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In situ sum frequency generation vibrational spectroscopy, at varied potentials and polarization combinations,
was performed on polycrystalline copper, polycrystalline platinum, and polycrystalline gold samples in 0.5
M HCIO,4 with 50 mM 5-methylbenzotriazole (5-methylBTAH) added. These studies were performed to
determine the orientation of 5-methylBTAH on the surface at different potentials. For copper surfaces,
orientation of the molecule on the surface is not affected by potential within the potential window studied
(—500 to—100 mV vs saturated calomel electrode (SCE)). Sum frequency generation spectra of 5-methylBTAH
on platinum show a change in orientation over the potential range stud@gbD(to 750 mV vs SCE). The
orientation of the methyl group tilts more toward the plane of the interface as the potential is scanned in the
positive direction. This orientation change is correlated to hydrogen coadsorption on the platinum surface at
low potentials. 5-Methylbenzotriazole lies in the surface plane or does not orient on gold at lower potentials
but the orientation is tilted toward normal at more positive potentials over the potential range stusiggd (

to 900 mV vs SCE). To compliment these results, cyclic voltammetry and electrochemical impedance
spectroscopy measurements were performed. Cyclic voltammograms of copper show that addition of
5-methylBTAH protects the surface from copper dissolution, increasing the electrochemical window by 450
mV. Cyclic voltammetry of 5-methylBTAH on platinum showed a partial blockage of adsorbed hydrogen
and also prevented the adsorption of oxygenated species a6880mV. Cyclic voltammetry on gold shows

that 5-methylBTAH blocks oxide formation for 400 mV thus increasing the electrochemical window.
Electrochemical impedance spectroscopy has been performed to determine the potential of zero charge of
5-methylBTAH on copper.

Introduction 4 3

CH, 5
Benzotriazole (gH4N3zH, BTAH) has been widely used as a h@iﬁ'
corrosion inhibitor for copper and its alloyS.he chemisorption 6 N/NZ
of BTAH on copper has been investigated by electrochemical 7 :l

method<~4 scanning probe techniquéd? and spectroscopic _ _
measurementst 12 These studies show that BTAH forms an  Figure 1. 5-Methylbenzotriazole.
ﬁld:?ggse%?ﬂ:ﬁ;f:]tenﬁsgrtg;eﬁoé?:ﬁ;lz 2ggiﬁ€;d§0?;tgge;izsecuIe, determination of the orientation of the methyl group
. ) should predict the orientation of the entire molecule. Only one
basic pH causes a polymerized Ca{BTAH complex to formt3 P y

Scanning tunneling microscopy images show thatabenzotria—Other study of benzotriazole in situ using SFG has been
g tunt 9 Py 9 reportedi® That study focused on the ring stretching region
zole adlayer is dependent on the anions present as well as th

91350-1600 cntl), whereas this study will be probing the-El
crybst?: itruct;lre of tLh? substra?tel:hha}[s. be<|an .shown t.?at stretching region. An understanding of the interfacial structure
substitution of a methy! group on the triazole ring (p05|.|ons and its potential dependence is necessary to describe corrosion
1-3in Figure 1) decreases the inhibiting efficiency dramatically

h kvl substituti the b . itiong 4 inhibition at an interface.
w I;a_reas ?L y Sg st utlhon on (f:‘t erf}zé%?ﬁ fng EfprItlogt The molecular nonspecificity of electrochemical techniques
Lﬂe I%;::ierogh%rgicuiﬁsara;grp%?s;r?eemeth;I/T Igs;rﬁu; uAe hi;her requires the use of surface-sensitive spectroscopic techniques
inhibition efficiency for 5-methylbenzotriazole (5-methylBTAH, to probe the structure and chemical composition of the

) . electrochemical interface in situ. Linear optical techniques are
Figure 1) than for benzotrlazole has been_ repo?féd.develqp hampered by the large contribution from the bulk, leading to
a better understanding of the mechanism for adsorption of

. ! difficulty in extracting the necessary contribution from the
benzotriazole on a copper surface, potential-dependent su y g Y

- Minterface. nd-order nonlinear ical pr re onl
frequency generation (SFG) spectroscopy was used to study. terface. Second-order nonlinear optical processes are only

. .~ 7sensitive to noncentrosymmetric environments and are therefore
5-methylBTAH. 5-Methylbenzotriazole has been chosen for this | . ) - . o
study because of its higher inhibition efficiency and the methyl highly surface-sensitive. Sum frequency generation vibrational

group will allow for the probing of the €H stretching region spectroscopy has the ability to probe buried interfaces in‘$itu.

. Sum frequency generation is only sensitive to molecules at
1 - -
(2800-3100 cnT’). Because 5-methylBTAH is a planar mol interfaces where the centrosymmetry of isotropic bulk phases
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be estimated. The goal of this paper is to compare the effect of X(Z) = NRBO 4
potential on an adsorbed adlayer of 5-methylBTAH oriented R

on the surface of polycrystalline copper, platinum, and gold. ig the number of molecules contributing to the signal per unit

5-Methylbenzotriazole was adsorbed_ to platinum and gold area, andpis the molecular hyperpolarizability orientationally
electrodes to better u_nderstand_how it adsorbs to noble metalaveraged. The hyperpolarizability is a product of the Raman
surfaces to compare its adsorption to a copper electrode. polarizabity, o, and the transition dipole moment of the
Sum Freguency Generation moleculeu, and therefore all resonances in SFG spectroscopy
must be both infrared- and Raman-active

Sum frequency generation spectroscopy is a nonlinear
technique used to investigate vibrational resonances of molecules Bape = [0 0tp| D] u | g0 ()
at an interface. With SFG, a tunable infrared laser beam and a
fixed frequency visible laser beam are overlapped at the surfaceThe lowercase letteralc) refer to the molecular coordinates
both spatially and temporally, and the emitted light at the sum that must be transformed to a laboratory fixed coordinate system

of the frequency of the two input fields is detected (+ w, = (xy2 using the Euler matrix

ws). As the infrared frequency is scanned, increases in amplitude

are due to vibrational resonances of molecules at the interface. Axvz= nyzvazlxyz (6)

More specifically, the intensity of the sum frequency beam

depends on the intensities of the incident beafs,and E, The components of the transformation matrix depend on the

and the second-order nonlinear susceptibiliy) Euler anglesd,¢,y), which relate the molecular and laboratory

fixed coordinate systems. By integration oyethe twist angle,

H@sum ~ |stX(2)KvisEvisK|RE|R|2 (1) andy, the azmuthal angle, it is possible to plot the ratio of

) resonant intensities versus the tilt angle of the symmetry axis

Kst, Kvis, andKir are the Fresnel factors of the emitted sum of the group being probed. A detailed description of the
frequency, incident visible, and infrared beams, respectively. orientation calculation and the coordinate system used is detailed
The Fresnel factors relate the incident electric fields with the i, an earlier publicatiod® This paper will be concerned with
local fields at the surface. They are a function of the angles of the stretching modes of the methyl group attached to the ring.
incidence and emission at the three wavelengths and on theTpe methyl group is assumed to ha®g, symmetry with free
refra;ct!ve index of each medium, respectively. rotation along theCs axis. From group theory we are able to

7 is a third-rank tensor of second order and therefore getermine which components of the hyperpolarizability tensor
vanishes with inversion symmetry. Within the electric dipole are allowed for each vibration. Therefore, methyl groups)(
gpproxma’uon, no signal arises frpm molecules in SO|l.!tI0n and are assumed to haykao Sobe aNdBeccas the hyperpolarizability
is due only to molecules at an interface where the isotropic tensor elements of symmetric stretching modes &g oo
envwonmeznt of the bulk phase is brpkqf@ contains a sum of Beas and Bewp as hyperpolarizability tensor elements of the
reso.nanpgg) and nonresonant Contrlbutlomg?e. The resonant  antisymmetric modes. The other tensor elements ascribed to the
portion is from vibrational modes of adsorbed molecules on antisymmetric vibrations integrate to zero when free rotation
the surface, and the nonresonant contributions are primarily dueof the methyl group is assumed. This allows the components

to the nonlinear response of the metal substrate of the transformation matrix to be averaged agendy, which,
@ @ @ by comparing ratios of susceptibilities, leads to an equation that
X =xrt z XR (2) is only a function of the tilt anglé.

Interpretation of sum frequency vibrational spectra is compli- Experimental Section
cated becausg? contains contributions from several vibrational .
modes and the nonresonant background of the substrate. Sum Sum Frequency Generation Spectro_meter?l’he sum fre-_

frequency generation spectra are fit with the following equation, quency generation spectrometer used is homemade; details of

which assumes that the vibrational resonances follow a Lorent- € Setup have been described elsewfifhe laser used tg
zian line shape create the fundamental beam was a picosecond pulsed Nd:YAG

(Ekspla) with a 20 Hz repetition rate. The fundamental (1064

A, 2 nm) is used to pump an optical parametric generator/optical
N |X§§g{+xg)|2= Xﬁgd_ Z — @ parameteric amplifier OPG/OPA (Laservision) to create a
T O — 0g T il frequency doubled fixed visible beam (532 nm) and an infrared

beam tunable between 2000 and 4000-tniThe optical

whereq is theqth resonant vibrational mode of the adsorbates. geometry adopted a copropagating configuration in which
Aq, wir, wg, andIl'q are the amplitude, scanning IR frequency, incidence angles of the visible and IR beams in air areafsl
theqth resonant vibrational frequency of the adsorbate, and the 60°, respectively. Change of polarization of the incident laser
line width, respectively. beams was accomplished with the useltf waveplates, and

The intensity of the sum frequency signal is dependent on Glan-Laser polarizers were used to ensure the polarization
[x?|2, and therefore the resonant and nonresonant contributionscombinations were correct for input and emitted beams. The
are convoluted. Interference between these contributions givesSFG signal created at the surface was filtered from the 532 nm
rise to several different line shapes. The two contributions can input beam and stray room light by optical filters and a
add constructively to give a peak, destructively to give a dip, monochromator, detected by a photomultiplier tube, and pro-
or a combination of the two to give a derivative line shape, cessed with a gated integrator. A computer program created in
depending on the relative phases and strengthodnd y 2. LabVIEW was used to collect the signal from the gated

The resonant portion ¢f®, which is a macroscopic property integrator and to scan the infrared frequency. The infrared
of the interface, can be related to the hyperpolarizability of the frequency was scanned at 1 chs. Two polarization combina-
individual molecules in the monolayes, by tions, ssp (s-polarized SFG, s-polarized visible, and p-polarized
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IR) and ppp, were acquired in the-El stretching region from 160
2800 to 3100 cm! for each sample. Each SFG spectrum was 120 4
fitted in Origin 6.0 using a nonlinear curve fitting function (eq

3) with instrumental weighting for the error bars, which 80+

represents the standard deviation of the fit. Data presented here 4
are an average of 10 scans of the infrared frequency over the<g
desired range. The infrared beam reflected from the sample
surface was collected with a Molectron Energy Max 500 laser
energy meter to correct for fluctuations in energy during the

scan.

Sample Preparation. Disk electrodes (99.999% pure) of -120 4
8 mm in diameter and 4 mm in thickness were used for all 160 4
experiments. The electrodes were mounted in a Teflon holder
and mechanically polished with sequential grits of diamond paste
down to a 1um finish and sonicated in ethanol between each
B e ons swson U 2_ Gyl wolanmet 05 M HOIO (o ) 50

B ’ A ) 5-methylBTAH (dashed line) on polycrystalline copper. Vertical lines

steps. This process produced a mirrorlike surf&deor copper show the range of potential-dependent SFG.
electrodes, after the final sonication, the electrode was im-

mediately placed in pure degassed phosphoric acid to protectg|ectrochemical cell has an electrolyte layer that-isl8-m-

the surface from contamination and oxidation until ready to use. tnjck between the working electrode and the quartz window.

The copper s_urfaC(_a was then_e_lectropolished in a 50/50 solutionTpe cell was cleaned by filling with a solution of 50/50 HNO

of phosphoric acid and Millipore water>(18.2 MQ cm H,SQ;, overnight and rinsing several times with Millipore water

resistivity and<5 ppb total organic carbon). Thg potential was pefore use. The electrolyte solution, 50 mM 5-methylBTAH in

swept from—500 to 1200 mV at 5000 mV/s. This was done to g 5 M HCIO,, was purged with ultrahigh purity nitrogen for a

remove the surface oxide layers and to adsorb a monolayer of minimum of 30 min before filling the cell. In situ cyclic

phosphate, which kept oxide from forming. Millipore water was  yoltammetry was used to ensure cleanliness and check electrical

used to rinse the copper electrode repeatedly, and a droplet ofconnections. The infrared beam reflected from the sample

water was left on the electrode surface to protect it during syrface was collected to correct for fluctuations in energy during

transfer to the electrochemical cell. Solutions were prepared the scan. The infrared beam was attenuated by less than 20%,

using perchloric acid (Ultrex Il, Baker), lead(ll) perchlorate \yhich was due to absorption from water.

trihydrate (ACS grade, Aldrich), 5-methylBTAH (Aldrich), and  Tg ensure that the SFG signal was from the electrode surface

ultrapure water (Millipore-Q). A 0.5 M perchloric acid solution  and not from the quartz window, spectra were collected with

was used as the electrolyte in all experiments. the electrode backed away from the quartz window. These
For characterization of the copper electrodes, 5%.*1d spectra produced no SFG signal confirming that the interface

Pb(CIQy), was added to the electrolyte. Underpotential deposi- being probed was the liquid/metal interface and not either the

tion (UPD) coverage of lead was compared with ultrahigh air/quartz or quartz/water interface.

vacuum (UHV) studies from the literature to ensure cleanliness

and reproducibility?!22 By integration of the charge attributed Results and Discussion

to lead absorption, the amount of lead on the metal surface was Cyclic Voltammetry. Polycrystalline CopperCyclic volta-

d'iﬁel.rtnedi Whenl the ?krpofuntt ct)tf1 If?ﬁ adsorbed Wastcc;mpirelqnmograms (CVs) of polycrystalline copper shown in Figure 2
with fiterature vajues, the fact that the same amount of Metal \yere racorded under a nitrogen atmosphere by using the hanging
sites were available for adsorption was conﬂrr_ned. Platmum_a_nd meniscus configuration. Figure 2 (solid line) shows the cyclic
gold electrodes were flame-annealed using the Clavilier voltammogram for polycrystalline copper in 0.5 M HGIGA

3,24 i .
met_hod and cooled in an argon gas atmosphere. The featureless double-layer region was observed betw&&® and
platinum and gold electrodes were checked for cleanliness by_150 mV. The anodic current starting at aroundi50 mV is

integrating the charge of the.hydrogen UPD (platinum) and due to dissolution of copper. The cathodic current staring at
oxygen (gold) charge, respectively, to determine the coverage. 5 .0ind—750 mV is due to hydrogen evolution. When 50 mM

Cyclic voltammetry experiments were performed using a Pine of 5-methylIBTAH was added (Figure 2, dashed line) the double-
bipotentiostat model AFBDP1 that was controlled by a com- |ayer region increased by around 450 mV. The anodic current
puter. All cyclic voltammetry shown was performed at 100 mV/s peak due to dissolution of copper did not occur until a potential
scans using a saturated calomel electrode for the reference (0.24f +300 mV. This is believed to occur because the chemisorbed
V vs normal hydrogen electrode). Electrochemical impedance 5-methylBTAH blocks the surface, preventing copper dissolu-
spectroscopy measurements were performed using the M263Atjon 5 The cathodic current seems less affected by the addition
pOtentiOStat in combination with a PAR M5210 lock-in amplifier of 5_methy|BTAH The thickness of the doub|e_|ayer region of
controlled by PowerSINE software. The frequency range used the CV with 50 mM 5-methylBTAH added also decreases
was from 100 kHz to 1 Hz. The amplitude of the applied sjgnificantly.
sinusoidal signal was 5 mv. Polycrystalline PlatinumFigure 3 shows the cyclic voltam-

Sum frequency generation experiments were performed in amograms for polycrystalline platinum in pure 0.5 M HGIO
cell made of glass, Teflon, and Kel-F; a picture is shown in ref (solid line) and with 50 mM 5-methylBTAH added (dashed
25. This cell allows the potential of the working electrode to line). The cyclic voltammogram of polycrystalline platinum in
be controlled while SFG spectroscopy is performed. The thin pure electrolyte shows characteristic hydrogen absorption from
layer of electrolyte allows the infrared beam to pass through —250 to 0 mV and an oxygenated species at 450 mV consistent
the liquid layer with minimal adsorption. The thin layer with voltammograms of platinum in perchlorate solutién3°

.40 4

Current (uA/ci

-80 4

-200 T T T T T T 1
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
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— T T L 90 TABLE 1: 5-Methylbenzotriazole Vibrations
0 ] T I 80 SFG ab initio
80 Fooom (cm™b) assignment (cm™)
] ] L70 2 -
w0l =~ n L3 2880  Fermiresonance
)~ g ) 60 & 2920 symmetric meth_yl stretch_ 3187
€ od — o= 2950  out-of-plane antisymmetric stretch 3243
523 | ; R - - I 50 é‘ 2975 |n-_plane antisymmetric stretch 3275
ER — - @ antisymmetric H-C(6)C(7)H stretch 3356
= ] -~ r4o 2 antisymmetric H-C(6)C(7)-H H—C(4) stretch 3389
E 80 /7 [ 50 :_;6" 3050 symmetric HC(6)C(7)-H H—C(4) stretch 3393
© 120, * / 2o g Ab initio calculations were performed to determine the
1 L7 g vibrational modes of 5-methylBTAH (Figure 1) using PC
~160 - L10 5 Spartan and Gaussian 98. These calculations were compared
l [, with vibrational assignments of similar molecules within the
02 00 o2 o4  os  os C—H str.et.c.hing region, and the results are summari;ed in Table
Potential (Volts Vs. SCE) 1. Ab initio calculations are known to overestimate the

Figure 3. Cyclic voltammetry 0.5 M HCIQ (solid line) and 50 mM Callctl_JIateddVIt_)ratlofngI] freqléenc_les by ﬁrou?db?.@/?ﬁt theth |
5-methylBTAH (dashed line) on polycrystalline platinum (left axis) €'alVe oraering or the modes IS usually reliabie. The methy

and orientation of 5-methylBTAH (squares) as a function of potential 9roup has been assigned the following Vibrati.0n53 a symmetric
(right axis). methyl stretch at 2920 cr, an out-of-plane antisymmetric GH

mode at 2950 cmt, and an in-plane Ciantisymmetric stretch

at 2975 cml. This large splitting of the antisymmetric doublet

is thought to be due to thés symmetry of the molecule and to
the fact that the methyl group is attached to an aromatic3f#g.

A Fermi resonance of the overtone of the asymmetric bending
mode of the methyl group has been assigned at 2880.cm
The ring modes of the molecule have been calculated to be an
antisymmetric H-C(3)C(4-H mode at 3020 cmt and a
symmetric H-C(3)C(4)-H, H—C(6) mode at 3050 cri. The
relative Raman intensity calculated using Gaussian predicts that
the aromatic GH vibrations should have less intensity than
the methyl stretches.

Sum Frequency Generation Spectroscopyrolycrystalline
Copper.In situ SFG spectra of 5-methyIBTAH adsorbed on
polycrystalline copper are displayed in Figure 5. Two different
-500 4 polarization combinations are shown. The spectra on top were

06 -04 02 00 02 04 06 08 10 12 14 16 rgqorded with ppp _(p-pollarlzed sum f“?q“?r‘cy’ p-polarized
. visible, and p-polarized infrared) polarization. The bottom
Potential (/ vs. SCE) spectra were recorded with an ssp input/output polarization
Figure 4. Cyclic voltammetry 0.5 M HCIQ (solid line) and 50 mM combination. Spectra were taken at three different potentials,
5-methylBTAH (dashed line) on polycrystalline gold. Vertical lines (A) —500, (B)—300, and (C)-100 mV, all within the double-
show the range of potential-dependent SFG. | ! T ’ ; . R
ayer region of the cyclic voltammogram (vertical lines in Figure
Addition of 5-methylBTAH causes a reduction of the amount 2). The potential-dependent spectra were confined to these
of hydrogen absorbed to the surface and blocks the adsorptionpotentials due to roughing of the electrode at potentials both
of oxygenated species to the surface. The blocking of the positive and negative of this range because of the amount of
oxygenated species is evidence that 5-methylBTAH adsorbs totime required to collect spectra-{ h). Both ppp and ssp spectra
platinum surfaces. are relatively constant for the potentials that were studied and

Polycrystalline Gold Figure 4 shows the cyclic voltammo- are not dependent on the direction of the change in potential.
grams for polycrystalline gold in pure 0.5 M HCI@solid line) Gewirth et al. did not observe a change in the SFG spectra of
and with 50 mM 5-methylBTAH added (dashed line). For the benzotriazole within the same potential regi®ithe ppp spectra
pure electrolyte voltammogram, the anodic current starting at show four resonances: the symmetric methyl stretch, the out-
1000 mV is due to the absorption of oxygen species, and the of-plane antisymmetric stretch, an in-plane antisymmetric
cathodic peak at 900 mV is due to the reduction of oxygen from stretch, and the symmetric ring mode from the benzene ring.
the surfacé! When 50 mM 5-methylBTAH is added the oxygen The weakness of the-€H ring vibrations is attributed to the
absorption peak is shifted from a potential of 1000 to 1400 mV. low Raman cross-sectidA:32 The ssp spectra show the same
The increase of the onset of oxygen absorption by 400 mV is four vibrations, but the interference of the resonant and
believed to be due to the adsorption of 5-methylBTAH, which nonresonant contributions is not the same. An estimate of the
blocks the sites available for oxygen adsorption. orientation of 5-methylBTAH on polycrystalline copper is

Vibrational Assignments of 5-Methylbenzotriazole. There explained in a later section. To gain more information about
have been no studies on the vibrational assignments intlt¢ C  how 5-methylBTAH adsorbs to metal electrodes, SFG spectra
stretching region of 5-methylBTAH within the literature; of 5-methylBTAH on polycrystalline platinum and polycrys-
therefore peak assignments were based on ab initio calculationgalline gold were recorded.
and studies performed on benzotriazbf@in determining G-H Polycrystalline PlatinumSum frequency generation spectra
ring vibrations and toluen&; 35 p-tosylate3® and 5-methylin- of 50 mM 5-methylBTAH on polycrystalline platinum were
dole®” for the methyl group. collected at six different potentials and two polarization
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Figure 5. Potential-dependent SFG spectra of 50 mM 5-methylBTAH on polycrystalline copper with ppp polarization (top) and ssp polarization
(bottom): (A) —500 mV vs SCE, (B)-300 mV vs SCE, (C)-100 mV vs SCE.
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Figure 6. Potential-dependent SFG spectra of 50 mM 5-methylBTAH on polycrystalline platinum with ppp polarization (top) and ssp polarization
(bottom): (A) —250 mV vs SCE, (B) 200 mV vs SCE, (C) 750 mV vs SCE.
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Figure 7. Potential-dependent SFG spectra of 50 mM 5-methylBTAH on polycrystalline gold with ppp polarization:5@%), —200, and 100
mV vs SCE, (B) 500 and 900 mV vs SCE.

combinations. Sum frequency generation spectra of three of theshown in Figure 7. The ssp-polarized spectra were featureless
potentials are shown in Figure 6. Unlike the copper system, and are not shown. The spectra on the left (A) were taken at
the spectra of 5-methylBTAH on platinum show a change with —500,—200, and 100 mV; these spectra are featureless, which
potential. The change in spectra with potential is reversible and suggests that 5-methylBTAH is not oriented on the surface or
not dependent on the direction of change in potential. For the is oriented with the ring parallel to surface. At more positive
ppp (top) spectra, as the potential becomes more positive thepotentials (B) 500 and 900 mV a resonance at 2920%cthe
amplitudes of the symmetric methyl peak at 2920-érand CHs; symmetric stretch, appears. It is not feasible to perform
the Fermi resonance at 2880 chdecrease, and the sizes of an orientation calculation of 5-methylBTAH on gold due to the
the antisymmetric methyl stretches increase. For the ssp (bottom)ack of resonances in the spectra at negative potentials, and the
spectra, as the potential becomes more positive the amplitudelow signal-to-noise ratio of the spectra at more positive
of the symmetric methyl dip at 2920 crhincreases, and the  potentials also is prohibitive. Therefore only qualitative state-
amplitudes of the antisymmetric methyl resonances also in- ments can be made to characterize the interface. By comparison
crease. The orientation of 5-methylBTAH on platinum at each of the cyclic voltammetry and the SFG spectra it is not possible
potential studied was estimated and will be discussed in the to determine if 5-methylBTAH is adsorbed to the gold electrodes
following section. at negative potentials, but the molecule could be lying flat on
Polycrystalline Gold.Sum frequency generation spectra of the gold surface (the resonance must have a component of its
50 mM 5-methylBTAH on polycrystalline gold collected with  transition dipole in the-direction to be visible in ssp and ppp-
the ppp polarization combination at five different potentials are polarized SFG spectra) or have a random orientation. There is
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evidence in both the cyclic voltammetry and the SFG spectra orientation angles plotted in Figure 3 are not implied to be a
that 5-methyIBTAH is adsorbing at more positive potentials due quantitative measurement of the orientation of 5-methylBTAH
to the resonance in the SFG spectra and the blocking of oxygenon platinum, only to show the qualitative trend.
adsorption in the cyclic voltammogram (Figure 4). Since  The orientation of a similar molecule, pyridine, is known to
randomly oriented molecules do not produce SFG signals, thispe dependent on both coverage and temperdfufd. low
shows that the molecule has a polar orientation on the SurfaCE(;overages pyridine is-bonded oriented parallel to the surface
at positive potentials. These results suggest 5-methylBTAH plane; as the coverage is increased the molecule tilts toward
adsorbs on polycrystalline gold with no preferential orientation the surface normal. Studies of several pyridine derivatives
or is lying parallel to the surface at negative potentials and adsorbed on Pt(111) determined, by electron energy-loss
begins to orient at more positive potentials. These results arespectroscopy (EELS), that a tilt angle betweeh &5d 30 from
similar to a study performed by Tadjeddine et al. using SFG to normal was the most commda.
study 4-cyanopyridine on Au(11%).They observed that the Competitive coadsorption has been shown to cause reorienta-
pyridine ring was adsorbing parallel to the surface plane at tjon of aromatic compounds adsorbed to platinum electréties.
intermediate potentials and began to orient more perpendicularsyydies of pyridine adsorption on platinum have shown that there
to the surface at more positive potentials. is a competitive coadsorption of hydrogen (or oxygen) at a
Orientation Calculation. Because theC; axis of methyl negative (or positive) potential ran@fe.The absorption of
group is in the same plane as the ring, by determination of the hydrogen on the platinum electrode could be blocking sites for
orientation of the methyl group it is possible to formulate a 5-methylBTAH absorption thus affecting its orientation. By
model for the orientation of the entire molecule. A detailed comparison of the cyclic voltammetry with the SFG spectra it
description of the orientation calculation for the methyl group is clear that there is hydrogen adsorbed at the most negative
of the polycrystalline copper/5-methylBTAH and polycrystalline potentials studied. It is believed that the coadsorption of
platinum/5-methylBTAH is not possible because of several hydrogen has a large influence on the orientation of 5-methyl-
limiting factors. The methyl group’s symmetry must be de- BTAH adsorbed to platinum, as is the case with pyridine. The
scribed usingCs symmetry, apparent from the splitting of the adsorbed hydrogen blocks sites febonding of the benzene
antisymmetric modes of the methyl group, instead Qf ring of 5-methylBTAH to the platinum surface. This causes the
symmetry. The roughness of the metal surfaces also complicatesnolecule to tilt more toward normal. As the hydrogen is
the model used to determine orientation information. Determi- removed the ring then changes orientation because the sites for
nation of the hyperpolarizibility tensor elements is critical to z-bonding become available.
accurately calculate the orientation of adsorbed molecules with  An interesting question that has arisen from this study is why
SFG spectroscopy. Difficulty in determination of the compo- 5-methylBTAH’s orientation is potential-dependent on the
nents of the infrared and Raman transition dipole moments platinum surface but not on the copper surface. This same effect
remains a limiting step for orientation analy3fs'® has been seen for temperature-dependent studies of pyridine on
These limitations forbid detailed orientation calculations for Pt(111) and Cu(110% This study used infrared spectroscopy
the systems studied in this work. Orientation calculations were to probe the two systems at different temperatures. On Cu(110),
performed but will only be used to qualitatively describe the pyridine was orientated parallel to the surface and was not
interfaces studied. temperature-dependent. The orientation of pyridine on Pt(111)
Polycrystalline Copperfor polycrystalline copper, compari- ~ Was temperature-dependent; at lower temperatures pyridine was
son of the symmetric and antisymmetric methyl stretches Oriented in the plane of the surface, and at 300 K pyridine was
produced an estimated tilt angle of45°. Because the SFG  oriented with the surface normal. Comparison of these results
spectra did not change with potential the orientation of 5-meth- With the findings of this paper suggests that the affinity of these
yIBTAH is not potential-dependent within the range studied. types of molecules to absorb to copper is stronger than to
Since the K, of benzotriazole is 8.38, the amine hydrogenis  platinum.
not expected to dissociate in such acidic solution. 5-Methyl-  The difference in orientation for the copper and platinum
benzotriazole is thought to be physically adsorbed to the surface,spectra may be due to several possibilities: hydrogen coad-
not chemically bonded. Leygraf and co-workers., using infrared sorption on the platinum surface causing the 5-methylBTAH
reflection absorption spectroscopy, have reported that benzo-to tip up, the difference in the potential of zero charge (pzc) of
triazole is oriented 40from normal and expect 5-methylBTAH  the platinum and copper electrodes, or the ability of the triazole
to have a more vertical orientati6nThe similarities of the group to form a polymeric complex with copper ions in solution
results from the two studies suggest that the orientation of as well as the copper surface, which would bind the 5-meth-
benzotriazole on copper is not highly dependent on surface YIBTAH more strongly to the surface.
preparation since the study of Leygraf and co-workers was done Hydrogen coadsorption to the platinum electrode would block
ex situ, the electrolyte used for their study was NaCl, and copper sites for adsorption of 5-methylBTAH. This effect could cause
oxide films were used as a substrate. Leygraf and co-workersthe orientation of 5-methylBTAH to be affected. Because of
have also performed potential-dependent in situ surface- roughening of the copper surface at potentials outside the region
enhanced Raman spectroscopy of benzotriazole on cépper. studied, it was not feasible to probe potentials near hydrogen
They also concluded that potential did not influence orientation. evolution to see if adsorbed hydrogen would cause a change in
Polycrystalline Platinum.Polycrystalline platinum spectra  orientation for the copper system.
show a difference with potential. As the potential becomes more  Determination of the Potential of Zero Charge of Poly-
positive the amplitude of the methyl symmetric mode decreases,crystalline Copper. Electrochemical impedance spectroscopy-
and the amplitudes of the methyl antisymmetric modes increase.was performed to determine the difference in pzc between the
The estimated tilt angle of the methyl group was plotted versus copper and the platinum electrodes. Electrochemical impedance
the applied potential and is shown in Figure 3. Figure 3 suggestsspectroscopy was performed on polycrystalline copper immersed
that as the potential is increased the methyl group of 5-meth-in 0.5 M HCIO, from —600 to —100 mV every 50 mV.
yIBTAH becomes more tilted from the surface normal. The Electrochemical impedance spectra were fit using a R(QR)
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equivalent circuit, where R and Q represent a resistor and
constant phase element, respectively. Parentheses denote th

Romero and Baldelli

on polycrystalline copper, polycrystalline platinum, and poly-
crystalline gold. The Ckland aromatic €H vibrations are used

to identify adsorption and orientation of 5-methylBTAH at the
three different metal electrode surfaces. For copper surfaces,
orientation of the molecule on the surface is not affected by
potential within the window studied<500 to —100 mV vs
SCE). The methyl group of 5-methylBTAH was estimated to
be oriented~45° from normal. Spectra of 5-methylBTAH on
platinum show a change in orientation over the potential range
studied 250 to 750 mV vs SCE). The orientation of the methyl
group tilts more toward the plane of the interface as the potential
is scanned in the positive direction. This is thought to be due
to hydrogen coadsorption on the platinum surface at negative
potentials. Sum frequency generation spectra of 5-methylBTAH
on gold are featureless at negative potentials, suggesting a flat
orientation, but began to tilt toward normal at more positive
potentials over the potential range studieebQ0 to 900 mV

vs SCE).
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the two elements are in parallel. The constant phase element

was used instead of a capacitor to obtain more accurate fits toRaferences and Notes

the experimental data. The capacitance data were plotted versu
potential to determine the pzc (Figure 8). The pzc was
determined by finding the minimum capacitance of the curve.
The pzc was determined to be approximatel300 mV vs

saturated calomel electrode (SCE). The pzc’s of Cu(111) have

been reported at values betweerl65 and —472 mV vs
SCE#*%47 From differential capacity measurements, the pzc of
polycrystalline platinum in perchloric acid solution has been
estimated to be about 30 mV vs SEE8The difference of the
pzc of the two metals is estimated to be around-3000 mV.

If the charge on the electrode had a major role in the orientation
of 5-methylBTAH, then the electrostatic attraction would be

different on each side of the pzc causing a change in orientation.

By comparison of the orientation of 5-methylBTAH on both

sides of the pzc for both the copper and the platinum systems

it is clear that charge does not play a large role in orientation.
This leads to the assumption that the difference in the pzc of

the two systems is not the cause of the change in orientation.
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