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Molecular orientation with visible light: Reflectance-anisotropy spectroscopy
of 3-thiophene carboxylate on C§110 surfaces
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We present reflectance-anisotropy spectroscopy data for the adsorption of 3-thiophene carboxylic acid on the
clean and @X1)/Cu(110 surfaces, which demonstrates the sensitivity to orientation parallel and perpendicu-
lar to the surface. Electronic structure calculations were performed to clarify the bonding and assign RAS
transitions[S0163-182808)00739-3

[. INTRODUCTION implies that random azimuthally oriented adsorption may be
indistinguishable from no adsorption. Thus, correlated or si-
Reflectance-anisotropy spectroscgRAS) is a technique multaneous measurements using another absorption spectros-
developed originally for real-timein situ monitoring of  copy, such as reflection absorption infrared spectroscopy
semiconductor growth,in which the normalized difference (RAIRS) or high-resolution electron-energy-loss spectros-
in reflectivity along two orthogonal directions is measured.copy (HREELS, may be necessary to provide sufficient in-
Despite a relatively large database of experimental informaformation to uniquely interpret molecular orientation
tion on semiconductor systems, the theoretical calculation ofhanges. Additionally, the question of whether a molecule-
RA spectra is still a formidable problefif.Only recently has induced dipole transition induces an increase or decrease in
the technique been applied to metal single-crystal surfaceseflectivity depends upon the optical properties of the sub-
and chemisorption processes; many aspects of the interpref@fate and_is critical to the assignment of molecular
tion remain open. Pemblet al>® were the first to report oOrientation.“ The relationship between coverage and RA sig-
single wavelength RA results for chemisorption of oxygen,n@l may depend on the substrate, adsorbate, and bonding,
formate, and benzoate on (10), which demonstrated that and is, _however, not yet established for_the general case.
the signal at 1.98 eV can provide a real-time measure of th _In this paper, we report spectroscopic RA results for 3-
adsorption of molecular species. The response was ascribgamphene carboxylgte chem|sorpt|on on clean and oxygen
to the quenching of a well-known transition between twopredcl)f%d CdL10, since in correlated HREELS. and.STM
2 ] work **>the coverage dependence reveals reorientation from
surface states af. Subsequent spectroscopic measurementg flat-lying to upright geometry, which is initially azimuth-
reported by Hofmanet al.” agreed with this assignment and aly aligned and then decays with additional adsorption lead-
showed that two, bulk'derived’rsp interband transitions at |ng to a rotation of the thiophene ring away from the h|gh
3.8 and 4.2 eV respond differently to oxygen and CO adsorpsymmetry direction. The insensitivity of the RA signal to the
tion; one is quenched by adsorption while the other is rathefotation of the ring shows that little information regarding
surface insensitive. Recent work by &hal!® have utilized  conformational changes of nonbonding functionalities of the
the quenching of the 2 eV feature to quantify CO coveraggnolecules could be obtained, but the information, derived
during adsorption and desorption processes, leading to a rgom interface-related states, allows sensitivity to a buried
vised interpretation of the kinetics. However, questions rejnterface. Electronic structure calculations were performed to

garding the sign of the anisotropy and the relationship bec|arify the bonding and assign RAS transitions.
tween coverage and the RA signal remain open. Scholz

et al!! have also utilized RAS to follow reactions of,ldnd
O, on RA110. e _ Il. EXPERIMENT

While the studies reported here indicate the potential of
RAS to follow orientational changes of molecules on metal The results were obtained in two different UHV systems.
surfaces, a number of fundamental questions need to be ré&he Cy110 samples were mechanically and electrochemi-
solved. Theoretical interpretation has so far been limited teally polished and then cleaned in UHV by repeated cycles
symmetry-based arguments invoking dipole selection rulesf sputtering and annealing at 800 K until a sharp LEED
and examination of known band structures for transitiongattern with low diffuse background was obtained. In
that would lead to large maxima in the joint density of statesHREELS (VSW HIB 1000 double pass spectroméfgr
The orientational information obtained has been limited tocleanliness was assessed by the appearance of the dipole ac-
the molecule surface bonding region, since in the visible retive, surface phonon resonanteat 160 cm?* and the ab-
gion accessible, organic molecules are generally transparergence of any other losses, while in RAS cleanliness was veri-
The design of the measurement as a difference techniquied by the appearance of an intense@x 10 %) feature at
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' ' ' ' nances at 2.1 eV and a doublet at 3.8 and 4.2 eV. However,
we assign the sense of the anisotropy opposite to that due to
Hofmannet al.” Although there is consensus that the transi-

tion between the two surface statesyats allowed only for
light polarized along001),>~" whether the transition induces
an increase or decrease in reflectivity has not been clarified.
In a separate publicatiorf,we have examined the optical
response of a range of materials within a three-layer dielec-
tric theory model. Solution of the Fresnel equations shows
that, for an isotropic copper substrate, a transition near 2 eV
in the overlayer(surface regionleads to adecreasein re-
flectivity, as assigned in Fig.(8), curvea. Furthermore, this
simplistic model also shows features near 4 eV that resemble
the measured spectrum. Within the Fresnel description, the
response at 4 eV is not due to structure in the overlgyer,
se but derives from the optical response of the substrate.
This view is consistent with both the sign and, qualitatively,
the interpretation for AGL10 and AU110 by Mochan
et al® Additionally, we have recently shohthat Fresnel
calculations correctly predict the azimuthal orientation of a
molecule from the RA response of an intramolecular elec-
S . . L ; ] tronic transition, for the case of 9-anthracene carboxylate
2 3 4 5 adsorbed op(2x 1)0O/Cu110). Therefore, we reassign the

sense of the anisotropy of the clean surface.

In recent work on the A@ 10 surface, the corresponding

2x103 (r[1 107 - {00 1/TL10] + r001)

- © "a “ e m ﬂ“ . transition between the filled and unoccupied surface states at
I }‘h e i Y, expected near 1.7 eV, was not clearly identiflaghich
" o S pxl) suggested that the 2-eV transition on(C10) may involve a
21eV___ significant contribution fromd-sp interband transitions near

the absorption edge, based on theoretical calculations by Mo-
chanet al® for Ag(110 and Au110. The sense of the weak
feature near 1.7 eV was opposite to that on(X10),” con-
sistent with our reassignment. Possible reasons for the weak
intensity suggestédvere differences in the bulk optical re-

- sponse and a smaller density of states in th€lA@ surface
0 200 400 600 800

Time (s) states atY. We find? that the substrate optical response

function,A(w), for CuisA(2.1 eV)=0.106, while for Ag it
FIG. 1. (a),(b) Representative RAS data with increasing cover-js A(1.7 eV)=0.042. While the bulk response involved in
age(curvesa—i) for exposure of 3-thiophene carboxylic acid onto the RA is weaker by a factor of two on Ag compared to Cu,

the. clean .leo) surface.(c) Single Wa.veleng.th .RA data acquired the strength of the optical transition between Weurface

while dosing at several photon energies as indicated. . .
states on Ag is apparently also weaker than on Cu, which
could be due to differences in factors such as density of
states and the magnitude of the transition dipole. For

Au(110), the corresponding transition is about 0.5 e¥?
which is not within the current spectrometer’s range.

The coverage dependent quenching of the surface state
transition in the RA signal at 2 eV on CLLO behaves simi-
larly for the adsorption of thiophene carboxylate, show in

2.1 eV, characteristic of the clean surfdc&he organic
solid, 3-thiophene carboxylic acid\Idrich 99%) was dosed
as described previousfywith the Cu110 sample held at
340-350 K. The RAS spectrometér’® based on a design

1 ! ;
by Aspnesi! was attached to a strain-free window on the Fig. 1(c), as for the adsorption of oxygén’ formate>® and

UHV system. Experimental artifacts were removed from thebenzoaté'G Jin et al2® have found the RA response to be

raw data using a correction functlon_ deter_mlned by rneasurI'inearly related to coverage, as determined from thermal de-
ing RAS spectra with the sample aligned in two orthogonal

; ; o S sorption measurements for the CO(CLO) system. As a first
orientations at 45° to thgL10] direction of the crystal. approximation, the RA intensity is given by the joint density

of statesP®(E, #) @ D"(E, 6). If the feature at 2 eV is domi-
lIl. ADSORPTION OF 3-THIOPHENE CARBOXYLATE nated by a transition between electron and hole surface states

ON CLEAN Cu (110 atY, then the coverage-dependent changB §(0.15 eV )
andD"(1.85 eV ), both of which decay more rapidly than
linear in coverageg, for H/Cu(110) from photoemission and
The spectrum of the clean surface, Fige)lcurvea, isin  inverse photoemissiol, leads to the expectation of a non-
good agreement with that of Hofmaret al,” with reso- linear decay in the RA signal with coverage. For the CO/

A. RAS measurements of clean C(110
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Cu(110) system, theY surface state in inverse photo- C. LDA-DFT calculations of p(2x1) 3-thiophene

emissior* is obscured by the CO derived lev@sand the carboxylate/Cu(110)

coverage dependent decay of the surface state has not beenTo clarify the nature of molecule-substrate bonding, we

reported. Although many body effects have been shown tgerformedab initio calculations for a 25-atom slab supercell

be important in the theoretical description of RA speétia,  in the maximum coverag®=0.5 ML, regime, based on the

is not clear how including such effects would lead to a linearp(2x 1) structure proposed previouéli/.'l'he Cu110 unit

decay withé. Thus, the explanation of the coverage depenell contains two surface Cu atoms, both bonded to oxygens

dence remains open. from the same molecule. Since eleven atoms belong to the
latter, our calculation then contains seven Cu layers, with the
shallowest three Cu layers allowed to relax and the remain-

B. RAS measurements of 3-thiophene carboxylate/G10) ing four kept fixed at bulk geometry.

We now correlate the RAS measurements for the adsorp- 1 N€ €electronic structure calculations were performed us-

; e R ing the Gaussian-based density-functional pseudopotential
tion of 3 thlophene carboxylz_at(éi T.C) on the cl_ean 0111(_)) code QUEST(quantum electronic structureThe LDA to
surface with molecular reorientation determined previousl

Ydensi ; 28y ;
415 . ensity functional theoy?yields excellent geometries and
fom HREELS and STM:™ The coverage-dependent relative energies for many systems. We use the Perdew-

chang(_as involye a single _fIat—Iying_ orier]tation converting toEunger LDA parametrizatidi of the Ceperley-Alder elec-
an upright, a2|_muthally aligned _orle_n_tatlon at a coverage ot - gas resultt® and employ the generalized norm-
6=0.25 ML with a c(4x8) periodicity. As the coverage conserving pseudopotentials of Hamahiwe did not use
increases to saturation, 8=0.5 ML, the structure changes tpe generalized gradient approximafidn(GGA) because
to ap(2x1) periodicity in which the thiophene ring rotates several workers have now reported that it can lead to inferior
approximately 30° away froni110); however, the carboxy- geometrie¥®**and our aim does not include calculating the
late is presumed to remain aligned alofig0 in the short  heat of chemisorption. The basis sets for all atoms consisted
bridge site. of two contracted bases per atomic valence orbital plus op-
In the initial adsorption of the flat-lying species, the fea-timized polarization functions, i.e., “double zeta plus
tures at both 2.1 and 3.8 eV decay. The time-dependerolarization.”®® In order to achieve near-linear scaling,
change of the signal at 2.1, 3.3, and 4.24 eV is shown in thQUEST employs an algorithm due to Feibeln¥ar® Geo-
single-wavelength mode in Fig.(d. The decrease in the metric relaxation was done through an iterative Broyden
2.1-eV signal is similar to that found previouStjncludinga ~ scheme developed by JohnsBnysing accurately computed
small but measurable recovery before stabilizing. As the fealnteratomic force§?
ture at 2.1 eV decay§ig. 1(a), curvesa—d], the magnitude ~ The nature of the Cu-O bonds appears to depend on cov-
of the peak at 3.8 eV also decreases, but changes occur oV@iage only to a very limited extent, as confirmed by our

the entire 2.5—4-eV range, indicating that the anisotropy of@lculations at a coverage of 0.25 ML, i.e., using @)
the CY110 surface-sensitival to sp band transition, or unit cell containing only two 3-thiophene carboxylates in

Fermi surface to image state band favored by HofmanrRdiacent short bridge sites alof@01). This establishes that

et al,” extends over quite a broad spectral range. The chan Qe Cu-O bond is unaffected by the orientation of the carbon

in the anisotropy at 3.3 eV maximizes simultaneously with Ing(s). Our relaxed geometry at maximum coverage,

< : _ . =05 ML, gave 1.28 A, 1.95 A, and 126.5° for the basal
the minimum in the 2.1-eV feature; however, the magnltudeC_O and O-Cu distances and the O-C-O angle, respectively
of the anisotropy at 4.2 eV increasésegatively by 25% ' :

; - . These values are the same as those found for surface car-
and then recovers to nearly its original valliéig. 1(a) boxylate species on €100.* The latter were 1.29 A, 1.95
curvesa-d and Fig. 1c), 200-300 $at this stage. A, and 126°, respectively, as obtained from an all electron
As the coverage increases and the molecules flip uprights|cylation of aHCOO)Cug, cluster*! with the carboxylates
[Fig. 1(b), curvese-i and Fig. Ic), 300-400 § the broad i the short bridge site in the ground-state geometry. It
band between 2.5 and 4 eV returns to essentially the cleaghould be noted that this agreement shows the accuracy of
surface value while the magnitude of the anisotropy at 4.24ne pseudopotentials used in our calculations. Results for the
eV continues to mcreas(eegat_lv_ely. Fig. 1(b), curvei, cor- (4%2), 6=0.25 ML coverage, system show that the adsor-
responds to the(4x 8) periodicity SUU_CtUFé? shown sche-  pate induces a slight buckling of the Cu atoms bonded to the
matically in Fig. Xc), in which the thiophene carboxylate molecule.
plane is aligned parallel tp110]. With further dosing, the Results for the local density of statésDOS) at Cu, O,
structure converts to the(2x 1) surface in which the rings  and pasal C atoms are shown in Figa)2 with the vertical
rotate away fron{110]. The RA spectrum of th@(2X1)  |ine denoting the Fermi energy. Two features in the DOS
structure is not shown since it is not significantly different cyryes should be noted. The firgit about—6 to —8 eV)
from that of thec(4 X 8) structure, Fig. (), curvei, at least pertains to the C-O bond, while the secdiad about—1 to
within the 1.5-5.5-eV photon range and measured signal tQ. 3 e\/) superficially suggests possible £Gubonding. The
noise. This is consistent with the assumption that the coppefiature of these features is clarified by examining the cross

carboxylate bonding does not change despite the rotation @byms (and their integrals up to the Fermi energyf the
the thiophene rings away from the high symmetry direction. . AN X
The conformational changes associated with the thiophen((i,enSIty matrixp,, whereA andl denote respectively atom
ring were not detected within the spectral range and signala”d, angular momentum components; these tef@gually

to-noise ratio of our measurements. o +pﬁ’|A) are reported in the inset of Fig(& for the
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T . , ; , . Ref. 41, only molecular orbitals with significant energy

Czp—C'gp ' changes for different adsorption geometries were considered,
L N Cu whereas it is the integrated cross terms, to which all occupied
levels contribute, which ultimately determine bonding.
o~ All Cu-O cross termsl(=s,p,d; |’ =s,p) were examined
w . ..
B M to establish the nature of the molecule-surface bond; a simi-
=N /\ i lar analysis was performed for comparison to the O-C bond.
g Strictly, such a procedure is quantitatively not reliable; how-
a Cop=O2p —+ \/ ever, it may offer insight in relative terms. While the sum of
8 CU3dI—02pI/' the cross terms for the C-O bond gave an indication of a
S| 120 80 4.0 0.0 | robust covalent bon¢bbviously, ofsp? type), a similar sum
g ! pr c for the Cu-O one resulted in an off diagonal “bonding”
X {\ density about ten times smaller, indicating the weakness of
/‘ / such a bondin fact such a small density can be a basis set
/\1\ A A A artifacy.
210 00 Tae0 s 80 20 0.0 20 Due to the weak charge transfer from both Guahd
(a) Energy (eV) orbitals, and the small Cu-O cross terms, the molecule-

substrate bond is apparently mainly of electrostatic character,
with the Cu surface layers providing image charge screening
in response to the negatively charged 0.5 electron O
atoms. Charge density is a physical observable, and provides
a clear way to evaluate this statement. In Fidp) 2we report
a charge density difference plot made by comparing the
moleculet-metal system and the substrate-only system. The
sign of the charge difference is also shown. This unusual
type of plot is especially advantageo(isstead of, for ex-
ample, a plot of the moleculemetal system minus the
substrate-only+ free moleculg since it shows the changes
induced by the molecule in the substrate, and the molecular
region shows the nature of the molecular charge and bonds.
Figure 2b) reveals the covalent nature of the C-O and C-C
" bonds. In passing, we note that the asymmetry in the up-
FIG. 2. (a) The local densities of states for the Cu nearest thewards charge lobes of the topmost C in the figure is due to
adsorbed molecule and for the carboxylate O and C af@insest the presence of one sulphur atom in the carbon ring. The
to the surfacg The irregular portion of the Cu LDOS in thes4 charge along C-O and C-C bonds distributes very differently

band near the Fermi level is due kepoint sampling. The inset . .
from the one in the Cu-O region. In the former, we see the
shows on the same energy scale the cross terms of the densit

matrix, indicative of bonding-antibonding behavi@ee also main a&lal increase in density typical of covalency, while in the
text). (b) The logarithm of the charge density difference made bylatter We see a nodal structure between Cu a_nd O. In fact .the
subtracting the bare Cu slab from the adsorbate coveredi@ng (negative charge around the O shows a spatial compression
above the metal the total charge density is shown; below the molll the region above the substratiae arrow in the figure
ecule a difference is shown. A small uniform density was added tol NiS iS @ clear indication of the electrostatic nature of the
make all values positive before the logarithm was taken; the scale i€U-O bond and that théhegative O charge is being com-
in Bohr. The metal shows a small loss ofi,3 charge and image Pressed in order to get the molecule closer to the surface. The
charge formation below the Cu atoms. Note the separation ofd¢he 3Sign and shape of the substrate charge, on the other hand, is
orbitals from the oxygen atoms. typical of a surface image charge distribution.
The nature of the LDOS also gives some indications of

the optical properties of the system. For the clean surface, the
Cu-0,1=2,1"=1 (pgi%,) and the C-Ol=1"=1 (p5,°,,)  optical response at 3.8 and 4.2 eV is mainly ascribed to the
bonds. The diagonal elemepgr',c_2p is also shown for ori-  d-to-sp interband transition.Our results here show that
entation. Clearly, the integrated areas of the cross termhile such transitions are still energetically allowed, a new 4
show there is negligibléversussignifican} net bonding for eV substrate-induced transition may occur between Cu-O
the Cuyqy-O (versus C-Q orbitals; in addition, the values of filled states near-2 eV and carboxylate C-O empty states
the energy integrated LDOS indicate strong electron transfemear+ 3 eV. The comparison of our DF-LDA results for the
from C to O, but negligible electron transfex Q.1 electron  transition energy5 eV) with the experimental onét eV) is
from the Cu 3 shell to O. Since the two O features in the suggestive of good agreement, since the 1-eV discrepancy
—3 eV region show little overlap with both Cu and C orbit- could be ascribed to the omission of final-state electron-hole
als, we assign them to the lone-pair oxygen electrons, andorrelation, excluded by the DF-LDA scheme. On the other
note that their degeneracy with the §Gus accidental in the hand, while appropriate to metallic systems, DF-LDA is well
sense that it is not indicative of bonding. The presence of &nown to underestimate gap energies in semiconductors and
2p lone pair on the basal oxygens was also noted in Ref. 4lipsulators, and here we have in principle a “mixed” system:
and the atom-substrate bonding was examined. However, ire., a metallic substrate interacting with a molecule with a
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FIG. 4. (a) and(b) Representative RAS dafa—f ) with increas-
ing coverage while dosing 3-thiophene carboxylic acid onto a satu-
ratedp(2x1)O/Cu110 surface.

phonon atX. As the surface is exposed to the carboxylic
. ! acid, the oxygen metal stretch decreases in intensity and new
0 1000 2000 3000 features associated with 3-TC appear. Comparison with Ref.
Energy Loss (cm) 14 shows clearly that the bands are attributable to the in-
lane A’ modes and therefore the species are oriented per-
FIG. 3. Coveragi'deopendem HREELS spectra meas,ured 0E‘endicular to the surface at all coverages. The reaction of the
specular at 2.01 eV4=60°) for (a) the clean C(L10 surface;(b) . . . .
after saturation of th@(2x1)O/Cu110 structure; and following acid with the oxygen pre-(_jos_ed S”rff?‘ce is expected to tltr_ate
cumulative doses of 3-thiophene carboxylic acid onto theONE OXygen atom .per two incident acid mqlecules by reaction
0/CU(110) surface for(c) 15 min: (d) 30 min; (¢) 45 min; and(f) 60 to form 'HZO, WhICh desorbs and effectlvely reduces the
min. 1(Cu-0O) intensity. However, at a maximum 3-TC coverage
of 0.5 ML, we would expect roughly 0.25 ML of oxygen to
remain on the surface. No ordered structures have been ob-

finite energy difference between HOMO and LUMO. So,served to date for adsorption of S'TCf on _the Oxygen pre-
. > - . - dosed surface. Although no change in orientation perpen-
while quantitative agreement is possibly not excluded, a ca;

; icular to the surface occurs, the low barrier to rotation of the
veat concerns the lack of self-energy corrections beyon iophene ring, estimated at 175 m&Vsuggests that an
LDA. This also explains why our focus was intentionally on P 9, 99 y

round state(i.e., structural and bondidgproperties rather azimuthal orientation associated with the thiophene ring in-
9 N gprop : dyced by the carboxylate bonding could easily be lost due to
than on excited states. However, to assess the relative role ) N : . .
. ) oy . . ermal excitation of ring torsion or rotation at low coverage,
intra-atomic O and Cu transitions would require a dipole

matrix element analvsis. which is bevond the scope of th but might grow in at higher coverage due to steric restric-
present paper ysIS, y P ?ions. Measurements of the RA associated with intramolecu-

lar transitions involving the thiophene ring would clearly
provide novel insight into the role of intermolecular interac-
tions and local order in this system, but these are anticipated
IV. ADSORPTION ON p(2x 1)O/Cu(110) to occur above 5 eV. _ ,
The RA spectra acquired during dosing of 3-TC onto a

The adsorption of 3-TC on the oxygen predosed surface isaturatedp(2x1)O/Cu110 surface are shown in Fig. 4.
simpler than on the clean surface, as indicated by the orffhe time-dependent decay of the feature at 2.1 eV while
specular HREELS data shown in Fig. 3. The clean surfacéosing oxygen showed a minimum and small recovery as
shows only the surface phonon resondhcat 160 cmi®  reported previously,similar to the behavior of 3-TC on the
while after completion of th@(2X1)O/CyY110) reconstruc- clean surfacéFig. 1(c)]. The resulting spectrum, Fig.(a,
tion, two bands appear at 400 chdue to»(Cu-O) and at  curvea is in good agreement with that reported by Hofmann
200 cm ! associated with an adsorbate-induced dipole activet al.” With exposure to the acid, the feature at 2.1 eV is
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qguenched further. Comparison of Fig(ay with Fig. 1(a) V. CONCLUSIONS

curve a, shows that the changes in the 2.5-4-eV range

largely reverse the quenching of the surface sensitive broad The correlation of the HREELS data with RAS measure-

band anisotropy, which occurred with formation of h€2  ments shows that the effect of molecular reorientation from a
X 1) structure. By spectrura in Fig. 4(a), the anisotropy in  flat-lying to upright species produces significant changes in
this range is similar to that of the clean surface and the inthe anisotropy near 4.2 eV, related to a transition involving

tensity in the region of 3.8 eV, while not as well resolved ascopper-carboxylate states. The copper-carboxylate bonding
on the clean surface, has nearly recovered. The intensity 9 similar for the upright species on the clean and oxygen

the 4.2-eV feature becomes continuously stronger with adreconstructed surfaces and during adsorption induces time-

sorption (curvesa-f), which is consistent with the clean yenendent changes that demonstrate the potential for follow-
surface data where an increase in anisotrioggatively was ing kinetic processes in real time
e

observed when the molecules reorient perpendicular to th
surface. This change in anisotropy can be attributed again to

a Cu-O to C-O intramolecular transitiofsee Sec. Il B,
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