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Abstract: The adsorption of diazirine, cyclic CH,N,, on Pd(110) was studied using X-ray photoelectron spectroscopy and
temperature-programmed desorption. Three chemisorbed states of diazirine are populated on Pd(110) at 107 K. The first
state to grow in is characterized by a narrow N, feature at 398.3 eV, the second by a broad feature at 399.5 eV, and the
third by a broad feature at 402.1 eV. We label the three adsorption states as the a-, 8-, and v-states, respectively. Angle-resolved
XPS measurements and the observed N, peak width show that the latter feature arises from a highly tiited species with
two inequivalent nitrogens. On the basis of the angle-resolved measurements, the binding energies, and the peak widths and
with reference to the geometry of diazirine—metal complexes it is argued that the a- and - states involve substantial =-bonding
to the surface whereas the y-state is bonded to the surface via a o-donor bond. In the case of the vy-state, the NN bond of
diazirine is tilted away from the surface, whereas for the a- and g-states the NN bond is roughly parallel to the surface. TPD
measurements show that in addition to a molecular desorption state of diazirine, methane, ethylene, nitrogen, hydrogen cyanide,
and hydrogen are evolved from the surface. Ethylene desorption is only observed for high initial surface coverages of diazirine.
These results indicate that both CN and NN bond scission occur. Adsorbed methylene resulting from CN bond scission is
characterized by a Cy, binding energy of 283.6 ¢V. NN bond cleavage results in the deposition of atomic nitrogen, which
yields an Ny, feature at 396.9 eV, and a species which we assign to NCH 4 as characterized by a C ) peak at 285.5 eV
and an N, peak at 398.3 eV. The formation of adsorbed CH, species is observed at 130 K and coincides with the removal
of the y-state. The cleavage of the NN bond occurs above 150 K and coincides with the attenuation of the a- and S-states.
Therefore, we conclude that the adsorption geometry of diazirine on Pd(110) determines the selective activation of the NN
and CN bonds. This behavior may be rationalized in terms of the frontier orbitals of diazirine and the different modes of
chemisorption to the palladium surface. A o-donor bond between diazirine and palladium results in the removal of electron
density from an orbital that is bonding in CN and antibonding in NN. In contrast, w-back-donation between diazirine and
palladium involves electron transfer to an orbital that is antibonding in NN. The surface chemistry of diazirine is then very
dependent on the adsorption geometry given the fact that it is a strained molecule which contains latent molecular nitrogen
and which may be activated at either the CN or the NN bond. The strong intramolecular driving force toward the elimination
of molecular nitrogen is at the origin of the fact that the third adsorption state of diazirine on Pd(110) is the first to decompose
on heating and that a fraction of the adsorbed molecule decomposes to eject free methylene into the gas phase. The metal

surface serves to activate the various observed processes.

Introduction

Adsorption of simple molecules on metal surfaces typically
displays a chemistry which involves the sequential filling of ad-
sorption sites characterized by distinct adsorption energies and
by distinct reactivities. For example, Poalta and Thiel! observed
that the initial adsorption of benzene on Ru(110) is dissociative.
Further exposure to benzene leads to a molecularly adsorbed state
which desorbs between 120 and 180 K, and multilayer formation
occurs at still higher exposures. The same type of behavior can
be observed by direct spectroscopic techniques. An example is
the adsorption of CO on Mo(110) for which Chen et al.? report
that low coverages are characterized by a »(CO) stretching fre-
quency of 1345 cm™ whereas higher exposures lead to the detection
of a species characterized by a »(CO) value of 1935 cm™. The
thermal decomposition of an adsorbed simple molecule such as
ethylene? involves the abstraction of hydrogen atoms from the
adsorbed molecule by the surface and the formation of a met-
al-hydrogen chemisorption bond. The adsorbed hydrogen atoms
may then, under suitable conditions, recombine to desorb as
molecular hydrogen. The remaining hydrocarbon fragment usually
undergoes further decomposition on the surface. However, more
complex molecules may display a somewhat less typical behavior.
For example, Liu and Friend* report that the strained molecule
2,5-dihydrothiophene undergoes a reaction on Mo(110) wherein
the sulfur atom is deposited on the surface and the remainder of
the molecule reorganizes intramolecularly to achieve the elimi-
nation of gaseous butadiene. In this paper we present results for
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the chemistry of diazirine on Pd(110). Despite its beautifully
simple C,, geometry, diazirine is a complex adsorbate from the
following points of view. This cyclic isomer of diazomethane
displays a strain energy of approximately 20 kcal mol™.5¢
Through decomposition it can generate molecular nitrogen, a
species characterized by a very high bond energy. The NN bond
in diazirine is, however, relatively weak. Fukui et al.,” in a mo-
lecular orbital study of nitrogen fixation, used diazirine as a model
for molecular nitrogen side-on bonded to a metal complex. The
highest occupied molecular orbital of diazirine is nontypical.® The
HOMO orbital is derived from the symmetry-allowed mixing of
the carbon 2,, orbital with the out-of-phase combination of the
two nitrogen lone pair orbitals. The resultant molecular orbital
is predominantly CN bonding with some NN antibonding
character. On the other hand, the LUMO orbital is a =* orbital,
as in the case of the prototypical adsorbate, CO. For diazirine,
the latter orbital is essentially NN antibonding and is predicted
to be situated at approximately —7.5 V.2 The HOMO orbital
of diazirine is located at approximately —11.5 eV.# The predicted
(EHT) values for the LUMO and HOMO orbitals of CO are
-12.4 and -8.3 eV, respectively.” Inverse photoemission studies
typically place the electron affinity level of adsorbed CO at a few
electronvoits above Ef, and UPS measurements on adsorbed CO
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place the 50 level at 8.5 eV below Er!® We assume that the
electron affinity level of diazirine on palladium is also centered
a few electronvolts above the Fermi level. Therefore, one might
anticipate a similar donor-acceptor mode of bonding between
diazirine and a transition-metal surface to that observed for
chemisorbed CO. However, in the case of diazirine, the balance
of donation and back-donation is critical in its consequences in
that the molecule presents two different bonds, the CN bond and
the NN bond, which may be activated. The chemistry of diazirine
on Pd(110) does indeed display some unusual aspects. The results
presented in this paper show that the third chemisorption state
which is observed to populate on increasing the diazirine exposure
is the first to dissociate on increasing the temperature. Fur-
thermore, both CN and NN bond breaking is observed—a phe-
nomenon which may be interpreted in terms of adsorption ge-
ometry dependent selective bond activation. An additional in-
teresting aspect of diazirine chemistry on Pd(110) is that a fraction
of the adsorbed species decomposes to yield gas-phase methylene.

In this paper we examine XPS and TPD data for the low-
temperature range over which molecular diazirine is present on
the surface. We use the results to characterize molecularly ad-
sorbed states of diazirine and to correlate selective bond activation
with the approximate adsorption geometry characteristic of each
state. As a point of departure it is useful to briefly review results
for the interaction of diazirines with organometallic complexes.
Excellent reviews on this subject have been published by Kisch
et al.'*'?  Diazirines, cyclic isomers of R,CN,, undergo ligand
displacement reactions with Cr and W carbonyls forming one or
two ¢-bonds via the HOMO orbital. In addition to the above type
of behavior, NN bond cleavage is observed for the interaction of
diazirines with Fe and Ru carbonyls resulting in the formation
of u,-NCR, ligands. Recent work by Chaloner et al. shows that
diazirines may be used for the synthesis of W, Cr, Rh, and Co
carbene complexes.!*** The Rh carbene complex is formed
through the capture of free carbene resulting from thermolysis
of the diazirine reagent. Carbene-generating molecules, such as
diazirine, ketene, or diazomethane, play an important role in
preparative organometallic chemistry and in the elucidation of
reaction mechanisms in heterogeneous catalysis.'® They are thus
excellent candidates for surface studies.!™® We find that diazirine
displays a rich thermal and photon induced chemistry on Pd(110),
and these results will be published separately.!’

Experimental Section

The measurements were performed in an ion-pumped chamber.
Typical base pressures were in the 107-Torr range. The Pd(110) sample
was mounted on a cold finger centered on a differentially pumped rotary
platform. The details of the sample holder/cold finger and the manner
in which the sample was mounted are similar to those described by
Anderegg and Thiel.!* Resistive heating was used to provide a linear
temperature ramp for the desorption measurements. The Pd(110) sample
was cleaned by prolonged cycles of Ar ion bombardment and electron
beam flashing to 1200 K. The remaining carbon was removed from the
surface through exposure to O, and flashing to 1250 K. The hemi-
spherical photoelectron spectrometer was mounted on the system with
both the extended lens and the Al/Mg photon source oriented in the
plane normal to the surface. Angle-resolved measurements were made
by rotating the rotary platform. This arrangement also permitted line-
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Figure 1. Mass spectrum of diazirine as measured on introduction into
the UHV chamber. The relative abundances given in the inset refer to
those measured by us (SMM) and those measured by Paulett and Et-
tinger (PE).?

of-sight dosing of the sample, via stainless steel tubes, and line-of-sight
desorption experiments. The quadrupole mass spectrometer was mounted
in an enclosure and oriented at a polar angle of 45° to the surface normal.
The QMS was interfaced to a PC compatible in order to operate in the
multiplex mode, and five masses were followed during each desorption
experiment.

Diazirine is a strained molecule.!® Although it is chemically inert it
is thermally unstable. The same precautions as apply to diazomethane
should be taken when working with diazirine. Diazirine may be stored
over long periods at room temperature. However, the solid-liquid or the
liquid-solid phase transition often leads to explosions. Considering the
toxic nature of diazirine and the possibility of it exploding we chose to
prepare a very small quantity of diazirine prior to each day’s experiment.
The total quantity prepared was always less than the TLV standard? for
continuous exposure over 8 h. The synthesis was performed in situ under
vacuum in a liquid N, trapped, turbomolecularly pumped, gas handling
line. The gas handling line, which was attached directly to a leak valve
on the UHV system, was constructed from stainless steel tubing, quickfit
and miniflange connections, and kovar-Pyrex tube traps. The Pyrex tubes
were coated on the outside with colloidal graphite in order to avoid
photodecomposition effects. The entire gas handling system was enclosed
in plexiglass with the toggles of the valves separating the traps protruding
through. Similarly, the coolant dewars could be moved in and out of
place using jacks thereby avoiding any line-of-sight exposure on the part
of the operator. The entire plexiglass enclosure was pumped on by a
ventilator.

Diazirine was synthesized following the procedure given by Ohme and
Schmitz.2! In the first step of the synthesis a stock of methylenediamine
sulfate was formed through the interaction of sulfuric acid with methy-
lene diformamide obtained from the reaction of formamide with para-
formaldehyde. Prior to each day’s series of experiments, 0.3 g of the
starting salt, methylenediamine sulfate, was placed in the first of the
series of traps in the gas handling line. The system was then pumped
down to less than 10~ Torr, and an ice-water bath was placed around
the first trap. The in situ reaction, to prepare diazirine, was initiated by
adding, dropwise, 20 mL of sodium hypobromite to the salt. The oxidant
was injected into the system, using a glass syringe, through a septum held
vacuum tight by a CAJON Ultra-Torr fitting. The diazirine evolved was
pumped through two traps at ~160 K (liquid N,—cyclohexane slush) and
into a liquid nitrogen trap where it was isolated and pumped on. Then,
through the use of the toggle valves, a new pumping route was opened
up and the diazirine was allowed to pass through another 160 K trap to
reach a liquid N, trap located close to the leak valve where it could be
sealed off. The diazirine was then transferred to and maintained in a trap
at 160 K for the course of the experiment. The purity of the diazirine
was verified using the quadrupole mass spectrometer. The mass spectrum
is shown in Figure 1. The agreement with published spectra®?? is ex-
cellent at m/e <28. However, the relative intensity of the parent peak
is lower by a factor of approximately 4.0 in our spectra. Calibration
measurements with Ar were performed in order to rule out the possibility
that this discrepancy was due to the mass spectrometer. We assume,
based on the excellent agreement of the spectra at amu <28, that we are
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Figure 2. XPS spectrum in the Ny, region for diazirine adsorbed on
Pd(110) at 107 K. A three-peak fit to the spectrum is shown in a. In
b, the broad high binding energy peak is resolved into two peaks.
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Figure 3. Ny, spectra for diazirine adsorbed on Pd(110) at low (o =
4.2 X 10" atoms cm™?), intermediate (gy = 8.7 X 10 atoms cm™?), and
high (o = 1.46 X 10!° atoms cm™) coverage. Surface concentrations,
N, vsvlere calculated following the procedure given by Carley and Rob-
erts.

preparing pure diazirine. The most likely contaminants in the case of
diazirine are N,, ethylene, HCN, or azine resulting from the decompo-
sition of diazirine. Decomposition of diazirine would also lead to methane
formation through the interaction of the CH, diradical with the chamber
walls. However, by comparison to the results of Paulett and Ettinger,’
the negligible intensity at m/e 27, 26, and 16 shows that the adsorbate,
as prepared, was essentially pure. An additional proof of the purity is
that the XPS spectra obtained on Pd(110) at 107 K display an approx-
imately 2 to 1 N:C intensity ratio, as expected for molecularly adsorbed
diazirine. It was difficult to accurately measure the actual exposure of
the Pd(110) to diazirine. Very low apparent exposures as measured using
the ion gauge yielded substantial submonolayer surface coverages of pure
diazirine as measured by XPS. The XPS data were treated using com-
mercial software. Good fits were obtained by using the Gaussian—Lor-
entzian product function. The background signal intensity as recorded
on the clean Pd surface in the Ny, and C,, regions for each experiment
was subtracted from the recorded spectrum. The small amount of any
remaining background was removed by a polynomial or linear back-
ground fit. Typical widths of the deconvoluted peaks were in the range
1.3-1.5 eV while the widths of the broad N, peaks due to two dissimilar
N atoms in a single species were of the order of 2.2 eV.

Results

XPS Measurements. XPS N, data for diazirine adsorbed on
Pd(110) are shown in Figure 2. The spectra obtained on ad-
sorption at 107 K are split into two broad regions, one above 400
¢V binding energy and one below. The best fit to the observed
N,s) spectra is obtained, as shown in Figure 2a, by placing one
broad peak (fwhm = 2.3 eV) at 402.1 eV, a broad peak (fwhm
= 2.2 ¢V) at 399.5 ¢V, and a narrow peak (fwhm = 1.3 eV) at
398.3 eV. However, as shown in Figure 2b, the feature above
400 eV is sufficiently broad to be arbitrarily resolved into two
peaks of roughly equal intensity at 402.6 and 401.6 eV, respec-
tively. The variation in intensity of the latter two peaks as a

J. Am. Chem. Soc., Vol. 114, No. 7, 1992 2393

[ Pd(110) + Diazirine §§ ‘

| |

c(1s)

287.0

1000

/
500 1 /
\\ 0.1 L

\

i
|

!

|

1

JA |

° 0.02 L |
—

290 280
BINDING ENERGY (eV)

INTENSITY (c/s)

Figure 4. Cy, spectra for diazirine adsorbed on Pd(110) at low (o, =
1.9 X 10" atoms cm?), intermediate (g, = 4.2 X 10! atoms cm™?), and
high surface coverage.

function of exposure, Figure 3, and of anneal temperature (data
shown below), and as a function of photon irradiation,?® shows
conclusively that the observed width of the 402.1-eV feature arises
from inequivalent nitrogens in a single state of molecularly ad-
sorbed CH,N,. In all instances the component peaks at 402.6
and 401.6 eV display the same functional dependence as one would
expect for two atoms in a single adsorbed species. The data in
Figure 3 also indicate that the N, peaks above 400 eV are not
satellites of the lower energy features, as satellite structure would
be anticipated at all coverages. Satellite structure of comparable
intensity to the main peak is observed in the case of molecular
nitrogen adsorbed end-on on metal surfaces.’ Partial screening
of the Nyy,) photoemission core hole is proposed to occur through
charge transfer from the metal to the N, =* orbital.”?> However,
in the case of diazirine, as pointed out by Yamabe et al.,” the N,
moiety is side-on bonded to the CH, group. The CH, — N, #*
charge transfer implicit in the latter mode of bonding is probably
responsible for the fact that no satellite, unscreened final state
structure is observed in the Ny, spectra of adsorbed diazirine.
The feature below 400 eV binding energy is clearly a convolution
of at least two peaks and may be resolved to yield features located
at 399.5 and 398.3 eV, indicating that at least two distinct species
contribute intensity in the region below 400 eV. For the purposes
of discussion we label the adsorbed state of diazirine which
contributes N, intensity above 400 eV as the y-state, and we
assume that two other states labeled « and 8 contribute intensity
below 400 eV. We associate the a-state with the N, peak at
398.3 ¢V. Figure 3 shows that the - and S-states grow in first
at lower coverage. With increasing exposure the y-state is pro-
gressively populated and there is an increase in signal associated
with the 8-state (399.5 eV). Adsorption at low temperature, 107
K, leads to a nitrogen to carbon ratio which averages out over
many experiments to 1.8:1 which is close to the value of 2:1
expected for molecular adsorption of CH,N,. The observed 10%
discrepancy may be due to error introduced during background
subtraction from the broad Ny, envelope which is superimposed
on a sloping Pd background. The actual ratio for the spectra
shown in Figure 3 is 2.1 N:1.0 C. As discussed below, diazirine
dissociates on Pd(110) to yield N4, and CH,,q, species which
display binding energies in the range 397.4-396.9 and 284.1-283.6
eV, respectively. The absence of features in these binding energy
ranges on exposure to diazirine at 107 K indicates that the ad-
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Figure 5. N(,, spectra as a function of anneal temperature over the range
100-700 K for diazirine on Pd(110).

Pd(110) + Diczirine i
e //\
= 380 K
2 \
E 1000 4 270 K A |
w
E 207 K ﬂ
170 K A
140 K !
|
0 107 K J
290 280

BINDING ENERGY (eV)

Figure 6. C, spectra as a function of anneal temperature over the range
100700 K for diazirine on Pd(110).

sorption is associative at low temperatures. As discussed above
in the Experimental Section, the adsorbate introduced to the
surface is itself pure. Thus we feel that essentially the entire Ny,
envelope of peaks at 107 K may be attributed to adsorbed mo-
lecular CH,N,. Note that some of the CH,N, species could
possibly be present on the surface as diazomethane as well as in
the form of diazirine if the gas—metal interaction induces ring
opening. The possibility that some cyclic-to-linear isomerization
occurs is considered in the Discussion Section. The equivalent
C 15 spectra as a function of exposure of diazirine to Pd(110) at
107 K are shown in Figure 4. The C,, spectra consist of a single
broad feature which we resolve into two peaks at 285.6 and 284.9
eV, respectively. However, since the N, spectra indicate that
three different species are present on the surface at 107 K and
since the Cy,) spectrum is a single broad peak, the two C, peaks
obtained on deconvolution should only be taken as a rough guide
to the actual composition of the C(;,) spectrum. Intensity grows
in at 285.6 eV as the y-state is populated. The results of thermal
annealing experiments also show that the 285.6-¢V C,, peak
belongs to the y-state. A weak additional high binding energy,
287.0 eV, Cy,) feature is observed in some spectra and may be
due to a small amount of condensed diazirine or more probably
to an adsorbed impurity.

A general outline of the changes in, and redistribution of, N,
and Cy,) intensities as a function of anneal temperature is shown
in Figures 5 and 6, respectively. Several important points should
be noted. The Ny, intensity decreases by approximately 70%
in the region 107-207 K. A less pronounced decrease (40%) occurs
in the C,, intensity. The ¥-N,, state is almost completely
removed at 140 K. Two new peaks emerge and dominate their
respective spectra at 170 K. The new N, peak appears at 397.3
eV and the new C,, feature appears at 283.6 eV. It is very
important to note that the new C ) peak is present at 140 K
whereas the new N, feature is not. The formation of the new
Ns) peak coincides with a decrease in the intensity associated
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Figure 7. Ny, spectra of diazirine adsorbed on Pd(110) as a function
of anneal temperature over the low temperature range in which CN and
NN bond cleavage occurs.
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Figure 8. C,, spectra of diazirine adsorbed on Pd(110) as a function
of anneal temperature over the low temperature range in which CN and
NN bond cleavage occurs.

with the a- and B-states of adsorbed diazirine. Clearly both
desorption and decomposition to adsorbed molecular fragments
occur in the temperature range 107-207 K. The carbon to ni-
trogen atomic ratio is approximately 1:1 at 270 K. The C, and
N signals at 285.6 and 398.3 eV, respectively, do not go to zero
on increasing the temperature to 270 K. We argue in the Dis-
cussion Section that the latter two features, at 270 K, arise from
decomposition products of adsorbed molecular diazirine which
are formed during annealing. Both of these features decay to zero
over the temperature range 300-450 K, a change which is ac-
companied by a HCN desorption rate maximum in TPD mea-
surements (data given below). A shift in binding energy of both
the N, and C,, low binding energy features occurs on thermal
annealing. The é(,s) feature which originally displays a binding
energy of 283.6 eV shifts toward 284.2 ¢V as the sample is an-
nealed. This shift coincides with the emergence of the Ny feature
at 397.3 eV. The latter feature shifts to lower binding energy as
the temperature is raised and is found at 396.9 eV at 600 K. A
more detailed series of spectra as a function of anneal temperature
in the region 107-190 K are shown in Figures 7 and 8 for the Ny
and C,, regions, respectively. The latter spectra illustrate a
central observation; a lower anneal temperature is required to cause
the emergence of the Cy, feature at 283.6 ¢V than is required
to cause the emergence of the N, feature at 397.3 eV. All of
our measurements show, as do the results displayed in Figure 7,
that annealing the sample to approximately 130 K results in the
almost total removal of the ¥-Ny,) peaks. This change is ac-
companied by the appearance of a peak at 283.6 eV in the C(;
spectrum and a reduction in intensity at 285.6 eV. However, it
is necessary to anneal the sample to approximately 150 K to obtain
a distinct low binding energy N, peak at 397.3 eV. The growth
of the latter feature is accompanied by a decrease in intensity of
the - and 8-N, features. The Ny, peak at 399.5 eV is es-
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Figure 9. Ny, spectra of diazirine adsorbed on Pd(110) as a function
of the take-off angle. The ratio of the intensity of the y-peak to the total
intensity of the a- and 8-peaks, as a function of the take-off angle, is
given in the inset.

sentially removed on heating to approximately 200 K. The results
shown in Figures 5 and 6 are for relatively high surface coverage
of diazirine on Pd(110). For lower exposures, such that the ratio
of the integrated Ny, intensity above 400 eV is equal to or less
than 0.5 of that below 400 eV, the decrease in the total C ;) signal
over the region 107-207 K is approximately 20%. The corre-
sponding decrease in the total N, intensity is approximately 70%.

As shown in Figure 9, it is evident that the N, spectra display
a marked angle of analysis dependent behavior. The intensity in
the v-N ;) feature relative to the N, intensity distributed below
400 eV is markedly greater at large angles, defined with respect
to the surface plane, than at angles such as 20-40°. The fact that
we can ratio one Ny, envelope against another provides an ef-
ficient means of minimizing instrumental factors as a source of
the observed angular dependence. The ratio of the peak areas
of the y-state with respect to the sum of the areas of the a- and
B-states as a function of take-off angle is shown in the inset of
Figure 9. The C, spectra do not display an angular dependence.

Temperature-Programmed Desorption and Vibrational Spec-
troscopy Data. The thermal desorption data for diazirine adsorbed
on Pd(110) are relatively complex. Data obtained at high and
at low coverages of diazirine are shown in Figures 10 and 11,
respectively. A number of significant features are common to all
of the recorded spectra. A weak nitrogen desorption peak is
observed in the region 600-700 K. This observation correlates
with the removal at 2600 K of Ny, intensity at 396.9 eV as
indicated in Figure 5. The N, peak at 396.9 eV is removed
completely on heating above 700 K. A feature at approximately
350 K for masses 26 and 27, but not for mass 28, indicates the
desorption of HCN. This conclusion is supported by the obser-
vation (Figure 5) of a decrease in the Ny, intensity at 398.4 eV
in the region 300450 K. As discussed below, the latter N ,;, peak
is attributed to an adsorbed H,CN species. The hydrogen de-
sorption spectrum contains a peak at approximately 380 K and
a broad tail which extends to temperatures above 600 K. The
latter tail is characteristic of the gradual dehydrogenation of
surface carbon species. All of the results display a striking dif-
ference between the m/e 42 spectrum, corresponding to the parent
ion, and the m/e 14 spectrum corresponding to the most abundant
ion. The latter spectrum contains an additional peak just above
200 K in each case. This mass 14 peak is accompanied by a
simultaneous desorption rate maximum for masses 28, 2, and 16.
The features are well resolved for desorption measurements in-
volving low coverages and heating rates of 5 K/s, such as displayed
in Figure 11. At high exposures, the m/e 28 peak is due to both
C,H, and N, desorption whereas only N, desorption is observed
at low exposures. The latter conclusion is based on a comparison
of m/e 28, 27, and 26 desorption traces. The spectra shown in
the lower panels of Figures 10 and 11 were obtained by subtracting
out the contributions of N,, CH,, CH,N,, and C,;H,, in the case
of high surface coverage (Figure 10), from the measured m/e 14
signal. Further details on the data treatment involved are given
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Figure 10. Thermal desorption spectra for high coverage of diazirine on
Pd(110) with a heating rate equal to 0.5 K/s and the magnification
factors given in parentheses: m/e 2 (X10) (A), 28 (X2) (B), 27 (X2)
(C), 16 (x2) (D), 14 (X1) (E), 42 (X5) (F). The lower panel, spectrum
G, shows the signal which remains on subtracting out the contribution
of C,H,, CH,, N,, and CH;N; to the m/z 14 trace. The resultant
spectrum is magnified by a factor of 2.
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Figure 11. Thermal desorption spectra for low coverage of diazirine on
Pd(110) with a heating rate equal to 5 K/s: m/e 28 (X1) (A), 16 (X1)
(B), 14 (x1) (C), 26 (X15) (D), 42 (x10) (E). The lower panel, spec-
trum F, shows the m/e 14 trace following removal of contributions from
CH,, N,, and CH;N,. The latter spectrum is magnified by a factor of
2.

elsewhere.3¢ The peaks corresponding to molecular desorption
of diazirine are, of course, present in both the mass 42 and the
mass 14 spectra. A single molecular desorption peak at ap-
proximately 190 K was observed for all the low coverage mea-
surements. Figure 10 shows that an additional molecular de-
sorption peak grows in quite strongly at approximately 125 K for
high exposure of Pd(110) to diazirine at 107 K. Closer inspection
of the mass 28 and mass 16 features which peak above 200 K
indicates that there is a low temperature shoulder at approximately
180 K (Figure 10), in addition to a contribution (in the case of
mass 28) from the cracking of molecular desorbed diazirine. The
shoulders in the mass 16 and mass 28 spectra are clearly resolved
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in Figure 11, where they are observed to fall between the two mass
14 desorption maxima. In total, the thermal desorption results
show that diazirine has a rich chemistry on Pd(110) which involves
the rupture of both CN and NN bonds, the formation of methane,
ethylene, and HCN, and the desorption of a fragment which gives
a strong mass 14 peak. Preliminary results obtained using electron
energy loss spectroscopy are mentioned simply in order to serve
as a check on the consistency of our interpretation of the more
complete set of XPS and TPD data. A low coverage of diazirine
on Pd(110) at 90 K results in a spectrum displaying intense losses
at 2952, 1420, and 984 cm™!. The A, modes of gas-phase diazirine
occur at 3025 cm™!, (CH,),; 1623 cm™!, »(NN); 1459 cm’!, 6-
(CH,); and 992 cm™!, »(CN),, respectively.” Warming the surface
to 170 K results in the emergence of an intense electron energy
loss at 1920 cm™ and in a significant change in the relative
intensities of the two low frequency losses when compared to the
spectrum at 90 K. The feature at 1920 cm™ is removed on heating
to room temperature. The latter result indicates that the loss at
1920 cm™! is not due to adsorbed CO.

Discussion

The discussion of the experimental results will be separated into
three sections. First, the data will be analyzed in order to ascertain
the various bond-breaking steps which occur during thermal de-
composition of diazirine on Pd(110). The second section will
concern the characterization of the various adsorbed states of
diazirine which are present on Pd(110) at 107 K. In the third
section, we will seek to rationalize the selective activation of the
CN or NN bonds in terms of the modes of bonding of molecular
diazirine to the surface at 107 K.

A. Thermal Decomposition: XPS and TPD Data. Tempera-
ture-programmed desorption results, such as shown in Figures 10
and 11, display a weak molecular nitrogen desorption peak in the
region 600-700 K indicative of the recombinative desorption of
atomic nitrogen. The XPS N, data confirm the presence of
atomic nitrogen on the surface. As indicated in Figure 5, an N,
feature at 396.9 eV is clearly resolved for a diazirine exposed
surface which is annealed to 680 K. An N, binding energy of
396.9 eV is characteristic of adsorbed atomic nitrogen.*’ In fact,
N5 intensity in the region characteristic of N,4, emerges for
temperatures as low as 150 K at which point a feature at 397.3
eV develops. The N, intensity at 396.9 eV disappears between
600 and 700 K consistent with the TPD spectra which show N,
desorption in the same region. The detection of adsorbed atomic
nitrogen by both TPD and XPS measurements is proof that a
fraction of adsorbed diazirine on Pd(110) undergoes NN bond
cleavage. The deposition of a certain concentration of nitrogen
adatoms might be expected to lead to the deposition of an
equivalent quantity of adsorbed CH,N, 4, or a decomposition
product of a transient CH, N, species, on the surface. NN bond
cleavage in the interaction of diazirines with iron carbonyls!! leads
to a product in which a R,CN ligand is bridge bonded across two
iron atoms such as shown in Figure 12D.!! Evidence for a
dissociative reaction of the type CH,N,/Pd(110) — CH,N,4 +
N is provided in both the TPD and the XPS results. The TPD
spectra display a HCN desorption peak at 350 K which is the
temperature range characteristic of HCN desorption from metal
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Figure 12. Schematic representation of the structure of diazirine-metal
compounds as taken from the work of Kisch et al.l!
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surfaces.” We assume that the hydrogen cyanide results from
the partial dehydrogenation of an adsorbed CH,N species. The
XPS spectra taken in the temperature region 190-300 K display
a persistent N, peak at 398.4 eV and a persistent C(,, peak at
285.6 eV. Furthermore, as indicated in Figures 5 and 6, the latter
two peaks are removed simultaneously on annealing to approxi-
mately 400 K. Thus we attribute the two features to a single
adsorbed species which yields the HCN thermal desorption peak
at 350 K. At 225 K, the atomic nitrogen to carbon ratio, cal-
culated by applying the Scofield photoionization cross section
values?! to the normalized peak areas of the 398.4- and 285.6-eV
features, averages to close to 1:1 as anticipated for a species such
as H,CN,q,. Similarly, at 225 K the N, intensity at approxi-
mately 397.1 eV is roughly equal to the Ny, intensity at 398.4
¢V consistent with an equivalent amount of adsorbed N and CH,N
species. The observed C,) and Ny, binding energies of 285.6
and 398.4 ¢V are not inconsistent with the presence of adsorbed
CH,N. The N, and C, binding energy of such a species
depends strongly on whether bonding with the surface occurs solely
through the nitrogen lone pair or whether both carbon and nitrogen
interact with the surface.’” The relatively high N, binding energy
of 398.4 eV indicates that bonding does occur solely via the
nitrogen atom. Nitrogen-bonded HCN on Pt(111) is characterized
by a peak at 398.6 ¢V,? and linear CH,N, adsorbed on Fe is
characterized by a C;, peak at 285.5 eV.?® Thus, we assign the
observed features at 398.4 and 285.6 eV to N-bonded CH,N, ..

Both the TPD and the XPS results provide strong evidence that
a fraction of the adsorbed diazirine also decomposes through
selective breaking of the CN bonds. This decomposition route
yields adsorbed methylene, or species derived from CH,, and the
desorption of molecular nitrogen. As indicated in Figures 5 and
6, slight annealing to approximately 140 K, following adsorption
of diazirine at 107 K, leads to the transfer of C, intensity into
the low binding energy region and to the removal of most of the
v-N(y5) intensity. The new C; peak occurs at 283.6eV. Ina
separate set of experiments,?® we have observed that photon ir-
radiation of diazirine exposed Pd(110), using a Hg arc lamp as
a broadband source, also results in the emergence of a C(, feature
at 283.6 eV coincident with the removal of y-N,, intensity. In
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the latter case we attribute the peak at 283.6 eV to adsorbed
methylene resulting from the photon-induced dissociation of
diazirine, since gas-phase photolysis of diazirine is known to yield
:CH, and N,. A binding energy of 283.6 eV is 1.2 eV lower than
the value previously attributed to adsorbed methylene, as obtained
through the decomposition of CH,Cl, on Co,?® but is in the range
one might expect for C, species.’! This discrepancy may simply
be due to the difficulty inherent in preparing isolated methylene
adspecies. Halocarbon precursors lead to halogen coadsorption,
and consequently to both initial and final state effects, and hy-
drocarbon precursors such as C,H, lead to complex dissociation
pathways. Highly reactive species such as unsaturated hydro-
carbon fragments are susceptible to reaction with each other or
with free surface to give species which are ill defined even though
they may contain functional groups such as CH,, CH, or CH;.
Thus the Cy,, binding energy for isolated CH, groups may well
be different from that of a partially hydrogenated carbon deposit
of general formula (CH,) or of CH, adsorbed in the proximity
of Cl,q,, for example. A case in point is the EELS study of CH,
and CH species on Ni(111) by Ceyer et al.’? which reveals that
the vibrational spectra of isolated CH; and CH species produced
via methane activation are quite different from those of CH; and
CH groups formed through the thermal decomposition of adsorbed
hydrocarbons, or through the decomposition of halocarbons, for
example. A full discussion of the assignment of 283.6 eV as the
C;s binding energy for CH, on Pd(110) is given elsewhere.*®* The
TPD results provide indirect evidence for the presence of CH,
species on the surface. The desorption of both methane and
ethylene is clearly observed as shoulders at approximately 180
K in Figure 10. We propose that methane is formed through the
interaction of CH, groups with adsorbed hydrogen. This could
either be hydrogen which is abstracted by the surface from dia-
zirine or from adsorbed CH,. Ethylene may be formed through
the dimerization of CH, units. Note that ethylene formation only
occurs for high initial exposures of diazirine (Figure 10). Hy-
drogenation to methane or dehydrogenation to surface carbon is
favored over dimerization at low surface coverages (Figure 11).
The chemistry which we observe for methylene on Pd(110) is very
similar to that reported by Berlowitz et al.3* for methylene on
Pt(111). Note that a shift in binding energy, from 283.6 eV
toward 284.0 eV, occurs on annealing the sample above 150 K.
We propose that this shift arises through the deposition of atomic
nitrogen at these temperatures and through the interaction of CH,
adspecies to form a carbonaceous residue which remains on the
surface to high temperatures.®

It is important to note that the XPS C,,, data indicate that
adsorbed methylene is formed on annealing the surface to only
130 K (Figure 8), whereas the N, data show that further an-
nealing, to 2150 K (Figure 7), is required to generate an N,
feature in the region of 397.3 eV characteristic of atomic nitrogen.
There is a further growth in the intensity of the C,, feature
characteristic of CH,, or CH, derived species, above 150 K. These
combined results indicate that a decomposition process limited
to CN bond breaking occurs at very low temperatures whereas
both CN and NN bond breaking events occur above 150 K. As
discussed below, the low-temperature region, 107-140 K, corre-
sponds to the removal of the adsorbed +y-state of diazirine and
the region above 150 K corresponds to the decomposition the 8-
and a-states of adsorbed diazirine. The fact that CH, and C,H,
desorption does not occur until =170 K (Figure 10) may simply
be due to the activation energy necessary for the required reactions
or to the need of a sufficient concentration of reactants on the
surface. However, it may also be related to competition for surface
sites resulting from the NN bond breaking reaction above 150
K which deposits atomic nitrogen and H,CN, or species derived
from H,CN, on the surface. There have been a number of recent
reports of how coadsorbed species such as CO favor bond making
reactions in hydrocarbon surface chemistry.?s

A most intriguing aspect of TPD spectra shown in Figures 10
and 11 is the fact that above 200 K an intense peak at mass 14
is detected in the absence of a peak at 42 corresponding to the
diazirine parent ion. Furthermore, the mass 14 peak is accom-
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panied by a desorption signal for masses 16 and 28. However,
the fragmentation corrected spectra displayed in the lower panels
of Figures 10 and 11 show that the mass 14 peak is too intense
to be accounted for in terms of the cracking of species such as
N,, C,H,, or CH,. These results provide strong evidence for the
direct generation of gas-phase methylene through the thermal
decomposition of CH,N, on the surface.’¢ Such a process could
also liberate N,, CH,, and C,H, through interaction of some of
the released methylene diradical with either the surface or the
chamber walls. In fact coincident detection of ethylene, methane,
and methylene occurs for high initial coverages of diazirine such
as shown in Figure 10. Ethylene is not observed for low initial
coverages of diazirine (Figure 11). The desorption of a radical
from a metal surface is not an expected observation in surface
chemistry studies, although there are some precedents for such
a phenomenon. Domen and Chuang?’ reported the thermal de-
sorption of methylene from a CH,I,-exposed Al polycrystalline
disk. Serafin and Friend® have reported the generation of gas-
phase CH; in thermal desorption measurements of methoxy species
on oxygen exposed Mo(110). The desorption of the :CCl, diradical
was observed by Smentkowski et al.3* during a study of the ad-
sorption of CCl, with Fe(110). As discussed elsewhere, the most
probable mechanism for the formation of gas-phase methylene
from adsorbed diazirine is via ring opening to obtain an adsorbed
diazomethane intermediate.® Such an intermediate is supported
by preliminary EELS data. An electron energy loss is observed
at 1920 cm™ when low coverage of diazirine is warmed to 170
K. A vibrational frequency in this region is diagnostic of the NN
stretching of an azo ligand group bonded to a metal center.** This
mode of bonding, with the NNC axis roughly perpendicular to
the surface, leads to the formation of gas-phase methylene through
the rupture of the CN bond and the formation of the extremely
stable N, molecule. Bonding to the surface activates this process
in that the chemisorption bond is formed by removing electron
density from the HOMO orbital which is bonding in CN and
antibonding in NN, thereby advancing the molecule along a
reaction coordinate in which the CN bond is weakened and the
NN bond is strengthened. The end result is coincident :CH,
ejection and N, desorption, as molecular nitrogen has a negligible
residence time on Pd(110) at temperatures above 200 K.*? This
analysis assumes that the observed free methylene does not interact
directly with the surface during the ejection process and that the
process is analogous to the gas-phase thermolysis of diazirine. A
detailed discussion of the mechanism by which the activation
energy for the release of methylene into the gas phase is sur-
mounted is given elsewhere.36

B. Adsorbed States of Diazirine on Pd(110) at 107 K. The
integrated N, and C,, intensities observed on adsorption at 107
K show that the C:N ratio is close to 2:1 as expected for the
molecular adsorption of CH,N,. However, the presence of a
number of distinct chemisorbed states may be directly inferred
from the spread in the N, binding energies, such as that displayed
in Figure 2. The y-state, which grows in above 400 ¢V at high
coverage (Figure 3), is sufficiently broad to be arbitrarily de-
convoluted to yield two N, peaks of roughly equal intensity at
approximately 402.6 and 401.6 eV. Temperature-dependence
measurements (Figure 5) show that this state corresponds to a
single adsorbed species since all of the intensity is removed si-
multaneously on heating. Furthermore, the width of the feature
(Figure 2) indicates that the species contains two inequivalent
nitrogens displaying binding energies separated by approximately
0.8-1.0 eV. This separation is reminiscent of the binding energy
separation of 1.2 eV which exists for the inner and the outer
nitrogen atoms of adsorbed molecular nitrogen on Ni(100)** and
suggests an adsorbed species in which diazirine is chemisorbed
in an on-top site via one of the nitrogen atoms, such as indicated
by structure I shown in Figure 13. The width of the y-feature
centered at 402.1 eV, fwhm of approximately 2.3 eV, is also the
same as that observed for the screened Ny, state of N, on Ni-
(100).4# The high binding energy is then partly due to the donor
nature of the molecule-metal bond which decreases the electron
density in the environment of the nitrogen atoms.
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Figure 13. Proposed approximate adsorption geometries for diazirine
adsorbed on Pd(110) at 107 K.

Further support for the proposed geometric configuration of
the y-state is provided by the results, shown in Figure 9, of
measurements of the angular dependence of the N, spectra made
in the [001] direction. An angular dependence would arise from
photoelectron diffraction effects wherein forward scattering causes
the detected photoemission intensity to be enhanced at angles of
analysis, with respect to the surface, which coincide with the angles
made by the NN and NC bonds.*’ Diazirine is a highly sym-
metrical molecule with an NNC bond angle of 64.8° and is thus
readily amenable to structure analysis using HREELS or an-
gle-resolved XPS measurements. If the y-state has an orientation
similar to that depicted in structure I then it should show an
enhancement of the N, photoemission intensity related to the
nitrogen closest to the surface for angles of analysis which cor-
respond to the angles which the NC and NN bonds make with
the surface plane. If we estimate the latter angles to be ap-
proximately 60° and 55°, respectively, then the y-state N,
intensity should show a broad enhancement peak at high take-o
angles. The typical width of a forward scattering feature is 20°
at half maximum.* The set of spectra shown in Figure 9 display
a marked increase in the y-state Ny, intensity relative to the N,
intensity below 400.0 eV as the angle of analysis increases. The
ratio of the integrated peak areas, as shown in the inset of Figure
9, displays a sharp increase in the relative contribution of the
~y-state for angles above 45°. Furthermore, insofar as we are able
to deconvolute the broad peak at 402.1 eV, the v-state component
at 402.6 eV is more intense relative to the component at 401.6
eV at high take-off angles. This is consistent with an assignment,
in analogy to the well-established case for adsorbed molecular
nitrogen,* of the higher binding energy to the nitrogen atom which
is bonded to the surface. Forward scattering by the outer nitrogen
atom, and the carbon atom as well in the case of diazirine, causes
enhancement, at the appropriate angles, of the detected pho-
toemission from the inner nitrogen. The angular dependence XPS
measurements do not enable us to estimate the exact value of the
angle between the NN bond and the surface plane. However, the
results provide a clear indication that the NN bond is tilted
strongly with respect to the surface, the angle being greater than
45°. Furthermore, there need not necessarily be a unique angle
for the NN bond with respect to the surface. The y-state is
progressively populated at higher coverages and is adsorbed in
the presence of the species which yield N, intensity below 400
eV. Wesner et al.* have used photoelectron diffraction mea-
surements to show that CO adsorbed on Pt(111) tilts by 20° at
high coverage from the upright configuration which it adopts at
low coverage. Similarly, diazirine, depending on its local envi-
ronment, may display a range of NN-surface angles instead of
the ideal angle adopted by an isolated molecule displaying structure
I

The angle-dependent Ny, results discussed above and the
v-N(15) peak line width suggest that the vy-state is highly tilted
with respect to the surface. The same results also imply that the
species contributing N, below 400 eV are not tiited to any great
extent. The ratio of the 8-state (399.5 eV) to the a-state (398.3
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eV) is relatively constant as a function of the angle of analysis,
although a slight maximum at 30° is observed, and the combined
intensity of the a- and §-states decreases relative to the y-state
as the take-off angle increases. As shown in Figure 3, the a-state
is populated first and the 8- and vy-states grow in as the exposure
is progressively increased. The a-state corresponds to the mo-
lecularly adsorbed state of CH,N; in which the nitrogen atoms
are equivalent. However, as discussed above, the g-feature displays
a broad Ny, feature which indicates inequivalent nitrogens. One
cannot rule out the possibility that the 8-state is adsorbed dia-
zomethane arising from ring opening of diazirine on Pd(110) at
107 K. However, EELS spectra do not support a ring opening
reaction at low temperature and low surface coverage. The EELS
measurements, albeit at 90 K in contrast to 107 K for the XPS
measurements, display a spectrum consistent with diazirine ad-
sorbed in a configuration displaying C,, symmetry. As discussed
in the previous section, the EELS results do indicate the formation
of a diazomethane species on the surface on warming to 170 K.

The combined angle dependent, binding energy, and peak width
data enable us to postulate different approximate adsorption
geometries for diazirine on Pd(110) such as those shown in Figure
13. As a point of reference it is useful to consider the different
ligand-metal bonding geometries observed for organometallic
complexes of diazirine. The work of Kisch et al.!! reveals that
diazirines interact with Fe,(CO), to yield the types of products
shown in Figure 12. Complexes A and B involve only o-bonds
with metal atoms, but complex C also involves w-bonding. For
diazirine adsorbed on Pd(110) it is also necessary to consider the
atomic structure of the surface which consists of rows of atoms
separated by atomic troughs (Figure 13). Structure I, the highly
tilted species characterized by a broad Ny, peak at 402.1 eV and
a Cy) feature at 285.6 eV, primarily involves a o-donor bond from
nitrogen to a palladium atom. Metal-molecule back bonding is
limited due to poor overlap between the «* orbitals of the highly
tilted NN bond and the metal d orbitals. The fact that the bonding
is donor type and the fact that the molecule is weakly coupled
to the surface results in the relatively high binding energy of 402.1
eV. The 8- and a-states of diazirine on Pd(110) display much
lower N, binding energies, 399.5 and 398.4 eV, respectively.
These binding energy values fall close to the value of 399.0 eV
observed for =-bonded molecular nitrogen on Fe(111).*” Sub-
stantial =-bonding between molecular diazirine and Pd(110) would
require that the NN bond be oriented roughly parallel to the
surface. However, on the atomic level this can be achieved in two
fashions such as shown schematically in structures II and III
displayed in Figure 13. The diazirine molecule could be oriented
in structure III either along the Pd row atoms or along the pal-
ladium trough atoms. In both cases the two nitrogen atoms are
equivalent and the N, spectrum should display a narrow peak
such as is observed at 398.4 eV. Structure II involves interaction
with both trough and row atoms and hence it is slightly tilted with
respect to the macroscopic surface plane. Such a structure has
been proposed for acetylene adsorbed on both Pd(110)* and
Ni(110).#*° This structure involves inequivalent nitrogen atoms
and would give rise to a broad Ny, feature such as that observed
at 399.5 eV. The question then arises as to why neither structure
11 nor structure I1I displays angle dependent variations in the Ny,
photoelectron intensity. However, the angle dependent mea-
surements were made in the direction perpendicuiar to the rows
of palladium atoms, the [001] direction. Thus, structures wherein
the NN bond of diazirine is oriented in the [110] or [112] di-
rections would not be expected to display angle dependent behavior
under our experimental conditions. This analysis implies that
structure II is bridge bonded between one row atom and one trough
atom rather than along the [001] direction. It is also likely that
diazirine adopting structure III would be aligned along, rather
than perpendicular to, the atomic rows. The assumption is made
that structure I permits free rotation of the adsorbed species. We
wish to emphasize that the three structures given in Figure 13
are only intended to be taken as approximate representations of
the actual structures which give rise to the three N, peaks at
402.1, 399.5, and 398.4 eV, respectively. However, these schematic
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structures do indicate the salient point that we may divide the
three surface species into one (structure I) which involves negligible
#-bonding to the surface and two (structures II and III) which
involve substantial 7-bonding to the surface. In other words, the
proposed structures are used to indicate two significantly different
modes of bonding between molecular diazirine and Pd(110). This
important distinction was justified above on the basis of the ob-
served N, binding energies, the width of the N, features, and
the angular dependence of the N, photoelectron signal. The
proposed approximate structures are also in line with the intuitive
idea that the first diazirine molecules to arrive at the surface (the
a-state) adopt a configuration in which both nitrogen atoms of
the symmetrical molecule are in contact with the surface. Then,
as the surface coverage increases, states in which the NN bond
is slightly tilted (the 8-state) and finally fully tilted (the y-state)
are progressively filled. Further experimental evidence for
structure III is given by preliminary HREELS data for low
coverages of diazirine on Pd(110). The spectra taken at 90 K
for low coverage of diazirine display all the expected A; modes
of diazirine adsorbed in a C,, configuration such as structure III,
save the y(NN) stretching mode and the metal-molecule stretching
mode.?* However, the »(NN) loss is expected to be weak for such
a structure as the NN bond is aligned parallel to the surface. As
discussed below, further strong support for the proposed structures
emerges in that the mode of decomposition of the various species
is consistent with the form of metal-molecule bonding implicit
for each proposed structure. In addition, the proposed approximate
structures are not inconsistent with the diazirine-metal bonding
geometries reported for organometallic complexes!! and shown
in Figure 12.

C. Adsorption Geometry Dependent Selective Bond Activation.
Cis) XPS measurements, such as those displayed in Figure 8, show
that when the diazirine-exposed Pd(110) is warmed from 107 K
to approximately 130 K a new C,, peak appears at 283.6 ¢V and
intensity is removed from the 285.6-eV region. For the same
temperature difference, the Ny, feature corresponding to the
~-state decreases sharply in intensity whereas the N, peaks below
400.0 ¢V remain relatively stable. Since a binding energy of 283.6
¢V may be associated with adsorbed methylene, the overall result
is that the y-state can undergo CN bond breaking to yield ad-
sorbed CH, and gas-phase N,. In a separate study®® we have
found that methylene deposition also occurs when a diazirine-
exposed Pd(110) surface is subjected to Hg-arc lamp irradiation
for a short period of time. Longer periods of irradiation result
in a transformation of the a- and §-states to yield adsorbed ni-
trogen. Similarly, as discussed in section A, heating to 150 K
causes surface decomposition of the a- and the S-states resulting
in an increase in the C,,, signal at 283.6 ¢V and the emergence
of an Ny, peak at 397.3 ¢V (Figure 7) due to the deposition of
atomic nitrogen. Thus, in summary, the v-state selectively un-
dergoes CN bond breaking and the - and 8-states undergo both
CN and NN cleavage. Furthermore, CN bond scission com-
mences at lower temperatures than that required for NN cleavage.

A rationalization for the specific bond activation associated with
the various states of adsorbed diazirine may be obtained by
considering the frontier orbitals of diazirine®#! and the modes of
bonding of the molecule with the surface. The highest occupied
molecular orbital of diazirine, the 3b, orbital, is bonding in CN
and antibonding in NN. The lowest unoccupied molecular orbital,
the a, orbital, may be regarded as a #* NN antibonding orbital.
The LUMO and HOMO orbitals are located in energy at ap-
proximately —7.5 and —11.5 €V, respectively.! The latter values,
which imply a high-lying donor state and a low-lying affinity level,
suggest that as an adsorbate diazirine should display some sim-
ilarities to CO which is a prototypical ¢-donor, w-acceptor ad-
sorbate. Thus in terms of energy match alone diazirine should
behave like a good w-acceptor adsorbate. However, in terms of
orbital overlap, CO is less demanding in that the 2= * orbital is
skewed toward the carbon end of the molecule whereas in the case
of diazirine the »* orbital is symmetric with respect to the plane
bisecting the NN bond. Thus one would expect = bonding between
diazirine and metal surfaces to be greatly favored in cases where
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the NN bond lies roughly parallel to the surface in contrast to
adsorption geometries in which the NN bond is tilted away from
the surface.52 In structure I the NN bond is tilted away from
the surface and the interaction with the surface is primarily a
o-type donor bond. Such a bonding configuration should result
in an increase in the NN bond order and a decrease in the CN
bond order due to the characteristics of the HOMO orbital as
described above. The surface-molecule interaction in structure
I, then, serves to advance the system along a reaction coordinate
which ultimately results in the rupture of the CN bond, the
generation of free molecular nitrogen, and the deposition of
methylene on the surface as evidenced by a C;, peak at 283.6
eV. Structures such as II and III on the other hand permit
significant overlap of the diazirine = orbitals with metal orbitals.
Thus one could anticipate electron back donation into the low-lying
«* acceptor level of the molecule and consequent activation of
the NN bond. A ¢-donor bond component is also involved, and
the CN bond will be activated too. In other words, bonding
according to structures II and III would serve to advance the
system along a reaction coordinate leading to NN bond cleavage
and perhaps also some CN cleavage. The fact that the a- and
B-states do decompose to yield adsorbed nitrogen as indicated by
the N, peak at 396.9 eV is further evidence that they correspond
to adsorption geometries such as structure II or III in which the
NN bond is activated. The above analysis also provides a means
for understanding the apparently anomalous result that the v-state
of adsorbed diazirine dissociates prior to the a- and 8-states.
Normally, one assumes that the first state to be populated on a
surface is the most strongly activated species and thus should be
the most likely to dissociate. However, one must recall that
diazirine provides two different bonds, the CN and the NN bond,
which may be activated. Furthermore, diazirine is a strained
molecule which contains latent molecular nitrogen and therefore
has a tendency to dissociate under suitable conditions to yield the
extremely strong nitrogen—nitrogen triple bond and the methylene
diradical. The internal dynamics of the molecule can then, in
response to activation through chemisorption, lead to such un-
anticipated results as the preferential dissociation of the third
adsorption state to be populated or surface decomposition to yield
free methylene. Chemisorption into structure I, which corresponds
to the +-state, activates the usual decomposition process for
diazirine, that is the liberation of molecular nitrogen. Chemi-
sorption into structures II and III, which correspond to the 8- and
a-states, respectively, weakens the NN bond of diazirine and
therefore does not promote the usual decomposition process.
Chemisorption into the latter states is strong enough to cause NN
bond rupture at 150 K. However, structure I, despite its lower
adsorption energy as indicated by the fact that it is the third state
to populate, decomposes prior to structures II and III because of
the intramolecular driving force toward the production of meth-
ylene and nitrogen. Thus, diazirine is an example of an adsorbate
for which the surface chemistry may be qualitatively separated
into processes driven by the metal surface and by the molecule
itself.
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