly blue-shifted from
that of the free molecule. Moreover, the adsorbate N=C
vibrational frequency red-shifts back toward that of the
free molecule upon increasing coverage. These spectro-
scopic effects are attributed to o-donation of the
isocyanide lone pair electrons to the surface.
Functionalization of semiconductor surfaces with organic
molecules has been of much interest in recent years.' > By
creating interfaces between inorganic and organic function-
alities, a plethora of future applications may become possible,
from organic semiconductors to sensors to molecular scale
patterning. The (100) surfaces of Ge and Si are of particular
interest because of their importance in electronics technologies.
These surfaces are highly reactive, with dimers formed in the
2 X 1 reconstruction that exhibit both double bond and
zwitterionic character."”> This surface property leads to
analogies with organic chemistry such as dative bonding (o-
donation, coordinate covalent bonding) that occurs upon
adsorption of many organic molecules at Si or Ge surfaces,>” in
which lone pair electrons of organic molecules are donated to
the electron-deficient down atoms of the group 14 (100)-2 X 1
surface dimers.

Isocyanides (R—N=C) are important in organic synthesis
due to their unique structure containing a monocoordinated
carbon.® The coordination chemistry and adsorption on metal
surfaces of isocyanides have been thoroughly investigated.®
Isocyanide adsorbates with o-donating geometries on metal
surfaces are known to form highly conductive n-type molecular
junctions,'®™"> and such a bonding motif can be useful for
modification of the band structure of semiconductor
surfaces.'>'* However, there are only few studies of isocyanide
adsorption on semiconductor surfaces. Kugler et al. suggested
that isocyanides yield [1 + 2] cycloaddition products on the
Si(100)-2 X 1 surface,'>'® in which the isocyanide carbon
forms a three-membered ring with a Si dimer (analogous to
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Figure 1b), inferred from a reaction of isocyanide with
disilene.”” However, their theoretical methods could not
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Figure 1. Possible adsorption configurations of TBIC on Ge(100)-
2 X 1: (a) dative bond through isocyanide carbon, (b) [1 + 2]
cycloaddition, and (c) [2 + 2] cycloaddition.

account for the asymmetric tilt of the Si dimers,"®"? which is
important in describing the reactivity of group 14 semi-
conductor surfaces.”? On the other hand, the lone pair
electrons on the isocyanide C enable nucleophilic additions,
which is a key step in many multicomponent reactions;”’
moreover, in reactions with Ge analogues of carbene and
alkyne, isocyanides form linear C—Ge Lewis adducts.”"** On
the Ge(100)-2 X 1 surface, isocyanides have been suspected as
possible reaction byproducts of isothiocyanates,”>** but the
adsorption chemistry of isocyanide on Ge(100)-2 X 1 has never
been directly studied. Notably, all allowed structures of
isocyanide adducts on Ge(100)-2 X 1 involve a C—Ge bond
(Figure 1). Only a few reaction mechanisms that tether organic
adsorbates through a direct carbon—%ermanium bond either via
wet chemistry”>~>” or in vacaum®®*” are known.

In this work, we investigate the adsorption of tert-butyl
isocyanide (TBIC) on the Ge(100)-2 X 1 surface using Fourier
transform infrared (FTIR) spectroscopy and temperature-
programmed desorption (TPD) experiments coupled with
density functional theory (DFT) calculations. We show that
TBIC is bound to Ge(100)-2 X 1 by a dative bond through its
isocyanide lone pair electrons (Figure la), providing a novel
route to create a direct carbon-surface bond. The adsorption
energy of this species is the strongest of any dative bonded
organic adsorbates on Ge(100)-2 X 1 ever reported.

All experiments were conducted in a previously described
ultrahigh vacuum (UHV) reaction chamber® with a base
pressure of <1 X 107'® Torr. The surface of a trapezoidal
Ge(100) crystal (Harrick Scientific, 19 X 14 X 1 mm?, 45°
beveled edges) was cleaned via repeated Ar" sputtering and
annealing, and the 2 X 1 reconstruction was confirmed by low
energy electron diffraction (LEED). tert-Butyl isocyanide (98%,
Alfa Aesar) was further purified by repeated freeze—pump—
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thaw cycles. TBIC vapor was exposed to the Ge crystal through
a variable leak valve. Surface exposures are reported in
langmuirs (1 L = 107 Torr-s), which are not corrected for
ionization gauge sensitivity. FTIR spectra were collected by a
Nicolet 6700 FTIR spectrometer using an external HgCdTe
detector in multiple internal reflection (MIR) geometry.
Absorption by the CaF, viewports resulted in a low-frequency
cutoff of ~1050 cm™'. All FTIR spectra were manually
corrected for baseline sloping. TPD experiments were
conducted in the same reaction chamber using a method
described previously.*" Following TBIC exposure of 1 L at 300
K, the chamber pressure returned below 5 X 107'° Torr within
10 min, at which time a linear surface temperature ramp of
1 K/s was initiated. The mass-to-charge ratios (m/e) of 27, 39,
41, 57, 68, and 83 were selected for monitoring based upon
ionization spectra of TBIC in the literature.”

DFT calculations were carried out using the Gaussian 03
suite® with the B3LYP functional. Ge ;sH,4 two-dimer and
GeygH,, one-dimer clusters were used to model the
Ge(100)-2 X 1 surface. The adsorbate molecules and the Ge
dimer atoms were modeled with a 6-311++G(d,p) basis set, a
LANL2DZ pseudopotential was used for subsurface Ge atoms,
and the terminating H atoms were modeled with a 6-31G(d)
basis set. In vibrational frequency calculations, the terminating
hydrogen atoms were assigned a mass of 74.0 u to match the
atomic mass of Ge. The calculated IR frequencies were scaled
by a factor of 0.97.>* Lorentzian line shapes with a fwhm of 10
cm™" and relative calculated intensities were used to represent
IR bands. The synchronous transit-guided quasi-Newton
(STQN) method as implemented in Gaussian 03 was used to
locate transition states,> which were subsequently confirmed as
having a single imaginary vibrational mode along the reaction
coordinate. Zero-point energy corrections were applied to all
reported energies. The molecular orbitals were visualized using
MOLEKEL® with an isovalue of 0.05.

Figure 2 shows FTIR spectra of TBIC adsorbed on Ge(100)-
2 X 1. The N—C stretching frequency indicates the
configuration of the isocyanide functionality.”® Specifically,
the feature near 2190 cm™" in the chemisorption spectra can be
assigned to the triple bonded N=C stretching mode resulting
from the C-dative bonded product. This assignment is
confirmed by comparison with DFT-calculated IR spectra of
possible product structures, among which only the C-dative
structure has a ¥(N=C) mode above 2100 cm™'. The other
structures such as [1 + 2] and [2 + 2] cycloaddition products
show calculated #(N=C) modes at 1637 and 1418 cm™),
respectively. Notably, the v(N=C) peak of surface-bound
TBIC is blue-shifted from that of TBIC vapor at 2134 cm™".%
This blue shift is explained by o-donation of the lone pair
molecular orbital of isocyanide—a state that possesses partial
C—N antibonding character’®*—to the z* state of
Ge(100)-2 X 1 localized on the down atom.* These frontier
orbitals are visualized in Figure 3. CO, isoelectronic to
isocyanides, was reported to have similar configurations on
the (100)-2 X 1 surfaces of Si and Ge.***" Upon a higher
exposure of 10 L, this ¥(N=C) peak exhibits a red shift to
2179 cm™" (Figure 2). A similar coverage-dependent red shift
was also found in our calculations where the peak at 2192 cm™
for 0.5 ML moves to 2183 cm™' at 1 ML, where one ML refers
to one adsorbate per a dimer. This coverage-dependent red
shift of v(N=C) is explained by the effect of electron density
donated from adsorbed molecules weakening adjacent
adsorbate—surface bonds.*>*
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Figure 2. Experimental and DFT-calculated FTIR spectra of TBIC
adsorbed on Ge(100)-2 X 1. The features around 2350 cm™ are due
to residual CO, (g) present in the purge boxes.
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Figure 3. (a) LUMO (lowest unoccupied molecular orbital) of the
Ge,sHj;4 cluster, (b) HOMO (highest occupied molecular orbital) of a
free TBIC molecule, and (c¢) HOMO of TBIC adsorbed on Ge;sH;4
cluster. Red and yellow, molecular orbital isosurfaces of different signs;
green, Ge; blue, N; gray, C; and white, H.

The explanation of dative bond formation of TBIC by o-
donation to the dimer 7* orbital is corroborated by analysis of
the DFT-calculated geometries of the C-dative structure (Table
1). Our calculations accurately reproduce the bond lengths of

=C in the TBIC molecule™ and of the Ge dimer*’ in their

Table 1. Experimental and Calculated Bond Lengths and
Vibrational Frequencies of the Isocyanide Moiety of TBIC
and of the Ge Dimer

free C-dative
Ge Ge
N=C dimer N=C  dimer
bond length (A) expt L167¢ 25" - -
caled 1.170 2474 1.159 2.592
vibrational frequency expt 2134¢ 2274 2192 -
em™ caled 2137 243 2192 206

“Reference 44. PReference 45. “Reference 37. “Dimer stretch and
backbond twist, ref 47.
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“free” states without adsorption interaction. Upon C-dative
bond formation of TBIC, the Ge dimer is elongated, whereas
the isocyanide group contracts. These changes are also
explained by donation of the isocyanide lone pair electrons to
the Ge(100)-2 X 1 surface 7* state, such that the bond strength
of C—N increases while that of Ge—Ge decreases. It is known
that strengths and stretching frequencies of chemical bonds are
inversely related to their lengths.*® The validity of our
calculations is supported by an accurate prediction of
VY(N=C) in both free and adsorbate configurations (Table 1).

Figure 4 shows TPD spectra of 1 L TBIC adsorbed on
Ge(100)-2 X 1. We observe a single, broad peak corresponding
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Figure 4. TPD spectra collected following 1 L TBIC adsorption on
Ge(100)-2 X 1 at room temperature.

to molecular desorption of TBIC (m/e = 83). Since the yield of
this parent ion is small,** several fragments were also recorded
during the TPD scan, among which the peak with the highest
intensity (m/e = 41) is presented in Figure 4. All recorded ions
had a single peak centered at 417 K. With a simple Redhead
analysis** employing a typical preexponential factor of 10 s7/,
this peak desorption temperature translates into a desorption
energy (Eg.) of 26.8 kcal/mol, which can be approximated as
negative of the adsorption energy (E,4) since formation and
breaking of the dative bond is not an activated process (see
below).

The calculated E_ 4 for three possible structures of TBIC on
Ge(100)-2 X 1 are shown in Figure S. Among those shown,
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Figure S. Calculated adsorption energies of TBIC on Ge(100)-2 X 1.
TS: transition states.

only the C-dative bond structure is stable enough to be
detectable in our experimental time scale of minutes. The DFT-
calculated E, 4, of —25.0 kcal/mol is close to the experimental
E.4 (—26.8 kcal/mol). Also, we could not locate a transition
state between the reactants (separated cluster and TBIC
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molecule) and the C-dative bond structure, suggesting the
adsorption process is nonactivated.*’

Recently, dative bond energies of various organic molecules
on group 14 semiconductor surfaces were tabulated in ref 3. To
our knowledge, the E4 = —26.8 kcal/mol of TBIC is the
largest reported experimental formation energy of a single
dative bond on Ge(100)-2 X 1 so far, and is even comparable
to the strongest dative bond reported on Si, where E,4 of
organic molecules are systematically larger than those on Ge.
This is in line with the periodic trends found with adsorption of
other organic molecules on group 14 semiconductor surfaces.>*
In general, dative bonding through N yields a larger E 4 than
through O of analogous adsorbates, because N has lower
electronegativity, and thus a greater propensity for donation of
electron density. Dative bonding of an organic molecule
through C, which has never been experimentally observed on
group 14 semiconductor surfaces because of the rarity of C lone
pair electrons, potentially has an even larger E 4, since C has
lower electronegativity than N.

In conclusion, strong dative bond formation of TBIC on
Ge(100)-2 X 1 was identified by FTIR spectroscopy, TPD, and
DFT techniques. The vibrational features and geometries of
TBIC adsorbates reveal the o-donating nature of the C—Ge
bonding. This dative bond through a C atom has a large
adsorption energy—the strongest yet reported for a dative
bond to the surface—as confirmed by both desorption
experiments and calculations. The direct surface-carbon dative
bond formed by isocyanide, analogous to the organometallic
chemistry of low-coordinate germanium, broadens the current
understanding of organic—semiconductor interaction and may
be utilized in future semiconductor functionalization schemes.
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