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M X NBEDEE
Photochemistry of cyclohexane and its excitation mechanism on metal surfaces

In our laboratory, we have investigated the photochemical activation of CH bonds of
saturated hydrocarbon on metal surfaces. It has been found that methane photodissociation takes
place by the irradiation of photons whose. energy is much lower than the onset energy of the
absorption band of methane in the gas phase. The lowering in the excitation photon energy was
interpreted to be due to the hybridization between the CH anti-bonding state of methane and
substrate unoccupied states. '

In this thesis, I describe the photochemistry of cyclohexane on various metal surfaces.
Cyclohexane is another typical saturated hydrocarbon and shows a broad and substantially redshifted
absorption band of the CH stretching mode on metal surfaces, indicating the CH bonds are softened
by the interactions with metal surfaces. This phenomenon is called CH-bond softening. The degree
of softening depends on the metal substrate and shows some correlation with thermal reactivity. The
CH softening mode of cycloheiane on Pt(111) shows the redshift of Av =310 cm™ and cyclohexane
is dehydrogenated to benzene thermally. On the other hand, the redshifts on Cu(111) and Ni(111) are
130, and 180 cm™, respectively, and cyclohexane simply desorbs molecularly when the surfaces are
annealed.

Because the electronic interactions are responsible for the CH-bond softening, it is
expected that same interactions lower the excitation photon energy for the transition to the CH
anti-bonding state of cyclohexane on metal surfaces. Thus, the aims of this study are in the
following: (1) To confirm that the photochemistry of cyclohexane on metals takes place upon UV
irradiation as in the case of methane. (2) If so, to explore the photoexcitation mechanism. (3) To
clarify primary photoproducts. (4) To explore the surface reactions of the primary photoproducts.
And (5) to examine the correlation between the degree of softening and photo-reactivity.

Firstly, the photochemistry of cyclohexane was examined on a Cu(111) surface. This
adsorption system is very suitable for elucidating the excitation mechanism, since cyclohexane does
not decompose on this surface. Temperature-programmed desorption (TPD) results taken as a
function of the number of photons irradiated (Np) at 6.4 eV reveal that the intensity of the
cyclohexane molecular desorption peak at 180 K decreases with Ny, In addition, the associative
hydrogen desorption peak at 350 K grows. These results clearly indicate that the dehydrogenation of
cyclohexane is induced by the irradiation of 6.4-eV photons.

We observed another desorption species in the post-irradiation TPD measurements. After
photoirradiation, the desorption peak of cyclohexene (CgHyp) at 230 K was detected. The

cyclohexene desorption was caused by the thermal dehydrogenation of a primary photoproduct,
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because cyclohexene adsorbed on Cu(111) desorbs at 185 K, much lower temperature compared
with the post-irradiation TPD result. Therefore, the primary photoproduct was assigned to be
cyclohexyl (C¢H;;). Thermal reactions do not proceed after cyclohexene desorbs molecularly, which
was evidenced by the fact that the intensity of the Cls spectrum observed by X-ray photoelectron
spectroscopy (XPS) was completely lost after heating.

Photoreaction cross sections were used for the measure of photoreactivity. The intensity of
Cls in post-irradiation XPS was measured as a function of Ny The fittings of the changes in Cls
intensities with the first-order kinetic rate equations result in a photo-dehydrogenation cross section,
Oaic=4.7x107H cmz, and a photodesorption cross section, Gge=0.7%107"! cm® No detectable
photoproducts were observed by the irradiation of 5.0-eV photons.

The ultraviolet absorption spectrum of cyclohexane in the gas phase was referenced to
examine whether or not isolated cyclohexane can absorbs 6.4-eV photons. The absorption of
cyclohexane in the gas phase starts at 7.0 eV and shows the absorption cross section of 2x107%% ¢m®
and the absorption cross section at 6.4 eV is much less than this. Thus, the observed photochemical
cross section of cyclohexane at 6.4 eV is significantly larger than the absorption cross section at the
energy. This is very similar to the photochemistry of methane on metal surfaces. The photoyields of
cyclohexyl obtained from multilayer of cyclohexane on Cu(111) were found to be same as one for
monolayer. This result indicates that only cyclohexane in the first layer, directly interacting with the
metal substrate, is photo-active. The interaction with the Cu(111) substrate is a key for lowering the
excitation energy in the photochemistry.

There are two excitation mechanisms on metal and semiconductor surfaces. One is direct
excitation of electronic states of adsorbate itself Thus, the photochemical cross section is
proportional to |uE2, where W is a transition dipole moment of adsorbate and E is the electric filed
vector of incident light at the surface. Another one is indirect excitation where the substrate absorbs
photons, so that hot electrons created are attached to the adsorbate. In this case, the photochemical

~ cross section is proportional to absorbance of substrate. Since the electric field particularly along the
surface normal shows a very different dependence on polarization and incident angle of the
incoming light from that of the substrate photon absorbaﬁce, the excitation mechanism can be
identified by the measurements of the polarization and incident angle dependence of photochemical
cross sections if the adsorption system has a transition dipole along the surface normal. As a result,
the cross sections observed with p-polarized light clearly show deviation from the absorbance of the
substrate. This indicates that the electronic transition in adsorbate plays a central role in the
photochemistry.

Recent results of near-edge X-ray absorption fine structure (NEXAFS) provide a useful
clue for an understanding of the excitation mechanism. The NEXAFS spectra taken from

cyclohexane on Cu(111) shows that the Rydberg/CH anti-bonding-state resonance located at 287.7
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eV is strongly quenched and a distinct new peak denoted as M* resonance at 285.1 eV appears. The
M* resonance was attributed to the transition from the Cls inner core state to the band caused by
hybridization between the electronic states of cyclohexane and the metal substrate. Furthermore, the
occurrence of the M* resonance correlates with the degree of CH vibrational mode softening. Since
the broad M* band is located close to the Fermi level, a part of M* band is occupied, i.e.,
back-donation from metal filled states to the band with the CH anti-bonding character of
cyclohexane. Ultraviolet photoelectran spectroscopy shows that the highest occupied molecular
orbital (HOMO) band is located at 5 eV. Thus, the electronic excitation from the HOMO band to the
unoccupied M* band just above the Fermi level is possible by 6.4-eV photons. Consequently, the CH
vibrational mode softening and the photochemistry of cyclohexane on metal surfaces have the origin
in common.

Secondly, the photochemistry of cyclohexane on Pt(111) was investigated. Here the main
focus is on the post-irradiation thermal chemistry. Photochemistry was investigated with TPD, XPS
and infrared reflection absorption spectroscopy (IRAS). From TPD results, photo-dehydrogenation
was confirmed on Pt(111) as well. IRAS spectra after photo-irradiation indicate that the primary
photoproduct is cyclohexyl.

We measured the photoreaction cross sections of cyclohexane on Pt(111) at 6.4 and 5.0 eV,
The obtained photo-dehydrogenation cross sections are (3.1£0.2) X107 and (1.1£0.6) X 107 cm?
at 6.4 and 5.0 eV, respectively. The appreciable cross section at 5.0 eV suggests the larger adsorbate
interactions on Pt(111) compared with those on Cu(111). The excitation mechanism was investigated
by the same procedure for Cu(111). The cross sections with p-polarized light again deviate from the
absorbance of the substrate. This indicates clearly that the excitation mechanism is the same on
Cu(111).

On Pt(111), it has been known that cyclohexane is thermally dehydrogenated to benzene
(CéHe) via CgHy. Benzene converted from the monolayer of cyclohexane does not desorb
molecularly because benzene is further dehydrogenated to atomic C. In contrast, after
photo-irradiation at 6.4 eV, the desorption of benzene in post-irradiatioﬁ TPD was clearly observed.
Then the thermal reactions of the primary photoproduct, cyclohexyl, were investigated by IRAS.
Absorption bands attributable to cyclohexene (CsHjo) appeared at 200 K, This species has not been
identified in the studies on thermal reactions of cyclohexane on Pt(111). UV photons can produce a
larger amount of cyclohexyl than that induced thermally: In this case, the adsorption sites are largely
occupied by produced cyclohexyl and hydrogen, which may increase the activation barriers for
dehydrogenation of cyclohexene and benzene in the post-irradiation thermal chemistry. -

Thirdly, the photochemistry of cyclohexane was also investigated on Ni(111) and the
photoreactivity of the various surfaces were compared. It was found that on the Ni(111) surface

cyclohexane is not dehydrogenated thermally but photodissociated to cyclohe'xyl and hydrogen by
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the irradiation of 6.4-eV photons as on Cu(111) and Pt(111) surfaces. Post-irradiation TPD results
~show that benzene is desorbed from the surface. The photodehydrogenation cross section was
determined to be (4.5+0.4) X 1072 cm® at 6.4 eV,

The amount of redshift of the softening mode shows a liner correlation with the adsorption
energy estimated from the temperature of the desorption peak, i.e., Pt(111)>Ni(111)>Cu(111).
Furthermore, thermal dehydrogenation takes place only on Pt(111) among the metal substrates
studied in this work. Thus, as the redshift of the softening increases, the activation barrier for
dehydrogenation is lowered. On the other hand, the photo-dehydrogenation cross section is not
correlated well with the redshift of the softening band and the adsorption energy, i.e., it decreases in
the order of Ni(111), Cu(111), and Pt(111). There are two factors influencing the photo-reactivity of
the metal surface: the interaction strength and the quenching rate of the excited state. The former
helps to lower the energy of the excited state; so that it increases the density of the M* state near the
Fermi level. Thus, it enhances the photo-reactivity. In contrast, the latter factor discourages the
photo-reactivity, since faster quenching (a shorter lifetime of the excited state) reduces a fraction of
adsorbate which has excess energy enough to surmount the dissociation barrier when it is quenched
back to the ground state. The two factors are mutually related. Namely, the larger the adsorption
energy, the faster (shorter) the quenching (lifetime) would be. Therefore, the photo-reactivity of
metal is determined by the subtle balance between the two factors. Among three metal substrates
studied in this work, it seems that the interactions between cyclohexane and Ni(111) are best suited

for the photochemical C-H activation of cyclohexane.
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HEaNZBLHE. JENRRRAMKRIKETSH S V7 OoAFT 2 OREEL
HICDONWTOERNBHERREEE EDEDDTH D, ‘¥ J OANFT U RHIEBREICHK
#95LT70— RTAE EEEAICS T ML CH BREREIT— RICED <IN >
RERL, 2OV 7 hE (BEIRINF—) CRRISOMICIIAEERSH S Z &athho
TW3, 22T, ZNHOREIIEE LT 7 OAFT > OERFIRE, JERE, BRU
RIS R O SR S I DV TR 2 ERRIOBTSE 217 0 Tz ABIETORVEER
FEIT, 7 OAFg A Cu(11l). Pt(111). NIl EDEBRE LIIERETS LK
WA E DE—R TIRIBR LIZ 6.4eV B TOHIC K DERISERITIETH
B, ZOBEEBLREABETIRD 3DOEETONTELLIBRSNTWS,

(1) Cu(1INEZAWTHRIBICBIT 2R EHE N Lz, ZOREIXLRLEOR
BOIBETIRIZ OAFY VOREIRNF—Nbo Eb/hEL, BRBITE- 2L
ZRNDT, RRISFTOPEZFARSN., ZOBMICIIITFHRAETH D, 6.4eV OHXT
R OAFY RS T OAF I EKRBICHEEL ., EREN=Y 7 OAFUIIIER
lckpyroaFte clkElbans Tt E2REBUE, £ BEEXELEXERN,
NRSICET 5 EPWERORE - ARAKEEERET S 2 &I kD, BEICLDN
WA TR 27 OAFH L OBESFEANS 2 7 aNFY > ESBEOPERTO
BRICEDAECDIESHRENOEBICIOARENFREIND ZEE2RELE,
(2) PHAIDEBE TR, Y7 OAFHUVRBRISL. ROECERERT BT &b
Tméobmb,m%%%ﬁ%%ﬁ?%%ﬁt@%ﬁﬁﬁ%@mmﬁémé:t&ﬁ&
Uiz, COREEHATZZECED., AEELETIZ5.0. 6.4eV DXL T 7 OAN
FH N CUIDEE EERUBREANZZLIED 7 ONFUIANEHEETHZ &
BRI L. CNERRT S EARKBICHERTEBON VO RERIND, HERD
BRISHIRTIL, R ERI ML6¢ﬁ¢tLTMC&h®amﬁiéhTmto
WL, AHITH. KRBICLD EVERTEROL I OAFY > MBI T2 T &z
£ 0. CeHun CeHios CeHo EBRMICHERFTRANEET A I L2FODTHLNIZ
HERORBHEEET N ELVIERL R THRET S EITRILE.

(3) FRHE & B3 T3 ¥ — OB EPESHMITT 372012 NiQ1DER £ THRE
TN, 3 DOXRE TOXRICHEREE LB Lz, TORR. 6.4V DT FIF—TOD
RISHEEOAICEHT 2 EEMRMHEEEIAS NN, o EbBELRXINF—DOK
&72 PtUIDE L TOH 5.0eV THRIGAVLE 5 72 SRS & AR & RIET 5 KR
BHELHASMNER S, TORIKDNWTREEFTRINF— LRhEHFd & OEENSEER
Zfro 7. :

EHE, @BICEEL 7 OAFY UBRSHETIRBNORWEETHETS 2 &
%@@ FREOBNWS DNDORERZITo>THBD. TORKOMITTONTHHLYL
Az E N, FORED—ERIZT TIZ Phys.Chem.Chem Phys.flICHER SN T 5,
PEDZ E2BEL., FHXOAFIBLERLELTHAREEHRAZHO LHET L.
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