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Abstract: Electron transfer at the molecule—metal interface of self-assembled monolayers of 1,1';4',1"-
terphenyl-4"-thiol (BBB) and its partially fluorinated counterpart (BFF: p-thiophenyl-nonafluorobiphenyl)
on Au(111) is investigated by core-hole clock spectroscopy. Ultrafast electron transfer at the BBB/Au(111)
interface in the low-femtosecond regime (on the same time scale as the C 1s core-hole lifetime, ~6 fs)
was observed. In contrast, for BFF/Au(111), the interface electron transfer was forbidden during the core-
hole decay. This strongly suggests that fluorination of phenyl rings significantly enhances the localization
of the excited electrons in the LUMO.

Introduction connection to the metallic contacts: adding localizing groups
Electron transfer at the molecutsubstrate interface is ~ (6-9. an oxygen atom at the center or a methylene group near
important for technological applications such as biocatalyais, the S-Au contacts) to the fully conjugated molecule (4,4
electrochemistry, photodioded;® solar-energy conversidi, biphenyldithiol) strongly interferes with the conjugated aromatic
and, more recently, molecular electronfc® Intensive efforts ~ SyStém and suppresses the overall conductance through the
have focused on the design and investigation of a variety of Molecule. Functional molecular electronic devices such as
chemically bonded molecutesubstrate interfaces that do not Molecular diodes can be realized by introducing different

mask the molecule’s electronic signature and favor ultrafast functional groups; however, these may inevitably modify the
interface electron transfer, including sukemetal (usually delocalization of the molecular orbitals and affect the electron

S—Au bond)!112 carbon-silicon 314 and metatcarbon transfer from molecule to electrode. In this Article, the effects
bonds!516 Recently, Dadosh et al. demonstrated that the ©f functional groups (fluorine in our case) on the electron

electron transfer from molecules to metal substrates dependsransfer from the self-assembled monolayer of aromatic thiols

critically on the delocalization of the molecular orbitals and their 10 Au(111) substrates are investigated. Two aromatic thiol
molecules are studied: 1;4',1"-terphenyl-4-thiol (BBB) with

! Department of Physics, National University of Singapore. fully conjugated lowest-unoccupied-molecular-orbital (LUMO);
* Institute of Materials Research and Engineering. . . . .
§ Department of Chemistry, National University of Singapore. and its partially fluorinated counterpart (BFfa-thiophenyl-
(%) _I;Hrsllch, R; ga}tzF, E.; V;/Villl_n$r, 13. AmH _Cril(em. SIQQ?I?OdlZF%hlZOCSS. nonafluorobiphenyl), in which the LUMO is mainly localized
B o1 5y gy | U Hs Kano, K tkeda, /iys Chem. o the two fluorinated phenyl rings, as shown in Figure 1.
(3) Valincius, G.; Niaura, G.; Kazakeiieng B.; Talaikyte Z.; Kazemeaite, Ultrafast electron transfer at the BBB/Au(111) interface in the
M.; Butkus, E.; Razumas, M.angmuir2004 20, 6631. .
(4) Tang, C. W.; Vanslyke, S. AAppl. Phys. Lett1987 51, 913. low-femtosecond regime~(6 fs) was observed. In contrast, for

(5) Ho, P. K. H.; Kim, J. S.; Burroughes, J. H.; Becker, H.; Li, S. F. Y.; Brown, BFF/Au(111). the fluorination of phenvl rin ianificantl
T. M.; Cacialli, F.; Friend, R. HNature 200Q 404, 481. / u( )’ the fluorination o pheny gs sig ca ty

(6) Hagfeldt, A.; Gtazel, M. Acc. Chem. Ref00Q 33, 269. enhances the localization of excited electrons in the LUMO,

(7) Grazel, M. Nature 2001, 414, 338. i i -

(&) Mirkin. C. A Ratner. M. Annu. Re. Phys. Chem1992 92, 719. thereby reducm'g the interface electron-transfer r'ate..

(9) Joachim, C.: Gimzewski, J. K.; Aviran, Alature 200Q 408 541. The ultrafast interface electron-transfer dynamics (in femto-
(10) Nitzan, A.; Ratner, M. AScience2003 300, 1384. i i e _
(11) Yu_ H. Liio, .- Beverly. K. Stoddart J. F.. Tseng, H. R.: Heath, J. R, second time scale) is probed by the element_ specific synchrotron

Angew. Chem., Int. E®003 42, 5706. based soft X-ray spectroscopy method, which has been referred
(12) Jiang, . Morales, G. M.; You, W.; Yu, lAngew. Chem., Int. E2004 to as core-hole clock spectroscof¥y2¢ This method has been
(13) Guisinger, N. P.; Yoder, N. L.; Hersam, M. Broc. Natl. Acad. Sci. U.S.A.

2005 102 8838. (18) Fdhlisch, A.; Feulner, P.; Hennies, F.; Fink, A.; Menzel, D.; Sanchez-Portal,
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Figure 1. Schematic drawings of structures of BBB/Au(111) and BFF/Au(111) samples, and corresponding optimized molecular structures and calculated
lowest-unoccupied-molecular-orbital (LUMO) of both molecules. Dark gray spheres represent the C atoms, white spheres are for the H atorresegreen sph
are for the F atoms, and yellow spheres are for the S atoms. Three different chemically shifted carbon sites are highlighted in the schematRitdrawings.

I: C(H) sites at which carbon atoms link to one H atom. Site Il: C(C) sites at which carbon atoms link to three other C atoms. Site Ill: C(F) sites at which
carbon atoms link to one F atom.

molecular orbital, the core-hole decays through the participator

hv : . f#ﬁiﬁﬁ‘.ﬁn or spectator channels, and hence a particular valence band state
f f band or HOMO level of the molecule is enhanced at a certain photon
LUMO o— / / —1.8 energy (so-callgd “resonant enhancgment”). If this'molecular
HOMO, Ze-e— /"8~ oo s orbital is delocalized over many atomic centers, 'Fhat is, strongly
- -y -S4 coupled to the substrate, a transfer of the excited electron to

the substrate [Figure 2d] competes with the decay process that
takes place during the core-hole lifetime (in our case, 6 fs for
C1s —o-e— C 1s)?’ thereby reducing the resonant peak intensity. By
Sf;;’;f‘onn‘ Paggg';“’f SZZCC‘:;W 5:’:8‘;2:‘ monitoring the intensity changes in the resonant peaks, the
interface electron transfer on the low-femtosecond or sub-

(@) () © (d) femtosecond time scale can be evaluated using the core-hole

Figure 2. Schematic overview of the working principle of the core-hole |ifetime as an internal reference clock.

clock spectroscopy. (a) A core level electron (C 1s in our case) is resonantly

excited into adsorbate unoccupied molecular orbital (LUMO). In the core- Experimental Section

hole lifetime (6 fs for C 1s core-hole), this excited electron can either (b)

participate in the decay process leading to a one-hole final state (participator ~Synthesis details op-thiophenyl-nonafluorobiphenyl (BFF) and
decay), or (c) be passive as a spectator leading to a two-hole-one-electront, 1';:4',1""-terphenyl-4-thiol (BBB) molecules will be reported else-
final state (spectator decay), or (d) directly transfer to substrate conduction \here28 Monolayers of BFF and BBB molecules were formed by
band if the molecular orbital strongly couples with substrate density-of- spontaneous adsorption of their thioacetate forprsoetyithiophenyl-

states. nonafluorobiphenyl for BFF and 1;&',1"-terphenyl-4-acetylthio for
used to investigate electron transfer at S/Ru(0000Q0O/Ru- BBB) on Au(111)/mica substrates (SPI, USA). In all cases, the Au-
(0001)22 and Ar/Ru(0013 interfaces in the sub-femtosecond _(111)/m|ca samples were immersed in 3 mL 0k110~4 M solutions

or attosecond time scale, and has recently been extended to th& 2" N enV'ronmemofor 48 h, using tetrahydrofuran (THF) as the

study of sub-3-fs interface electron transfer for an aromatic solvent and 1@&L of 25% ammonia solution as the deprotection reagent
. 19 Th i incipl f thi to remove the acetyl protection groups. After growth, the samples were

adsorbate on Tig§110)!® The working principle of this thoroughly rinsed using THF and immediately transferred into an

synchrotron-based soft X-ray spectroscopy method is sum- ultrahigh-vacuum (UHV) chamber with a base pressure o100
marized in Figure 2. Core-hole clock spectroscopy monitors the Torr. The photoemission and X-ray absorption experiments were carried
decay events [participator or spectator decay as shown in Figureat SINS beamline of Singapore synchrotron light sod?éThe X-ray

2b and c, respectively] of the core-excited state involving the absorption measurements were performed in total electron yield (TEY)
resonantly excited electron in an unoccupied molecular orbital mode with a photon energy resolution of 0.1 eV. The TEY signal, which
[Figure 2a] upon the absorption of a photon with energinaf is measured via the drain current from the sample, consists of all

If the resonantly excited electron localizes in the unoccupied electrons escaping from the specimen as a result of the cascade process
initiated by the absorption of each phot8mll photoemission (PES)

(22) Keller, C.; Stichler, M.; Comelli, G.; Esch, F.; Lizzit, S.; Wurth, W.; Menzel,

D. Phys. Re. Lett. 1998 80, 1774. (27) Coville, M.; Thomas, T. DPhys. Re. A 1991, 43, 6053.
(23) Keller, C.; Stichler, M.; Comelli, G.; Esch, F.; Lizzit, S.; Menzel, D.; Wurth, ~ (28) Huang, C.; Yang, J. S.; Chen, W.; Loh, K. P.; Wee, A. T. S.; Chen, Z. K.,
W. Phys. Re. B 1998 57, 11951. in preparation.
(24) Bjorneholm, O.; Nilsson, A.; Sandell, A.; Heri®@.; Martensson, NPhys. (29) Yu, X. J.; Wilhelmi, O.; Moser, H. O.; Vidyarai, S. V.; Gao, X. Y.; Wee,
Rev. Lett. 1992 68, 1892. A. T. S.; Nyunt, T.; Qian, H.; Zheng, HJ. Electron Spectrosc. Relat.
(25) Bjorneholm, O.; Sundin, S.; Svensson, S.; Marinho, R. R. T.; Naves de Phenom2005 144—-147, 1031.
Brito, A.; Gel'mukhanov, F.; Aren, H.Phys. Re. Lett. 1997 79, 3150. (30) Chen, W.; Xu, H,; Liu, L.; Gao, X. Y.; Qi, D. C.; Peng, G. W.; Tan, S. C,;
(26) Osikowicz, W.; Friedlein, R.; Jong, M. P. de; Sorensen, S. L.; Groenendaal, Feng, Y. P.; Loh, K. P.; Wee, A. T. Surf. Sci.2005 596, 187.
L.; Salaneck, W. RNew J. Phys2005 7, 104. (31) stdr, J.NEXAFS spectroscopgpringer-Verlag: Berlin; New York, 1992.
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C(H.C)ls == LUMO

il at C(H, C) site orbitals. For BFF/Au(111) [Figure 3b], two
¢ C(F)ls == LUMO
.

strong resonances are observed~&84.7 eV [peak 1] and

C 1s hv=350eV ~287.6 eV [peak 2], respectively. The intensity of peak 2 is

[rorme:eriBsion (@) much higher than that of peak 1. In a detailed inner-shell electron
_ﬁag(g}a " energy loss spectroscopy (EELS) study of a seriessbEs

I ——::l gE(F:}} 1 molecules (fluorinated benzene derivativés)yo C 1s— m1*-

(LUMO) resonant peaks were observed in EEL spectra; the
lower-energy resonant peak was assigned to the resonance at
C(H) sites, and the higher-energy one to the resonance at C(F)
sites. As such, we assign peak 1 to the C-1sr*(LUMO)
resonance at C(H, C) sites, and peak 2 to the resonance at C(F)
sites (see details in the Supporting Information). It is worth
noting that both resonant peaks [peaks 1 and 2] are due to
excitation from C 1s at different sites [C(H, C) and C(F) sites]
to the same LUMO of BFF molecule.
Resonant enhancement occurs when the photoemission

Photon Energy (eV) irrw]tensitly folr a partri]cular (;/alence t_)ang state or HQM((_) level of

) . i the molecule is enhanced at certain photon energies (in our case,
g%(ir)esimé?g:(l?ewart?vseo {ltj)tllggrﬁi]l.:vseﬁ]%‘fzt;i (;fu?)gt?e;fel;(:élc](.))rggg aBtZF[/)ﬁl(J)ton the C 1s— 7;*(LUMO) absorption threshold photon energ§)>°
energy of 350 eV, and corresponding C K-edge X-ray absorption spectra In our experiment, the resonant enhancement was detected by
for (b) BBB/Au(111) and BFF/Au(111). collecting a set of valence band spectra with photon energy
ranging from 280 to 290 eV across the C-2sz*(LUMO)
absorption threshold as shown in Figure 3b. The well-
pronounced peak at the low binding energy side in the spectra,
intensities of the spectra were normalized to the total incoming photon which appe?rs to .move linearly in energy as the photon energy
flux measured with a gold mesh. The quantum-chemical calculations &S SWept, is assigned to the C 1s core level excited by second-

for free neutral BBB and BFF thiol molecules were performed using Order light (2w).? At resonance, a very small resonantly
DMol(3).32-35 enhanced peak (peak a) with binding energy lower than 4 eV

was observed for the BBB/Au(111) sample [Figure 4a], which
showed roughly linear dispersion with the incident photon
Figure 3a shows the high resolution C 1s spectra for the BBB/ €N€rgy- In comparison, three strong resonantly enhanced peaks
Au(111) and BFF/Au(111) samples taken at an incident photon (P€KS b, ¢, and d) near the valence band edge were observed
energy of 350 eV. The C 1s spectrum of BBB/Au(111) [upper for BFF/Au(111) as shown in Flgure 4b when the photon energy
part of Figure 3a] is fitted with two peaks at binding energies Was Swept across the absorption threshold (287.6 eV) of C 1s

of 284.0 eV (peak I) and 284.7 eV (peak II), respectively, using m1*(LUMO) resonance at C(F) sites. The selected spectra at

Intensity (arb units)

(syun que) Aysu)ug

280 285 290 295
Binding energy (eV)

284 288

and X-ray absorption spectra (XAS) were taken at normal emission at
room temperature. The photon energies were calibrated using the
position of Au (4f,,) line excited by first- and second-order light. The

Results and Discussion

the standard XPS fitting method of Shirley background subtrac-
tion followed by fitting the envelope with mixed Gausstan

Lorenztian functions. Peak | is assigned to excitation at C(H)
sites (site | in Figure 1), and peak Il is assigned to excitation at
C(C) sites (site Il). Because only 1 out of 18 carbon atoms is
linked to an S atom for each molecule, the contribution to the

C 1s spectrum at C(S) site was neglected in the fitting procedure.

For BFF/Au(111) [lower part of Figure 3a], an additional peak
Il at higher binding energy of 287.0 eV was observed and
assigned to excitation at C(F) sites (site )These three main
chemically shifted carbon sites are highlighted in the schematic
drawings of both molecules in Figure 1. Thekcedge X-ray
absorption spectra of the BBB/Au(111l) and BFF/Au(111)
samples are shown in Figure 3b, which measures the unoccupie
electronic density-of-states as a function of incoming photon
energy3! A strong absorption peak (1) is seen-a284.8 eV

for BBB/Au(111) in Figure 3b. This spectrum is in good
agreement with that previously for BBB monolayer on &u,
and peak 1 is attributed to the C 4sz;*(LUMO) resonance

(32) Delley, B.J. Chem. Phys199Q 92, 508.

(33) Delley, B.J. Chem. Phys200Q 113 7756.

(34) Perdew, J. P.; Wang, Phys. Re. B 1986 33, 8800.

(35) Perdew, J. P.; Wang, YPhys. Re. B 1992 45, 13244,

(36) Peisert, H.; Knupfer, M.; Schwieger, T.; Fuentes, G. G.; Olligs, D.; Fink,
J.; Schmidt, ThJ. Appl. Phys2003 93, 9683.

(37) Frey, S.; Stadler, V.; Heister, K.; Eck, W.; Zharnikov, M.; Grunze, M;
Zeysing, B.; Terfort, ALangmuir2001, 17, 2408.

resonant regime for BBB/Au(111) and BFF/Au(111) were
rearranged as a function of kinetic energy as shown in Figure
4c and d according to the equatih:

Eyinetic = hv — Epinding — ¢

where hv is the incident photon energy, anflis the work
function of the electron analyzer (spectrometer), which is
measured as 4.2 eV for our system. It is obvious that the kinetic
energies of these resonantly enhanced peaks are constant and
independent of the incident photon energy, indicating that the
enhancements observed here most likely originate from the
spectator decay processés.

The intensity of the resonant peaks (sum of all of the resonant

céjeaks) is strongly affected by the interface electron transfer. If

the excited electron can transfer from the LUMO of the molecule
to the conduction band of the metal substrate during the core-
hole lifetime, the core-hole will decay through the normal Auger
process, thereby reducing the intensity of the resonant p&aRs.

In this experiment, we compare the intensities of the resonant
peaks for both BBB and BFF molecules at the C—tst1*-
(LUMO) resonance threshold to study how the fluorination of
phenyl rings affects the interface electron transfer. As shown

(38) Hitchcock, A. P.; Fischer, P.; Gedanken, A.; Robin, MJBPhys. Chem
1987, 91, 531.
(39) Fadley, C. SProg. Surf. Sci1984 16, 275.
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Figure 4. Core-hole clock spectra of (a) BBB/Au(111) and (b) BFF/Au(111) with photon energy ranging from 280 to 290 eV as a function of binding
energy, and selected spectra (c) and (d) at resonant regime as a function of kinetic energy. The color lines highlight the resonant regime.

in Figure 4c and d, the intensity of the resonantly enhanced of BFF is localized mainly at the two fluorinated phenyl rings.
peaks (sum of peaks b, ¢, and d) for the fluorinated BFF/Au- This contrasts with the LUMO of BBB, which is well delocal-
(111) is about 20 times higher than that (peak a) of the ized over the whole molecule with substantial weight on the S
unfluorinated BBB/Au(111). To explain the strong resonantly atom, as shown in Figure 1. This makes the lifetime of the
enhanced effects for BFF/Au(111), we refer to the resonant excited electron in the LUMO of BFF longer than that of the C
process shown in Figure 2c. At resonance, the C(F) 1s corels core-hole, hence inducing the strong resonantly enhanced
level electron is excited to the LUMO on the 10-as (0.01 fs) peaks (spectator decay) shown in Figure 4d. In comparison, the
time scalé®2%which is far shorter than any possible electron- delocalized LUMO in BBB favors electron transfer from the
transfer time. During the core-hole lifetime of C 1s{ fs), LUMO to the conduction band of Au(111jAs such, the core-

the excited electrons remain in the LUMO because the LUMO hole decays through the normal Auger process during the C 1s

938 J. AM. CHEM. SOC. = VOL. 128, NO. 3, 2006
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core-hole lifetime, thereby reducing the intensity of the resonant the interface electron-transfer rate. This study opens the way
peak. Because a small resonantly enhanced peak (peak afor the specific design of functional groups in molecules to
spectator decay) is observed in Figure 4c, this shows that a smalcontrol charge transfer in applications such as molecular
portion of the excited electrons still reside in the LUMO after electronics.

core-hole decay. Hence, the transfer of excited electron to Au-

(111) takes place on the same time scale as the core-hole decay Acknowledgment. W.C. and L.W. acknowledge the support
process (6 fs), competes with the spectator decay event, androm the National University of Singapore under grants R-144-
reduces the intensity of the resonantly enhanced peak shown inpg0-107-112 and R-144-000-106-305. This work was partly
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second regime by core-hole clock spectroscopy and X-ray
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