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Creating a functionalized surface: The adsorption of terephthalic acid onto Cu„110…
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We investigate the adsorption of terephthalic acid onto the Cu~110! surface using a variety of surface-
sensitive techniques including optical-based probes. The nature of the adsorbate-Cu surface bonding, the
adsorbate orientation, and the two-dimensional order are determined. The molecule adsorbs as a monotereph-
thalate species, bonding via the carboxylate group, to form a saturated layer of upright molecules that are
terminated by acid groups—a functionalized surface. These acid groups are available for chemical interactions
with additional adsorbates. Further deposition of the acid onto the first layer results in multilayer growth
consisting of broadly flat-lying, hydrogen-bonded molecules.
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I. INTRODUCTION

The adsorption of simple monocarboxylic acids
Cu~110! has previously been studied using a variety of s
face sensitive experimental probes and details of the ads
tion process, including the bonding mechanism, have b
determined. Generally, adsorption leads to the deprotona
of the acid group into the carboxylate functionality and th
species bonds to the Cu~110! surface in an upright configu
ration with the carboxylate plane aligned along the Cu clo
packed atomic rows and with the O atoms on top of the
atoms.1–4 In this work we investigate the interaction of
dicarboxylic acid with the Cu~110! surface. The additiona
acid group on this molecule introduces a significant com
cation to the competition between surface-adsorbate
adsorbate-adsorbate interactions. It is possible that~i! the
diacids adsorb in a fashion broadly similar to the monoac
~ii ! the formation of the dicarboxlyate species could tet
the molecules to the surface with flat-lying geometry, or~iii !
intermolecular attraction via hydrogen bonding could su
press Cu-carboxylate bonding. In principle the understand
and control of these effects in Cu-carboxylate systems
provide a flexible route to nanoengineering surface prop
ties, a key enabling technology in the nanoscience rev
tion. In case~i! a diacid has the potential to form a surfa
species of upright monocarboxylates terminated with an a
group at the vacuum interface that would be available
chemical interactions. Such a chemically functionalized s
face would have wide-ranging applications including the i
mobilisation of biomolecules, molecular recognition, biose
sors, molecular electronics, and molecule-based magn
materials.

In the present work we investigate the adsorption
terephthalic acid~TPA, HOOC-C6H4-COOH), a highly sym-
metric planar molecule, onto the Cu~110! surface. To deter-
mine the nature of the dicarboxylic acid-Cu bonding, t
molecular orientation and the two-dimensional order
have used a combination of techniques. Reflection abs
tion infrared spectroscopy~RAIRS! distinguishes functiona
groups by their vibrational signatures and can determ
their orientation by exploitation of the surface selection ru
0163-1829/2002/66~15!/155427~8!/$20.00 66 1554
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only modes with a significant component of the dynam
dipole moment directed perpendicular to the surface
observable.5 Low-energy electron diffraction~LEED! is used
to determine ordering and temperature programmed des
tion ~TPD! reveals how molecules desorb from the surfa
in terms of mass fragments, as a function of temperature

We also investigate the effect of molecular adsorpt
upon the optical properties of the surface using reflect
anisotropy spectroscopy~RAS!. This is an optical probe of
surfaces6 that has been shown to be sensitive to adsorb
orientation using the system 3-thiophene carboxylic a
~3TC! on Cu~110!.7 Since RAS and RAIRS detect optica
anisotropy in the plane of the surface and transition dipo
perpendicular to the surface, respectively, these techniq
are highly complementary. Both optical techniques are s
face sensitive probes capable of determining adsorbate
entation in situ and are not constrained to operation in
vacuum.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out in an ultrahigh vacu
~UHV! environment at a base pressure in the 10210 mbar
region. The Cu~110! single crystal aligned to better than 1
was mechanically polished to produce a mirror smooth s
face before introduction into the vacuum chamber. A cle
Cu~110! surface was prepared in UHV by cycles of Ar io
bombardment (10mA, 500 eV, 300 K, 20 min! and subse-
quent annealing to 860 K for 60 min. Surface order w
confirmed by a sharp (131) low-energy electron diffraction
~LEED! pattern and cleanliness was monitored using x-
photoelectron spectroscopy~XPS!. The clean surface gene
ated a RA spectrum in agreement with the well know
Cu~110! RA profile.7–9This standard cleaning procedure pr
duces a variable surface morphology.10 A roughening transi-
tion on Cu~110! is known to occur at a temperature o
;1000 K and is characterized by the proliferation of mon
atomic steps across the surface.9 In a previous study combin
ing the results of RAS and scanning tunneling microsco
~STM! we showed the potential of the roughening transiti
as a method for the creation of a more well-defined me
©2002 The American Physical Society27-1



e
lea
nd
en
e

1
y

d
ng
a
e
b

s
e
RS

on
he
ica
to
i

on

ec
r a
c

tio
e

re
a

rin
io
o

e
tio
th

o
o
te
n-
d

a
en
nt

o

in
-

as-

w

he
-

e
t
he

opic
g-
.0

d at
r

ved.
w

ra-
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surface morphology.9 Such a surface was preferred for th
present RAS work and was prepared by heating the c
surface from 860 to 1030 K over a period of 30 min a
remaining at 1030 K for a further 10 min. This method wh
applied to our crystal was observed by STM to produc
stepped surface morphology consisting of terraces of 5 to
nm in width in the@11̄0# direction that were terminated b
monoatomic steps aligned along the@001# direction.

Terephthalic acid~TPA, purity 99%! was used as receive
from Aldrich. Dosing of the acid was conducted by placi
the acid in a small glass vessel separated from the m
vacuum chamber by a gate valve and differentially pump
by a turbo-molecular pump. Sublimation was performed
heating the glass vessel. Before deposition onto the Cu~110!
specimen the acid was outgassed with the gate valve clo
Unless otherwise stated, deposition occurred with the sp
men held at a constant temperature of 300 K for RAI
experiments and 340 K for RAS experiments.

The RA spectrometer of the Aspnes design11 was operated
external to the UHV chamber and utilized a Xe phot
source to project light through a low-strain window on t
UHV system. RAS probes as a function of energy the opt
anisotropy of a surface by using linearly polarized light
illuminate the surface and by measuring the difference
normal incidence reflectance of two perpendicular directi
(Dr ) normalized to the mean reflectance~r!

Dr

r
5

2~r [11̄0]2r [001]!

r [11̄0]1r [001]

, ~1!

where ther are complex Fresnel reflection amplitudes. Sp
tra of the real part of the complex RA were taken ove
photon energy range of 1.5 to 5.5 eV. Experimental artifa
were removed from the spectra using a correction func
determined by measuring RAS spectra with the specim
aligned in two orthogonal orientations. RA spectra were
corded continuously during dosing and during therm
desorption.

RAIRS measurements were recorded continuously du
dosing as sample single-beam infrared spectra and rat
against a reference background single-beam spectrum
tained from the clean Cu~110! surface, thus measuring th
change in grazing-incidence reflection due to adsorp
DR/R0. The RAIR spectrometer was located outside
UHV chamber and operated over a spectral range
650–4000 cm21. Spectra were recorded at a resolution
4 cm21 with the coaddition of 256 scans. The spectrome
was coupled to the UHV system via KBr optics and wi
dows. In some spectra, a doublet structure was observe
around 2350 cm21 due to CO2 absorption occurring during
the optical path through the atmosphere. A quadrupole m
spectrometer was used to monitor molecular mass fragm
both during deposition and on performing TPD experime
on the prepared films.

III. RESULTS AND DISCUSSION

A. Surface saturation

A coverage dependent LEED study of the deposition
TPA showed a progression from the (131) pattern of the
15542
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clean Cu~110! surface to a LEED pattern of (1032) sym-
metry. While there was an absence of significant intensity
the (6nodd/10,keven/2) positions, the observation of diffrac
tion spots with both odd and evenn values for oddk elimi-
nates the possibility of a centred unit cell. We therefore
sign the observed pattern to ap(1032) structure. With
further coverage, the pattern developed into ap(231) phase
with diffuse half-order spots and a diffuse background of lo
intensity.

RA spectra takenin situ during growth of the saturated
adlayer of TPA onto the clean, thermally roughened Cu~110!
surface are shown in Figs. 1~a!–1~e!. The RA spectrum of
the clean, thermally roughened Cu~110! surface shown in
Fig. 1~a! is in agreement with previous work.9 The absence
in Fig. 1~a! of the intense RA peak observed at 2.1 eV for t
clean nonroughened surface7–9 has been attributed to the de
population of the occupied surface electronic state at thȲ
point of the surface brillouin zone.9 The shoulder observed a
2.2 eV in Fig. 1~a!, a residual structure observable upon t
quenching of transitions involving the surface state atȲ, has
been assigned12 to the surface local-field effect13 and the
large response at 4.2 eV has been attributed to the anisotr
step morphology9 of the thermally roughened surface. Si
nificant changes in the RA profile over the region 1.5 to 4
eV occurred upon dosing with TPA@Figs. 1~a!–1~e!#. With
increasing coverage the shoulder at;2 eV that is a charac-
teristic feature of the clean roughened surface@Fig. 1~a!# was
reduced to nearly zero anisotropy@Fig. 1~c!# and with further
coverage developed into a sharp edge structure centere
2.2 eV @Fig. 1~e!# at the completion of the first molecula
layer.

Changes in the RA response at 4.2 eV were also obser
A small decrease in intensity at 4.2 eV occurred for very lo

FIG. 1. RA spectra of~a! clean thermally roughened Cu~110!
surface,~b-e! increasing coverage with TPA at a substrate tempe
ture of 340 K.
7-2



h
t

ca

-
a

fo
e
e

on

ar
ze
s

s
u

/

th

an
/

t

s

-
ith
hey
di-
ra-
m-
is
tes
that
by

y

sur-

r
first
-
ity
te

e

xy-

n.
in

at
c
t
f
the
car-
in-

the

lly
nce
p-

for
act
the

is
late
face
nc-
te
IRS

CREATING A FUNCTIONALIZED SURFACE: THE . . . PHYSICAL REVIEW B 66, 155427 ~2002!
coverage@Fig. 1~b!#, however, the intensity recovered wit
further coverage and increased negatively to beyond tha
the clean surface@Fig. 1~e!#. The RA spectrum of Fig. 1~e!
resembled the RA spectrum measured from the mono
boxylic acid, 3-thiophene carboxylic acid~3TC! on
Cu~110!7—particularly in the region 1.5 to 3.5 eV. The be
havior of the intensity of the RAS signal at 4.2 eV as
function of TPA coverage was similar to that observed
3TC.7 The RA response at;4 eV is thought to be sensitiv
to the Cu-carboxylate bond and a negative-going increas
intensity observed for 3TC/Cu~110! relative to clean Cu~110!
was attributed to upright carboxylate species bonding al
the Cu@11̄0# rows.7

RAIR spectra taken during dosing the Cu~110! surface
with TPA up to a coverage of the first saturated adlayer
plotted in Fig. 2 and the major absorptions are summari
in Table I together with their vibrational assignments. The
assignments have been made with reference to previou
lated work including infrared absorption studies of aqueo
bi-terephthalate (TPA22),14 solid TPA,15 and the benzoate
Cu~110! system.2,16

The first absorption peak to develop upon dosing
Cu~110! surface with TPA was located at 735 cm21 @Fig.
2~a!#. To assign this band, we note that bands at 739
740 cm21 have been observed for TPA22 and for benzoate
Cu~110!, respectively. The former absorption was assigned

FIG. 2. RAIRS data for increasing coverage of TPA on Cu~110!
up to surface saturation.
15542
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a vibration out of the plane of the molecule~out-of-plane! of
the carboxylate~OCO! group14 and the latter absorption wa
assigned to an out-of-planeg(CH) mode.16 The peak ob-
served in Fig. 2~a! may then be attributed to two contribu
tions, however, the discussion that follows is consistent w
either or both of these assignments of this band since t
are both out-of-plane vibrational modes. Considering the
pole selection rule, the observation of the out-of-plane vib
tion at 735 cm21 means that there must be a significant co
ponent of the dipole moment of this vibration that
perpendicular to the surface plane. This condition indica
that this species must be oriented parallel to the surface,
is, lying flat on the surface and this deduction is supported
the absence of any other peaks—in particular they(C5O)
andys(OCO) stretches—in Fig. 2~a!. With increasing cover-
age the band at 735 cm21 decreased significantly in intensit
leaving only a very small, broad absorption@Fig. 2~d!#, sug-
gesting reorientation of the adsorbed species towards the
face normal.

The single peak at 735 cm21 dominated the spectrum fo
several minutes before additional adsorption peaks were
observed@Fig. 2~b!# some of which were identified with ab
sorptions characteristic of the carboxylate functional
~Table I!. It is known that monocarboxylic acids deprotona
readily upon adsorption on Cu~110! with the carboxylate
group providing a strong bonding interaction with th
Cu~110! surface.1–4 The band observed at 1403 cm21 in Fig.
2~b! resembles that at 1404 cm21 for TPA adsorbed on an
evaporated silver film and assigned to an in-plane carbo
late symmetric stretching modeys(OCO) ~Ref. 14! confirm-
ing deprotonation of the TPA molecule upon adsorptio
With increasing coverage this band was observed to grow
intensity@Figs. 2~b!–2~d!# indicating the reorientation of the
carboxylate group from flat-lying to upright. A broad peak
;1628 cm21 in Figs. 2~b!–2~d!, assigned to the asymmetri
yas(OCO) mode,15 exhibited a relatively large intensity a
low coverage@Figs. 2~b!–2~c!# indicating the presence o
asymmetrically bound carboxylate groups oriented out of
surface plane and tilted so that one oxygen atom of the
boxylate is nearer to the Cu surface than the other. The
tensity of this band decreased rapidly with increasing
coverage to surface saturation@Figs. 2~c!–2~d! and Fig. 3~a!#
implying the adsorbate adopts an upright, symmetrica
bound orientation upon surface saturation. Further evide
for the reorientation of the adsorbate from flat-lying to u
right with increasing coverage is the observation in Fig. 2~b!
of the y(C5O) stretch at 1762 cm21 and an equally strong
absorption at 3581 cm21 that is generated by they(O-H)
stretch. These peaks increase in intensity in Figs. 2~c! and
2~d!. Both these bands would be expected to be observed
the COOH functionality and indicate the presence of int
acid groups oriented out of the surface plane and towards
normal to the Cu surface. Figures 2~b!–2~d! show the pres-
ence of both acid and carboxylate groups implying there
either a coexistence of diacid molecules and dicarboxy
molecules at the surface, or that molecules at the sur
exist as a monocarboxylate species retaining the acid fu
tionality at one end. To determine whether dicarboxyla
molecules are present at the surface we note that the RA
7-3
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TABLE I. RAIRS data for TPA deposited onto Cu~110! at 300 K and comparison with solid TPA an
aqueous TPA22.

Wave number cm21 Assignmenta

Saturation Multilayer TPA~s! ~Ref. 15!
@Fig. 2~d!# @Fig. 3~c!# @TPA22 ~aq!# ~Ref. 14!

665 d(OCO)
735 736 ~739! g(OCO)b or g(CH)b

768
883 850 ~C-H!b

951 944 ~C-H!b

1020 1020 ~1015! 1019 b(C-H)
1087 1087 carboxylate-ring
1142 1142 1136 carboxylate-ring
1174 1174 1168 b(C-H)
1186 1186 b(C-H)
1290 1291 1289 y(C-O)
1364 1370 yacid(C-O)
1414 1421 ~1378! ys(OCO)
1506 1506 ~1504! 1509 y~C-C! ring
1630 1617 ~1562! 1630 yas(OCO)

1706 y(C5O)
1757 1741 y(C5O)
3581 3515 y(O-H)

aAssignments made with reference to Refs. 2,14–16.
bOut-of-plane vibrations.
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data of Table I show that the symmetricys(OCO) and asym-
metric yas(OCO) absorptions for TPA deposited on
Cu~110! are at significantly different wave numbers fro
those of the TPA22 dicarboxylate values observed in sol
tion. Indeed, no peaks were observed at the wave num
expected for they(OCO) modes of the bi-terephthalate sp
cies. These observations indicate that the carboxylate g
observed in the RAIRS data is chemically bound to
Cu~110! surface. The observation of only one narrow co
ponent at each of they(OCO) wave numbers@Fig. 2~d!#
indicates that the bound carboxylate is the only such spe
at the interface. The absence of vibrational modes co
sponding to an unbound carboxylate group permits the re
tion of the presence of dicarboxylate molecules at the s
face. We conclude that we have an upright mon
terephthalate species adsorbed at the surface.

A p(231) LEED pattern was observed from the surfa
corresponding to the RAIRS spectrum of Fig. 2~d!. Consid-
ering the bonding geometry and upright orientation of
terephthalate molecule as deduced from the RAIRS data
observation ofp(231) symmetry suggests the deposition
a complete layer of upright adsorbates with surface sat
tion occurring when each terephthalate molecule occu
two Cu atoms.1

The completion of the first layer in the RAIR spectrum
Fig. 2~d! is confirmed by the occurrence here of the ma
mum intensities of they(C5O) andy(O-H) peaks and by
the sharpness of both of these bands together with the in
sity and sharpness of theys(OCO) band. The majority of
peaks listed in Table I for surface saturation result from
15542
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brations in the plane of the molecule and are observabl
RAIR spectra for an upright molecular geometry. At this co
erage the RAIRS and LEED data show that the carboxy
functionality is upright and aligned along the close-pack
copper@11̄0# rows. The data are consistent with the view
the short-bridge bonding arrangement with O atoms loca
on top of Cu atoms.1–4

A characteristic signature of the occurrence of hydrog
bonding interactions involving the acid group is the loweri
of the y(O-H) and y(C5O) stretches and increasing th
y(C-O) vibrational frequencies as a consequence of
lengthening and weakening of these covalent bonds w
involved in hydrogen bonding. In Fig. 2~d!, the intensity,
sharpness, and relatively high wave number of they(O-H)
band at 3581 cm21—a wave number identical to that of ac
tic acid vapor17—indicate an~OH! species that is not unde
significant influence of hydrogen bonding and oriented p
pendicular to the Cu~110! surface. The intensity and wav
number 1757 cm21 of the y(C5O) stretch also indicates
lack of significant hydrogen bonding between acid groups
the first adlayer.

The RAIRS data show little influence of hydrogen bon
ing on the acid group in thep(231) structure—a surprising
result considering the close proximity of nearest neighbor
this structure. However, with an upright geometry and w
the~O-H! group perpendicular to the surface, the influence
hydrogen bonding interactions on absorption modes that
observable with RAIRS will be limited. Hydrogen bondin
interactions have been found to be crucial to the formation
ordered superstructures of tartaric acid on Cu~110!,18 how-
ever, this molecule has additional OH groups which part
pate in intermolecular interactions. At this coverage, we
exclude the possibility of significant interactions between
acid group and additional TPA molecules due to the abse
of change in they(O-H) andy(C5O) absorption bands a
will be seen later for further coverage. In summary, the de
sition of TPA on Cu~110! leads to a densely-packedp(2
31) ordered saturated surface of upright monoterephtha
species terminated with acid groups at the vacuum interf

B. Multilayer growth

The surface of the saturated adlayer of upright tereph
late molecules is terminated by~C5O! and ~O-H! groups
and it is these bonds that will be most sensitive to furt
adsorption. RAIR spectra for TPA coverage beyond the s
rated surface adlayer are shown in Fig. 3 and sugg
multilayer formation. With increasing coverage they(C5O)
band at 1757 cm21 of the monolayer in Fig. 2~d! splits into
two distinct peaks at 1709 and 1750 cm21 @Fig. 3~a!#. This
observation indicates that there are now two discrete e
ronments of the~C5O! group at this coverage. It is likely
that the two environments are a result of the absence,
influence of, hydrogen bonding on the carboxyl group. Th
appears to be a lack of published IR data of TPA in t
frequency region, however, in aqueous acetic a
(CH3COOH) where hydrogen bonding is prevalent t
y(C5O) stretch is found19 at 1709 cm21. The peak at
1706 cm21 for TPA on Cu~110! thus reflects the presence
15542
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significant intermolecular hydrogen bonding—a view al
supported by the increase in intensity of this peak with
build-up of the multilayer@Figs. 3~a!–3~c!#. The intensity of
the peak at 1750 cm21 remains approximately constant wit
increasing coverage@Figs. 3~a!–3~c!# and the similar wave
number to that of the single layer result@Fig. 2~d!# indicates
that this signal originates from the single layer and is u
changed with further coverage. Thus the two signals from
~C5O! group originate from the first layer, and from th
second and subsequent layers. LEED of the multila
showed no ordered adsorbate structure, only a poor (131)
pattern originating from the substrate. Small differences
the 2.5 to 3.5 eV region between the RA spectra of the
dered first layer@Fig. 1~e!# and the multilayer@Fig. 4~a!#
indicate optical anisotropy and hence a degree of at le
short-range order in the multilayer.

The absorption at 3515 cm21 in Figs. 3~b!, 3~c! is assign-
able to they(O-H) vibration, however, in contrast to th
sharpy(O-H) peak in Fig. 3~a! the reduced wave numbe
and broadness of the peak in Fig. 3~c! are features that are
indicative of the presence of significant intermolecular h
drogen bonding between neighboring TPA molecules in
multilayer. They(O-H) stretching frequency is depende
upon the degree of hydrogen bonding, which increases
~O-H! bond distance and hence lowers its vibrational f
quency. In the same way, hydrogen bonding is respons
for the reduced frequency of they(C5O) group and the
raising of they(C-O) frequency~Table I!. The presence of
y(C5O) andy(O-H) vibrations in Fig. 3 together with the
absence of any change observed in the bands associated
the carboxylate group indicates that~i! the upright molecules
in the first layer retain the acid group upon interaction w
adsorbing TPA molecules and~ii ! adsorption in this growth

FIG. 4. RA spectra of the thermal desorption of TPA with spe
tra at temperatures of~a! 300 K, ~c! ;580 K, and~d! ;620 K.
7-5
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D. S. MARTIN, R. J. COLE, AND S. HAQ PHYSICAL REVIEW B66, 155427 ~2002!
regime occurs with the adsorbate in the acid form, as T
with no deprotonation into isolated carboxylate species u
adsorption.

The observation in the RAIRS data of Fig. 3 of a cont
ued signal from a freey(C5O) bond from the saturate
surface layer and the clear change in they(O-H) signal
shows that the interlayer hydrogen-bonding interaction
limited to occurring between the acid group of the adsorb
TPA and the~O-H! group of the upright mono-terephthala
species at the Cu surface.

A very strong absorption was observed in Figs. 3~b!–3~c!
at 736 cm21 due to the out-of-plane mode@either g(OCO)
or g(CH)] as found in the case of very low coverage@Fig.
2~a!#. The considerable increase in intensity of this band w
increasing coverage combined with the clear indications
hydrogen bonding involving the acid group indicates that
growth of the film proceeds with the deposition of hydrog
bonded molecules broadly aligned parallel to the surfa
This view would favor the assignment of the 736 cm21 peak
to the g(CH) mode since there are no new carboxyla
groups present in this deposition regime. The peak obse
at 883 cm21 @Fig. 3~c!# is assigned to out-of-plane ring v
brations for the bisubstituted benzene ring14,15and this vibra-
tion is another indication of a flat-lying molecular config
ration. Thus the RAIRS data of Fig. 3 indicate the prese
of a single layer of upright monoterephthalate molecules
the Cu interface and subsequent flat-lying hydrogen-bon
TPA layers. The strong RAIRS peaks that are observed
clusively for the multilayer cannot be assigned to any
plane modes2 and so these absorptions do not result from
upright orientation of molecules. The peak at;770 cm21

was found to increase in intensity with the build-up of t
first layer ~Fig. 2! and subsequently decreased in t
multilayer growth regime~Fig. 3! suggesting that this ban
results from an upright vibrational mode of bonds associa
with the acid group.

In contrast to the upright orientation found in the sa
rated surface adlayer where the influence of any hydro
bonding on the RAIRS data was minimal, hydrogen bond
interactions present in the multilayer, as determined from
RAIRS data, will be enhanced significantly if the adsorb
molecules are in a flat-lying geometry with hydrogen bon
being readily formed in this plane between neighboring m
ecules. Beyond the first layer, the influence of the Cu surf
appears to be significantly reduced and adsorbate-adso
interactions now dominate the growth. The RAIRS da
eliminate the possibility of layers of upright hydroge
bonded dimers stacked on top of each other since tereph
late dimers oriented vertically at the surface would be
pected to generate a broad absorption region15 with peaks
between 2500–3000 cm21 and no such absorptions were o
served in Fig. 3.

C. Desorption

Thermal desorption of the TPA-dosed Cu~110! surface
was studiedin situ using RAS and TPD. The RAS results a
shown in Figs. 4~a!–4~d!. RAS experiments involving in-
creasing exposure of the Cu~110! crystal to TPA combined
15542
,
n

-

s
g

h
f

e

e.

ed

e
t
d

x-
-
n

d

-
n

g
e

d
s
l-
e
ate
a

a-
-

with LEED and RAIRS results indicate that the spectrum
Fig. 4~a! corresponds to multilayer coverage. Desorption w
induced by heating the specimen and monitoring with RA
During the desorption procedure the RA profile of the TP
dosed surface lost its distinctive edge structure@Fig. 4~a!#
and proceeded to pass through zero anisotropy in the re
1.5 to 3.5 eV@Fig. 4~b!# and subsequently to recover th
profile characteristic of the clean roughened surface at
evated temperature@Fig. 4~c!#. The position of the;4 eV
RA minimum was found to shift to lower photon energy b
0.1 eV during the desorption procedure@Figs. 4~a!–4~d!# and
this change can be attributed purely to the increase in t
perature of the specimen.9 Upon cooling of the surface to
room temperature following the thermal desorption pro
dure, the RA profile was similar to that of the clean Cu~110!
surface before deposition@Fig. 1~a!#. However, some differ-
ence in the RA profile below 3 eV was observed followin
treatment with TPA in the form of a lower intensity in th
region and a shift to higher photon energy of the shoul
feature by;0.2 eV. The observation of a similar intensity o
the feature at 4.2 eV combined with the known sensitivity
the RA response around 4 eV to surface morphology9 indi-
cates a surface morphology following desorption that is si
lar to the original clean surface structure.

The TPD results shown in Fig. 5 show the multilayer
be stable up to around a temperature of 350 K. Above
temperature, the increase in the mass spectrometer sign
masses 18 (H2O), 78~benzene!, 150, and 166~TPA! indicate
TPA desorbs intact from the multilayer. The maxima of the
desorption peaks all coincide at 360 K. The lower mass fr
ments observed are cracking fragments by the mass s
trometer of the parent ion. This result is consistent with
experiment where we heated the multilayer to 370 K a
observed a RAIRS spectrum very similar to the monola
spectrum@Fig. 2~d!#. This observation supports the view o
an interfacial layer of bound, vertically aligned molecul
with subsequent layers of parallel orientation that are re
tively weakly adsorbed through hydrogen bonding. The e
lution of CO2 and CO began at 510 K and peaked at a te
perature of 580 K with a relatively large amount of CO2
desorbing~Fig. 5!. The TPD results indicate that the mo
ecules in the multilayer desorb intact at;360 K. However,
the terephthalate molecules in the first layer decompose p
to desorption. The evolution of predominantly CO2 is con-
sistent with the thermal decomposition proceeding via a

FIG. 5. TPD results of the TPA-dosed Cu~110! surface.
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CREATING A FUNCTIONALIZED SURFACE: THE . . . PHYSICAL REVIEW B 66, 155427 ~2002!
carboxylation mechanism, as previously observed for b
zoate on Cu~110!. In regard to the RAS desorption data, t
RA profile of Fig. 4~b! corresponds to the surface followin
the desorption of large mass fragments (*360 K) and Fig.
4~c! is in the region of CO2 and CO evolution~500–600 K!.
The spectrum of Fig. 4~d! corresponds to the clean surfa
regime following desorption at;620 K.

IV. SUMMARY

In common with a number of previously studied mon
carboxylic acids, TPA adsorbs to the Cu~110! surface as a
monocarboxylate following deprotonation of an acid grou
The flat-lying geometry of the terephthalate species at
coverage allows both carboxylate and phenyl ring inter
tions with the Cu surface. The perpendicular orientation
served at higher coverage with the loss of thep interaction
between the ring and Cu surface is easily compensated fo
the adsorption energy of additional carboxylates, and by
creasing intermolecular interactions between upright m
ecules with increasing coverage. Carboxylate bonding al
the @11̄0# direction implies the plane of the aromatic ring
the monoterephthalate species is also aligned along this
rection. For subsaturation coverages steric repulsion betw
the terephthalate molecular tails can be accommodated.
p(1032) periodicity observed is presumably determined
the detailed adsorbate-adsorbate interactions, as discuss
Fredericket al.20 who observed an ordered structure for t
monocarboxylate 3TC/Cu~110! system. In that case ac(4
38) adlayer structure of upright molecules developed int
densely packedp(231) phase upon surface saturation20 by
the adsorption of additional molecules into the spaces
tween existing adsorbates in thec(438) structure. For the
system TPA/Cu~110! the p(1032) structure with an appro
priate population, both number and location, of molecu
within the unit cell can also act as a template for the form
tion of the p(231) phase. Thep(1032) unit cell is deter-
mined from the LEED results, however, the exact num
and location of molecules within the unit cell requires ST
studies. While we have no direct experimental evidence,
clear from steric considerations that (231) periodicity for
the TPA/Cu~110! adsorption system requires the rotation
the terephthalate ring away from the@11̄0# direction, as pre-
viously observed by STM for the 3TC/Cu~110! system.20

While RAS is proving to be of great value in the study
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surfaces, particularly in nonvacuum environments,21 an es-
tablished methodology for detailed spectral analysis has
yet been achieved. The present study, in combination w
previous work on a related adsorption system,7 affords the
opportunity to correlate RA spectra with the chemical a
structural information provided by the corresponding RAIR
and LEED measurements. A clear similarity between F
1~e! and the RA spectrum of the Cu~110! surface saturated
with upright 3TC adsorbates7 suggests that these spectra a
signatures of the Cu-carboxylate bond, which is identica
both cases. Further similarity with the previous 3TC study
the evolution of the RA response at 3.3 and 4.2 eV dur
deposition. As determined previously,7 we associate thes
changes with the reorientation of the monocarboxylate ad
bates from flat-lying to upright geometry sinceab initio elec-
tronic structure calculations7 indicate Cu-carboxylate bond
contribute to RA spectra at a photon energy of;4 eV.

The coverage-dependent behavior of the molecular or
tation and the saturation of the Cu~110! surface with an or-
dered structure by the diacid TPA is clearly advantageous
the creation of an acid-functionalized surface. The data sh
that RAS is sensitive to the formation of the carboxylate-
bond and RAIRS can monitor the completion of the lay
Both techniques are sensitive to molecular orientat
at surfaces.

V. CONCLUSION

The adsorption of TPA onto Cu~110! has been studied
using surface-sensitive optical probes. The molecule ads
as a monoterephthalate species, bonding via the carbox
group, to form ap(231) layer of upright molecules at sur
face saturation—here we have created upright acid group
the vacuum interface to form a chemically functionaliz
surface. Further deposition of TPA results in multilay
growth consisting of broadly flat lying, hydrogen-bonde
molecules. By comparison with previous work, we find th
the Cu-carboxylate bond gives rise to a characteristic R
signature that is sensitive to reorientation from flat lying
upright bonding geometry.
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