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Chemisorbed Benzoate-to-Benzene Conversion via Phenyl Radicals on
Cu(110): Kinetic Observation of Conformational Effects
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Free radical intermediates are crucially important in heteroge-
neous catalysis? Such species are short-lived and difficult to
observé In this communication, we report the thermal generation
of phenyl radicals on a surface as well as conformational effects
in their abstraction of hydrogen atoms from neighbor molecules
containing C-H bonds. It is known that the chemisorbed benzoate _
species, made from benzoic acid deprotonation on atomically clean SRS aTa ; D
Cu(110), adopts two structural conformations depending on the Figure 1. Sequence of STM images before and after annealing. (a) Starting
surface coverage. At a coverage of 0.25 ML (saturated benzoatec(g x 2) surface (300 Ax 300 A, —1.89 V, 0.32 nA). (b) Image of 8
layer), the species exists entirely in an upright conformatién.  phase domain after the first annealing step at 610 K (24% R47 A,

As the coverage is reduced, upright benzoate species tilt over as—1.89 V, 0.29 nA). The features in the image correspond to alternating
the aromatic ring experiences additional attractive forces with the s Of paired and single upright benzoates. () Image showing a remnant

. . L of the lowest coverage ordered phase after a second annealing step at 610
surface in a less dense layer. We have examined the kinetics ofx (153 A x 153 A, —2 v, 0.55 nA). The four protrusions in the box are
thermal decomposition of benzoate, finding that the scission of the the only stable molecular features present in the image and correspond to
C—C bond to form phenyl radicals and G@® energetically favored tilted benzoate species.

in the tilted species. The phenyl radical generated forms benzene

by abstraction of H atoms from-€H bonds on neighbor benzoate ol prs "

species, and tilting causes the relative yield of benzene, compared M » :

to CQO,, to increase. Two separate chambers have been used for ; o .

temperature-programmed reaction (TPR) and scanning tunneling RS i

microscopy (STM) experiments. All TPR experiments here were © TR ST GO,

done in a UHV chamber with the base pressure af 401! Torr, (%’ 10 J"\

and all the spectra were obtained with the crystal bias 6 V to %) SN

ensure there is no electron beam damage from the QMS filament. g 5| CH A

A commercial LT-STM (Omicron) was used to investigate the _ 5%

surface morphology with a tungsten tip. Figure 1a shows STM 0 4@
LA | L

evidence for an ordered benzoate layer consisting entirely of upright 00 2(')0 , 3(')0 ‘ 4(')0 . 5(')0 500 700
species at 0.25 ML saturation coverage, and the assignment to Temperature (K)

upright species is cor_wsistent wi_th the Iiteratﬂnléigure_ 1b sh_ows Figure 2. Coverage-dependent TPR spectra of,G@d benzene from

that a mixture of upright and tilted bgnzoate speCI_es exists f”lt abenzoattle chemisorbed on Cu(110). The temperature range between the two
lower benzoate coverage after annealing to 610 K, with the upright yertical dotted lines indicates the increase in the peak temperature for both
species filling in spaces between the tilted spegigshase). After CO, and benzene between the lowest and the highest initial coverage. The
a second annealing step at 610 K, almost all species are desorbednset shows the yield ratio for decreasing initial coverage. The dashed line
except the tilted benzoate cluster species, as shown in Figure 1c/S @ 9uide to the eye. The heating rate is 2 KIs.

Figure 2 shows a series of temperature-programmed reactionat about 580 K. Only 1.6 mol % of benzedg{80 amu) species is
(TPR) spectra plotting the evolution of benzene and, ®@©m produced after correcting for the natural abundanc&ofin the
benzoate layers at different initial coverages. Decomposition of benzoate, whereas equivalent hydrogen atom abstraction prob-
benzoate begins near 500 K. The inset in Figure 2 shows that, asabilities by phenyl radicals from all positions on the benzoate
the initial benzoate coverage is decreased, the relative yield of species would have yielded 20 mol % benzepeFhus the phenyl
benzene increases by a factor-e2. Since benzene and G@re radical is more effective in abstracting H atoms from the 2-,3- and
observed in a monotonically varying ratio over the entire coverage 5-,6-positions than from the 4-position, and this is probably due to
range, we assume that we are observing a common decompositiorthe close proximity of the phenyl radical to the surface at the instant
step, with a branching ratio influenced by surface conformational of hydrogen atom abstraction. The 4-position of an upright or a
effects. As the decomposition occurs, benzoate species tilt over (agtilted benzoate species presents-alCbond which is farthest from
seen by STM, Figure 1), and decomposition is accelerated. the surface and, therefore, less subject to abstraction by phenyl.

To test additional conformational effects in the H atom abstrac- The inset in Figure 3 shows Arrhenius plots of the kinetics of
tion process, we performed studies of the isotopomer benzene yieldsevolution of benzene and GQor two initial benzoate coverages.
from a pure saturated layer of benzoatd;4pecies, as shown in  These data were obtained by analysis of the leading-edge of the
Figure 3. Our line-of-sight mass spectrometry shows that phenyl appropriate TPR curvessuch as those in Figure 2. At all initial
radicals do not desorb at a detection sensitivity~af% of a benzoate coverages, the activation energy fos &@lution is~29
monolayer. Biphenyl (156 amu) is a very minor product observed kcal/mol. At low benzoate coverage, where tilted benzoate species

6008 = J. AM. CHEM. SOC. 2006, 128, 6008—6009 10.1021/ja060533t CCC: $33.50 © 2006 American Chemical Society



COMMUNICATIONS

-
o
T
1

o,

8203 kealimolf
co,
206419 kealmol

~ 8}& b
= 5= 5
s [E %*
3 SrafoommX  Tamm . / ~\
N . - "'"
5 B s g /
3 4r 1000/T (1/K) N ? e
(Ej 2 - Initial Benzoate Coverage - //
| 1025 ML A\ 72 amu Cu(110) |/
80 amu . . . .
Uy 156 amu] Figure 4. Schematic of the decomposition reaction of the benzoate species
L L L L L adsorbed on the Cu(110) surface. The upright benzoate species at higher
250 300 350 400 450 500 550 600 650 700 750 coverage changes its geometry to the tilted species. The phenyl radical
Temperature (K) species generated from-C bond scission preferentially attacks-8 bonds

at the 2-,3- and 5-,6-positions of neighboring benzoate species, as colored
/s.red. CQ and benzene are the major decomposition products. From Auger
spectroscopy studies, we know that species containing C and O remain on
the surface after benzene desorbs, indicating that we are observing only
one branch of the surface reaction by mass spectroscopy.

Figure 3. TPR spectra from benzoateé4-on the Cu(110) surface. A
saturation coverage (0.25 ML) was used, and the heating rate was 2 K
The 79 amu is, in this case, the benzeh€CsHsD) molecule and 80 amu
is benzeneh (CsH4D>). Inset shows the plot of Ln of the desorption rate
versus 1T at two different initial benzoate coverages (open symbols are
COy; filled symbols are benzene).

surface reaction processes: (1) the formation of the active surface-
predominate, the same activation energy is observed for benzenéoound phenyl radical from tilted benzoate species; and (2) the
evolution. However, for experiments beginning with the fully ~benzoate interaction with the mobile surface-bound phenyl radical
covered surface at 0.25 ML benzoate coverage, where uprightto produce benzene by hydrogen abstraction preferentially from

species predominate, the activation energy for benzene evolutionC—H bonds nearest the surface.

IS ;57 fkca;l/mollc. ;’hus retardgtli)ﬁ of tft1_e rte_zlatlve yield ]?f bsnzene Acknowledgment. The authors thank the W. M. Keck Founda-
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and the benzoate species is predominantly present in the upright
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