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Self-assembled monolayers (SAMs) on gold substrates were prepared from benzylmercaptan (BM)
and para-cyanobenzylmercaptan (pCBM), and the resulting surfaces were investigated using

conventional infrared reflection-absorption spectroscopy (IRRAS) as well as polarization
modulation infrared reflection-absorption spectroscopy (PM-IRRAS). IRRAS data are analyzed
by comparison with transmission IR spectra and theoretical (DFT) simulations. The spectroscopic
results indicate the presence of well-ordered monolayers of BM and pCBM with an orientation
perpendicular to the surface. IRRAS and PM-IRRAS data are compared to each other and the

respective merits of both methods are discussed.

Introduction

The vibrational spectroscopic characterization of molecules
adsorbed on surface has gained considerable interest in the
recent years.! A well-established technique in this regard is
infrared reflection-absorption spectroscopy (IRRAS) which
allows obtaining high-quality infrared spectra of monolayers
of organic molecules deposited on metal surfaces. A characteristic
feature of this method is the surface selection rule, which states
that only the vibrations with a component of the transition
dipole moment aligned perpendicular to the surface plane can
interact with the incident light and contribute to the infrared
spectrum.”> This way, IRRAS also provides information
about the orientation of the surface adsorbed molecules. The
inherent surface selection rule as well as the sensitivity renders
this method particularly suitable for the structural and
spectroscopic characterization of self-assembled monolayers
(SAMs) which have important applications in molecular
electronics and catalysis.®'°

With respect to the latter subject, transition-metal containing
SAMs are particularly useful.!'™'* These systems can be
assembled on metal surfaces in two ways. The first method
involves the direct attachment of transition-metal complexes
with suitable ligands, for example, thiol terminated ligands on
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gold surfaces.'>!® The second method employs the reaction of
transition-metal containing precursors with suitably pre-
functionalized surfaces.!”?® For the latter approach,
bifunctional linkers such as para-cyanobenzylmercaptan
(pCBM) are required. In this molecule, the thiol group binds
to the gold surface whereas the nitrile group can coordinate to
a transition-metal complex. Importantly, the lateral spacing
between adjacent nitrile groups can be varied by diluting
pCBM with unsubstituted benzylmercaptan (BM), thus
generating SAMs with a defined density of nitrile groups
protruding from a flat surface. By this method, the steric
demand of different transition-metal complexes can also be
accounted for. The attachment of metal complexes can then
be conveniently monitored by determining the C-N stretching
frequency by IRRAS. Moreover, the cyano terminated
molecules are excellent Raman reporters. Employing these
properties, the role of pCBM-functionalized nanoparticles,
e.g., in cell studies has been demonstrated earlier.>! The mole-
cular structures of BM and pCBM as well as models of
BM-, pCBM- and mixed BM/pCBM-SAMs are shown in
Fig. 1 and 2.

Recently we have investigated the formation of self-
assembled monolayers of BM and pCBM on Au(111) surfaces
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Fig. 1 Molecular structures of (a) BM and (b) pCBM.
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Fig. 2 Models of the structures of (a) BM-SAM, (b) pCBM-SAM
and (c) the mixed SAM of BM and pCBM adsorbed on gold.

with a combination of X-ray photoelectron spectroscopy
(XPS), near-edge X-ray absorption fine structure (NEXAFS)
and scanning tunneling microscopy (STM).>?> Thereby it
was found that BM as well as pCBM form well-ordered
monolayers with the molecules oriented almost perpendicular
to the surface. Specifically, BM forms a (/3 x /3) R30°
structure whereas pCBM forms a slightly different ¢(7 x 7)
hexagonal structure. It was also established that BM and
pCBM form mixed monolayers with no phase separation.
Herein we present infrared spectroscopic investigations
on these systems using IRRAS and PM-IRRAS. These
techniques provide information that is complementary to
STM, XPS and NEXAFS. In particular, they also allow
determining the orientation of the BM and pCBM molecules
with respect to the surface normal, which in our previous study
has mainly been inferred from NEXAFS. To this end, IRRAS
and PM-IRRAS data of BM and pCBM have been recorded.
While the spectra resulting from both techniques should
in principle be identical, data evaluation differs for both
techniques, leading to slightly different results in practice.
For IRRAS measurements a clean and suitable background
sample is necessary whereas in the PM-IRRAS technique there
is no need for a reference sample. Though the IRRAS instrument
is continuously purged with nitrogen gas, absorptions from
the surrounding atmosphere are also detected. On the other
hand, PM-IRRAS serves as a suitable method to eliminate
bands from atmospheric absorptions. The only disadvantage
of PM-IRRAS is that the data are more difficult to interpret
because of the complex baseline correction. The methodo-
logical goal of this paper is to compare the IRRAS and

PM-IRRAS data with each other on two well-defined systems
in order to obtain an impression of the reliability of the
information obtained with either technique. The experimental
spectra are also compared with theoretical simulations
obtained from DFT-based vibrational frequencies and inten-
sities. The implications of the results with respect to the
vibrational characterization of SAMs are discussed.

Experimental
Chemicals

Benzylmercaptan (BM) was obtained from Fluka and was
used as received. para-Cyanobenzylmercaptan (pCBM) was
synthesized using a procedure as described in ref. 23. Ethanol
(Roth; analytical grade, 99.8%) was used as received.

Synthesis of para-cyanobenzylmercaptan (pCBM)

pCBM was prepared using para-cyanobenzylbromide and
thiourea.”* para-Cyanobenzylbromide (9.8 g, 0.05 mole) and
thiourea (3.8 g, 0.05 mole) were dissolved in 40 ml of ethanol
and the solution was heated to about 100 °C under reflux for
1 h. The excess of solvent was removed by pumping and the
residual creamy white thiuronium salt was washed with ethyl
acetate. The dried solid substance was dissolved in distilled
water. Prior to use, distilled water was degassed using argon.
To the solution 10% sodium hydroxide solution was slowly
added with rapid stirring at room temperature. The sodium
salt of para-cyanobenzylmercaptan was obtained as a white
precipitate. Then, concentrated hydrochloric acid was added
with rapid stirring. By means of solvent extraction with ether,
the final compound was separated and dried over anhydrous
sodium sulfate. The procedure is shown in Fig. 3. The purity of
the compound was checked by NMR.

Monolayer preparation

Self-assembled monolayers (SAMs) of BM and pCBM were
prepared by immersing the Au(111) substrates into a 1 mM
ethanolic solution of the respective thiol at room temperature.
After 24 h of immersion, the sample was removed from the
solution, thoroughly rinsed with copious amounts of the
solvent (ethanol) and finally dried in a stream of nitrogen
gas.?? For comparison, the SAM samples were also additionally
rinsed with tetrahydrofuran (THF).

Gold substrates

The polycrystalline gold substrates were prepared by physical
vapor deposition of 5 nm of titanium (99.8%, Chempur) and
subsequently 100 nm of gold (99.995%, Chempur) onto
polished (100) oriented silicon wafers (Wacker) in an evaporation
chamber operated at a base pressure of 10~ mbar.?

Bulk IR

IR of pCBM dispersed in KBr was recorded on Bruker
VERTEX 70 FT-IR spectrometer in transmission mode using
a DTGS detector. IR of BM (liquid) was recorded with a
sample cell with calcium fluoride windows.
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Fig. 3 Synthesis of para-cyanobenzylmercaptan.

IRRAS and PM-IRRAS

Surface-vibrational data were recorded with a Bruker
VERTEX 70 FT-IR spectrometer equipped with a Polarization
Modulation Accessory (PMA) 50 unit (Bruker Optik GmbH,
Ettlingen, Germany) which allows recording both IRRAS and
PM-IRRAS data. With this setup IRRA and PM-IRRA
spectra can be recorded from 4000 down to 750 cm™'. IRRAS
data were collected with a liquid nitrogen cooled MCT
detector and a horizontal reflection unit for grazing incidence
(Bruker A518). A p-polarized beam at an incident angle of 80°
to the surface normal was used for measurements. All spectra
were recorded with 4 cm™' resolution. The sample chamber
was purged with dry nitrogen gas before and during
measurements. SAMs of perdeuterated hexadecanethiol
(C16D33SH) on gold were used as background samples in
these experiments.

PM-IRRAS data were collected with the PMA 50 accessory
using a liquid nitrogen-cooled MCT detector. Spectra were
measured with a resolution of 4 cm™! and the angle of
incidence was 82°. Each spectrum contains 2048 averaged
spectra. The PEM maximum efficiency was set for the
half-wave retardation at 2900 cm™' for analysis of the CH
stretching bands, at 1100 cm~! for analysis of the CN
stretching mode and at 1500 cm ™! for analysis of the bands

in the region below 1800 cm™".

IR data processing

The bulk IR of BM and pCBM were used without any baseline
correction. The processing of IRRAS and PM-IRRAS data
was carried out using the OPUS software Version 6.5 (Bruker,
Germany). The baseline correction of the resulting IRRAS
data was done by the rubber band method in an interactive
mode. PM-IRRAS data have been processed by the implicit
removal of the Bessel function by manual baseline correction.

Calculation details

The vibrational frequencies of pCBM and BM were calculated
using a commercial program package, Gaussian 03.>** DFT
calculations were performed using the B3LYP (Becke-3-
Parameter-Lee—Yang—Parr) functional together with a
6-31+ +G(d,p) basis set.’*?” After geometry optimizations,
theoretical frequencies were calculated. No negative frequencies
were encountered. In the case of pCBM, the theoretical
frequencies were scaled by a factor of 0.9678, which was
obtained by normalizing the theoretical value to the experi-

mental value for the ring modes (experimental 1606 cm ™',

theoretical 1659 cm™"). The frequencies of BM were scaled by
a factor of 0.9677. This normalization factor was obtained by
comparing the theoretical and experimental value for the ring
modes [experimental value/theoretical value = 1601 cm™!/
1654 cm™! = 0.9677]. The vibrational modes were assigned by
means of visual examination using the GaussView program.

Results and analysis
SAM of BM and pCBM

The BM and pCBM SAMs were prepared according to the
procedures described above and subsequently investigated
with IRRAS and PM-IRRAS. For both compounds, DFT
calculations were performed. Furthermore, bulk KBr-pellet
IR data of BM and pCBM were recorded in order to aid the
assignment of the vibrational bands.

IRRAS of BM SAM

Fig. 4 shows the high frequency regions of the IR spectra
recorded for the benzylmercaptan (BM) SAM and a KBr
pellet prepared from pure BM along with the theoretical
spectrum obtained from a DFT calculation. In Fig. 5, the
corresponding mid- to low energy parts of the vibrational
spectra are presented. Spectral assignments of all bands are
based on a comparison between experimental (IRRAS/bulk)
and theoretical data and are collected in Table 1.

C-H stretching region. The bulk spectrum of BM exhibits
intense bands at 3084, 3062 and 3027 cm ™! denoted 2, 3 and 4
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Fig. 4 High-frequency regions of infrared spectroscopic data of BM
SAM, bulk BM in KBr and the calculated IR spectrum of BM.
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Fig. 5 Mid- to low-frequency regions of infrared spectroscopic data
of BM SAM, bulk BM in KBr and the calculated IR spectrum of BM.

in Fig. 4. In the Wilson notation, these vibrations are assigned
to Vagp, V> and vy, respectively.28 Calculated frequencies for
Vaow, V> and g, are 3097, 3087 and 3078 cm™'. The bulk
IR spectrum in addition exhibits vibrations at 3102 and
3003 cm ™! (denoted as 1 and 5, respectively) which are also
assigned to aromatic C—H stretches (calculated frequencies:
3104 and 3064 cm™', respectively). In the IRRAS data, two
C-H stretching vibrations of the aromatic ring in the BM
molecule are observed at 3062 and 3026 cm™' (Fig. 4).
The presence of only two bands in the SAM IRRAS is a
consequence of the IRRAS surface selection rule; ie., IR
bands with transition dipole moment (TDM) oriented parallel
to a metal surface are absent, bands with TDMs neither
parallel nor perpendicular to the surface stay visible but are
attenuated in intensity and bands with TDMs that are exactly

perpendicular to the surface are most intense. For most of the
vibrations of BM, the orientation of the TDM with respect
to the surface plane is neither exactly parallel nor exactly
perpendicular (marked with / in Table 1).

The aromatic stretches can be distinguished from the
aliphatic CH, stretching bands with the aid of calculated data.
In the IRRA spectrum of the sample prepared conventionally,
i.e. by rinsing with ethanol, the CH, stretches appear at
2927 and 2858 cm~'. In the bulk spectrum, they are found
at 2931 and 2843 cm~'. These bands are assigned to the
antisymmetric and symmetric C-H vibration, respectively. In
addition to these two peaks, the IRRA spectrum exhibits
another peak at 2960 cm~'. This peak is also observed in the
bulk spectrum at around 2962 cm™'. The assignment of this
band is not obvious. A comparison of the bulk infrared data
with the bulk Raman data reveals more information. For
benzylmercaptan, five CH aromatic ring stretches and two
CH, stretches are theoretically predicted. The experimental
data clearly indicate that, in addition to these vibrations, the
bulk liquid exhibits bands at 2960 cm™' (more intense in IR)
and 2980 cm ™! (more intense in the Raman; data provided in
the ESI).1 The peak at around 2960 cm ™' has been attributed
to a combination of vibrations in the lower frequency region.”

Remarkably, the two CH, stretches and the 2960 cm ™' peak
are absent in IRRAS of the BM SAM after thorough rinsing
with tetrahydrofuran (THF). The corresponding spectra are
included in Fig. 4 and 5. In the high frequency region there are
now only the two bands present that derive from the aromatic
stretches of BM. This finding appears to indicate that the
bands below 3000 cm™! (i.e., the aliphatic stretches) derive
from some impurity adsorbed on the SAM surface.
On the other hand, literature IRRAS data on SAMS of
4-picolylmercaptan also show the presence of C—H vibrations

Table 1 Infrared vibrational band assignments for benzylmercaptan. The vibrational frequencies (wavenumbers, cm ') obtained from the KBr
pellet, calculated, IRRAS and PMIRRAS are given in the first four columns. In the fifth column, the orientation of the transition dipole moment
(TDM) is given with respect to the surface plane (perpendicular: L, parallel: I and neither totally parallel nor totally perpendicular: /). The
assignment of the bands has been made in the seventh column. Wilson notation is given in brackets

Peak number Bulk Calculated IRRAS PM-IRRAS TDM Assignment

1 3102 3104 — — / (CHyipg) stretching

2 3084 3097 — — / (CHying) stretching (120)

3 3062 3087 3062 3063 / (CHying) stretching (1)

4 3027 3078 3026 — / (CHiing) stretching (129,)

5 3003 3064 — — / (CH,ipg) stretching

6 2962 — 2960 — — Combination modes

7 2931 3002 2927 2928 / (CH,) asymmetric stretching

8 2843 2960 2858 2858 / (CH,) symmetric stretching

9 2565 2598 — — 1 (SH) stretching

10 1601 1601 — — 1L (CCling) stretching; (CH,;,,) deformation (vg,)
11 1585 1579 — — / (CCiing) stretching; (CH,ing) deformation (vgp)
12 1493 1484 1493 1495 1 (CCiing) & (CHying) deformation (v19,)

13 1452 1440 — — I (CH;) & (CHyipn,) bending (v195)

14 1431 1424 — — / (CH;) & (CH,jpg) bending

15 1320 1309 — — / (CClring) deformation; (CH») wagging

16 1252 1251 — — / (CHying) deformation; (CH») wagging

17 1169 1168 — — / (CHying) deformation; (CH») wagging

18 1073 1074 — — I (CClring) bending; (CH,) & (SH) wagging

19 1029 1020 1028 1028 1 (CCling) bending (vg,)

20 976 982 — — / CCiing) deformation

21 908 908 — — I (CClring) bending; (CH,) twisting

22 758 786 — — / (CH,) & (SH) wagging; (CCiine) deformation
23 698 711 — — Il (CClhing) & (CH,jp,) bending; (CH,) twisting
24 679 667 — — I (CCiing) & (CHying) bending; (CH,) twisting
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of the methylene group.*® For this reason and in view of the
fact that the CH, vibrations are also found for pCBM (see
below) the IRRAS data for the SAMs of BM prepared by both
methods (rinsing with ethanol and rinsing with THF)
are shown.

C-C stretching region. In the bulk spectrum, the BM
molecule exhibits six C—C stretching bands. The first one is
found at 1601 cm~' and a second about 15 cm™' lower in
frequency. According to Wilson notation, they are assigned as
s, and vgp.>! Two other C—C stretching modes are observed at
1493 and 1452 cm™ !, labelled as V19, and vygp. The fifth and
sixth modes are observed at 1320 and 1252 cm~!. The C-C
ring bending mode can be found at 1029 cm ™. Calculated and
observed frequencies are again collected in Table 1. The
IRRAS data of the BM SAM, in contrast, only reveal the
presence of one intense peak at 1493 cm™" and another peak at
1028 cm~' with much lower intensity (Fig. 5, “rinsing with
ethanol”). The presence of only two peaks and the changes in
relative intensity when compared to the bulk spectrum can be
explained by the surface selection rule (vide supra). The intense
peak at 1493 cm™! is assigned to the C-C and C-H ring
deformation and the peak at 1028 cm™' is assigned to
the C—C ring bending. In both cases, the TDM is oriented
perpendicular to the gold surface and parallel to the molecular
axis of the benzene ring (Fig. 6). After rinsing with THF, the
two peaks at 1493 and 1028 cm™! both appear with somewhat
higher intensity, suggesting that the quality of the SAM is
improved by this procedure (see above).

S-H stretching frequency. The SH stretching frequency of
the thiol dispersed in KBr is observed at 2565 cm™'. The SH

(a) Benzylmercaptan

\J 3062 cm!

"9 3027 em!

(b) para-Cyanobenzylmercaptan

.

9 2227 em? 2 1605 cm?

2 1601 cm!

9
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Fig. 7 SH stretching regions of infrared spectroscopic data of pCBM
and BM (calculated, bulk and SAM IRRAS).

vibrational band observed at 2565 cm ™! in the bulk is absent in
the IR spectra recorded for the BM SAM (Fig. 7). This
indicates that the BM thiol adsorbs on gold as thiolate.

Apart from the peaks in the positive direction, few
absorption bands in the negative direction are observed in
the region from 2400 to 2000 cm~! (data supplied as ESI).f
The band at around 2360 cm™' corresponds to the asymmetric
stretching vibration of CO, in the sample compartment of
the IR spectrometer. Other negative bands are due to the
perdeuterated hexadecanethiol (Cy4D33SH) reference SAM.
The CD, symmetric and asymmetric stretching vibrations
are observed at 2075 and 2193 cm ™!, respectively. The CD;
symmetric and asymmetric stretching vibrations are observed
at 2089 and 2222 cm™", respectively.

& 1022 em?!

Fig. 6 Orientation of the dipole derivative unit vector for (a) benzylmercaptan and (b) para-cyanobenzylmercaptan deduced using GaussView
software. The thin arrows represent the displacement vectors and bold arrows show the dipole derivative unit vector.
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Fig. 8 PM-IRRAS data of BM SAM.

PM-IRRAS of BM SAM. The PM-IRRAS spectra of BM in
the high- and mid- to low frequency regions are displayed in
Fig. 8. In the C—H stretching region, the PM-IRRAS spectrum
is quite similar to its “normal” IRRAS counterpart in Fig. 4.
Distortions from Gaussian band shapes in the PM-IRRAS
spectra are due to the background subtraction procedure. In
the lower frequency region, the PM-IRRAS spectrum exhibits
the 1028 cm™' band with a higher intensity than the IRRAS
spectrum of the sample obtained by rinsing with ethanol.

IRRAS of pCBM SAM

The high frequency regions of the IR spectra recorded for a
para-cyanobenzylmercaptan (pCBM) SAM and a KBr pellet
prepared from pure pCBM are shown along with the spectrum
obtained from a DFT calculation in Fig. 9. In Fig. 10, the
corresponding mid- to low energy parts of the vibrational
spectra of pCBM are presented. The peak positions and
assignments of all bands are collected in Table 2.

C-H stretching region. Most conspicuously, the intensity
of the aromatic C-H stretches of pCBM (peaks 1-4) is
dramatically decreased in the bulk-IR with respect to BM
while the intensity of the aliphatic C—H stretches is about the
same as for BM (Fig. 9, middle). This is also reflected in the
IRRA spectra of pCBM which do not show any aromatic C-H

T T T T T T T
7 Calculated

1
Bulk IR

5 [
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Imo*

1 I 1 1 L 1 i
3200 3150 3100 3050 3000 2950 2900 2850 2800
Wavenumber (em™)
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Fig. 9 High-frequency regions of infrared spectroscopic data of
pCBM SAM, bulk pCBM in KBr and the calculated IR spectrum of
pCBM.
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1 (|
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Fig. 10 Mid- to low-frequency regions of infrared spectroscopic data
of pCBM SAM, bulk pCBM in KBr and the calculated IR spectrum of
pCBM.

stretches, in contrast to the BM SAM. In particular, the
intense 3062 cm™~' band observed in the case of BM is not
observed for pCBM. Introduction of the cyano group in the
para position thus appears to have “quenched” the C-H
stretching vibrations of the benzene ring. The calculations
qualitatively predict a decrease in relative intensity of the
aromatic stretches, but not as extreme as observed.

In the aliphatic C-H stretching region, both the bulk-IR
and the IRRA spectrum of the pCBM SAM prepared
conventionally (i.e., by rinsing with ethanol) exhibit three
bands (5,6 and 7). Again, theory predicts the presence of only
two bands in this region, suggesting that one of the observed
bands is a combination mode (vide supra). By comparison with
vibrational data from BM, we conclude that the bands at
2931 and 2859 cm ™! are the antisymmetric and symmetric
C—H stretching vibrations, respectively, whereas the 2958 cm™!
band is a combination mode. A look at the experimental
bulk-IR and -Raman spectrum of pCBM, however, reveals
that the situation is even more complicated: in a region where
only two bands are predicted, comparison of the IR and
Raman spectra indicates the presence of up to seven distinct
bands (data provided in the ESI).T The detailed assignments of
these bands are not clear; in analogy to the case of BM we
conclude that five of these features must be overtones and/or
combination bands.
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Table 2 Infrared vibrational band assignments for para-cyanobenzylmercaptan

Peak number Bulk Calculated IRRAS PM-IRRAS TDM Assignment

1 3060 3115 — — / (CHyipg) stretching (1)

2 3043 3111 — — / (CHying) stretching

3 3031 3100 — — / (CHying) stretching (129,)

4 3000 3078 — — / (CH,ipg) stretching

5 2963 — 2958 2956 — Combination modes

6 2926 3004 2931 2929 / (CH,) asymmetric stretching

7 2856 2961 2859 2858 / (CH,) symmetric stretching

8 2572 2604 — — L (SH) stretching

9 2227 2259 2234 2231 1 (CN) stretching

10 1606 1606 1605 1605 L (CCling) stretching; (CH,;p,) deformation (vg,)
11 — 1553 — — / (CCling) stretching; (CH,j,,) deformation (vg)
12 1504 1495 1501 1502 1 (CCiing) & (CHying) deformation (vy9,)

13 1426 1427 — — / (CH,) bending

14 1417 1396 — — Il (CCling) & (CH,jp,) deformation

15 1290 1308 — — / (CCling) deformation; (CH») wagging

16 1261 1251 — — / (CH,) & (SH) wagging

17 1179 1160 — — / (CCling) deformation; (CH») wagging

18 1110 1109 — — / (CCling) bending

19 1022 1003 1020 1020 1 (CHying) deformation (vg,)

20 849 911 — — / (SH) wagging

21 826 888 — — I (CClring) bending; (CH,) twisting

22 803 790 — — I (CClhing) bending; (CH,) twisting

23 734 742 — — / (CH,) & (SH) wagging; (CC,;,,) deformation
24 661 685 — — I (CCiing) & (CHying) bending; (CH,) twisting

After thorough rinsing of the pCBM SAM with tetra-
hydrofuran (THF), the two CH, stretches and the 2958 cm ™!
peak are both broadened and reduced in intensity (cf. Fig. 9).
This again might indicate that the bands below 3000 cm ™' (i.e.,
the aliphatic stretches) derive from some impurity adsorbed on
the SAM surface. In contrast to the BM SAM, however, the
peaks do not disappear completely upon rinsing with THF.
This could mean that there is some intrinsic intensity of these
vibrations in the pCBM SAM which is, however, weak. This
would be in agreement with the TDM of these vibrations being
slightly tilted out of the surface plane. On the other hand,
rinsing with THF in the case of the pCBM SAM also
introduces a broad and intense peak in the mid-IR region
(see below) which corresponds to an impurity. It is well-known
that THF intercalates into SAMs on gold,32’33 and for these
reasons rinsing with THF appears to deteriorate the quality of
the pCBM SAM, in contrast to the case of BM. The influence
of ethanol and THF on the quality of SAMs is under constant
debate in the literature.**

S-H stretching frequency. The SH stretching for the bulk
pCBM is observed at 2572 cm™!. The absence of the SH
stretching band in the SAM spectra shows that the pCBM is
bound to the gold surface through the sulfur atom (Fig. 7).

CN stretching frequency. The CN group is linear and in
plane with the benzene ring. The CN stretching mode is
polarized perpendicular to the surface and can be easily
identified by a strong, sharp band at 2227 cm™'. The nitrile
vibrational band is observed at 2234 cm ™! in the IRRAS of the
pCBM SAM (Fig. 11). Only a small shift is observed when
compared to the bulk. This indicates that the cyano group is
free on top of the SAM surface. Infrared spectroscopic
evidence thus reveals that the cyano group is not involved in
surface bonding.

T
Calculated

1 1 1
Bulk IR 7

Absorbance

oo :

1 1 HE 1 1

PM-IRRAS|

2300 2275 2250 2225 2200 2175 2150
Wavenumber (cm")

Fig. 11 Cyano stretching regions of infrared spectroscopic data of
pCBM SAM (IRRAS and PM-IRRAS), bulk pCBM in KBr and the
calculated IR spectrum of pCBM.

C—C stretching region. There are two C—C ring stretching/
C-H ring deformation bands in the bulk-IR spectrum which
are located at 1606 and 1504 cm ™' (Fig. 10); another C—H ring
bending mode can be found at 1022 cm ™. In the pPCBM SAM,
the C-C/C-H ring deformation and C-H ring bending
vibrations are observed at 1605, 1501 and 1020 cm !,
respectively (peaks 10, 12 and 19 in Fig. 10). Fig. 6 shows
that the TDMs of these vibrations are oriented perpendicular
to the gold surface. In the SAM obtained by rinsing with THF,
peak 12 is broadened and, in addition, a broad and intense
feature appears at 1180 cm ™' which derives from an impurity.
We therefore anticipate that the quality of the corresponding
SAM is lower than of that obtained by rinsing with ethanol.
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Interestingly, the IRRAS spectrum of pCBM exhibits an
intense peak at 1605 cm ™' whereas this peak is absent in the
IRRAS spectrum of BM (it is, however, present in the bulk-IR
spectrum of BM). The 1600 cm ™! band (vs,) corresponds to a
symmetric combination of C—H bends with respect to a mirror
plane perpendicular to the z-axis of BM (the z-axis being
defined as the vector between the benzyl group at C; and Cy).
Although the transition dipole moment of this particular
normal mode is perpendicular to the surface (thus rendering
this vibration IRRAS-active), its absolute value may become
zero due to an accidental cancellation of C-H bending
motions at C, and Cg on the one hand and C; and Cs on
the other. This we observe in case of BM. For pCBM the
situation is different in that nonvanishing, effective transition
dipole moment results, and in this case the vibration is
observed at 1605 cm~'. The situation is different for the
1500 cm~! mode (vyo,) which represents an antisymmetric
combination of C—H bending motions with respect to a mirror
plane perpendicular to z. In this case the C-H bending
vibrations of C, and Cg on the one hand and C; and Cs on
the other add up, and the resulting transition-dipole moment is
only weakly dependent upon a substitution at the C4 position.
Thus the vibration is IRRAS-active for both BM and
pCBM, in agreement with the observation. Examples for the
observation of such phenomena in bulk IR spectroscopy can
be found in the literature.¢38

PM-IRRAS of pCBM

The PM-IRRAS spectra of pCBM in the high- and mid- to
low frequency regions are displayed in Fig. 12. Apart from
slight differences in relative intensities and band shapes, these
spectra are quite similar to their IRRAS counterparts in Fig. 9
and 10. The negative bands in the IRRAS data are due to the
deuterated background. PM-IRRAS employs the effect that
on metal surfaces, at high angles of incidence only p-polarized
radiation was absorbed and nearly no absorbances are
observed with s-polarized light. This change in absorbance
intensities offers the possibility to measure the difference
between spectra collected with incident s- and p-polarized
infrared radiation. Thus, PM-IRRAS offers the possibility to
remove interferences from the gas phase absorptions as well as
avoids the need of a clean background. With respect to the
C—N stretch which falls into the region of C-D vibrations and
is thus difficult to record, PM-IRRAS clearly shows the
advantage of not relying on a background spectrum (Fig. 12).

Discussion and conclusions

In the present study, self-assembled monolayers (SAMs) of
benzylmercaptan (BM) and para-cyanobenzylmercaptan
(pCBM) were investigated with IRRAS and PM-IRRAS. A
comparison of the band positions for the SH vibrations
between bulk samples in KBr and the SAMs showed that
the mercaptans are adsorbed on the Au(111) surface through
the sulfur along with loss of mercaptan hydrogen as no SH
bands are observed in the SAM spectra. Of particular interest
in the lower frequency region are the peak positions for the
ring stretching modes which can be compared to the KBr
spectra of the respective mercaptan.

Several groups have investigated benzyl mercaptan SAM on
gold.*** BM has been employed to study the rates of electron
transport in a metal-SAM-metal junction*® and also in
molecular electronics.*’ Earlier studies from our group clearly
showed the formation of well-ordered, upright oriented BM
SAM on Au(111).%* This is supported by the present IRRAS
investigations. In agreement with the result of Tao e al.,*® a
ring-stretching vibration is found at 1493 cm~' for BM. For
pCBM this peak is shifted to 1501 cm™'; in addition a second
intense peak appears at 1605 cm™'. The nitrile CN stretch of
pCBM is observed at 2234 cm™'. Both mercaptans exhibit a
peak at ~1020 cm ' in the IRRAS spectra which is assigned
to a C-C ring bending vibration, in accordance with the
previous studies.** Based on the surface selection rule of
IRRAS, the intensity of out-of-plane ring modes for an
orientation of the ring of BM and pCBM perpendicular to
the surface vanishes because the transition dipole moment of
these modes is oriented parallel to the surface. As we cannot
see any peak belonging to such modes we conclude that these
mercaptans are oriented perpendicular to the surface or with a
small tilt angle to the surface normal, in agreement with the
results from our NEXAFS study.?

In order to obtain further information on the presence of
aliphatic C-H stretches in the IRRA spectra of BM and
pCBM, the influence of the SAM preparation on the observed
spectra has been investigated. In principle, the transition-
dipole moments of the symmetric and antisymmetric stretches
of the CH, group are only slightly tilted with respect to the
surface, and the intensities of the corresponding bands in
IRRAS should therefore be weak. For BM, a complete
suppression of these bands has in fact been achieved by rinsing
the SAMs with THF, in agreement with Tao et al® For
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Fig. 12 PM-IRRAS data of pCBM SAM.
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pCBM, the same procedure leads to a significant intensity
decrease of these bands; on the other hand, a broad and
intense peak emerged which derives from an impurity (maybe
intercalated THF). For the sake of completeness and because
CH, vibrations are observed in IRRA spectra of related
systems in the literature,>® we decided to present the spectra
of both samples obtained by rinsing with ethanol and by
rinsing with THF.

The comparison of IRRAS and PM-IRRAS spectra in the
present study indicates that both methods give very similar
spectra. In particular, good agreement with respect to band
positions is observed whereas relative intensities and bandwidths
slightly vary. The latter finding is due to the background
subtraction procedure in PM-IRRAS, which renders this
method less straightforward to apply than “normal” IRRAS.
On the other hand, PM-IRRAS is particularly useful when the
reference spectrum exhibits bands in spectral regions where
interesting vibrational features of the sample are located (e.g.,
the CN-stretch in pCBM) or when application of a reference
spectrum is not possible. In a forthcoming study we will apply
the methodology outlined in this paper to investigate the
attachment of metal complexes to SAMs of BM and pCBM.
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