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Present investigations of catalytic reaction mechanisms increase the demand for direct 
spectroscopic observation of the molecular processes occuring at the catalyst surface. 
Interdisciplinary research is essential to advance our knowledge in this field. We have 
therefore decided to explore the application of surface enhanced Raman scattering (SERS) 
for the in situ characterization of solid state catalysts. The fascinating phenomenon of 
surface enhancement is outlined in this article. The high sensitivity achieved is used to study 
amination reactions of aliphatic alcohols on copper catalysts. Results from surface enhanced 
Raman spectroscopy provide information on the mechanism which complements the evi­
dence obtained from chemical and kinetic investigations. Enhanced Raman spectra of 
adsorbates have been recorded on-the surface of a technical copper catalyst under reaction 
conditions. The design of this substrate has been guided by combining the conditions for 
strong surface enhancement with the requirements for a catalyst that is stable at elevated 
temperatures in the presence of surface active adsorbents. The scope of SERS as a novel 
surface analytical tool in catalysis is evaluated, and an outlook to envisaged applications is
given.

1. Introduction
Surface characterization techniques111 

have an enormous impact on the under­
standing of chemical reactions occurring at 
surfaces and interfaces. Recently a novel 
phenomenon has attracted strong interest 
of research groups involved in surface 
studies due to its potential for surface 
analytics. A variety of optical processes 
have been found to be strongly enhanced 
on suitably roughened metallic surfaces[21. 
The stimulus for research in this field was 
the observation of giant enhancements in 
the Raman scattering intensity from pyr­
idine adsorbed on roughened Ag elec­
trodes by Fleischmann et al.[3J. Careful 
quantitative measurements by Jeanmaire 
and Van Duyne[4] established that this high 
signal intensity was not caused by an in­
crease in surface area, but that the Raman 
scattering cross section per molecule was 
enhanced by factors on the order of 106.

Intensive research efforts towards eluci­
dation of the origins of the enhancement 
have established the importance of two 
classes of mechanisms. The electromagne­
tic contribution is based on the presence of 
amplified local fields close to a metallic 
surface. All electromagnetic processes at 
the surface can be enhanced by this phe- 
nomenon12,51. For the analytical applica­
tions of surface Raman scattering, it is im­
portant to note that the Raman intensities 
will be enhanced for any adsorbed species 
within the range of the amplified local 
fields, which typically extend out to a dis­
tance corresponding to several adsorbed 
monolayers. Requirements for electro­
magnetic enhancement are a specifically 
prepared surface morphology, which ex- 
hibits roughness in a defined size range, 
and suitable dielectric properties of the 
metal. This is the reason why most investi­
gations have been carried out on group 
«IB» metal substrates (Cu, Ag, and Au). 
This mechanism, which contributes factors 
of 103-104 to the enhancement of Ag, will 
be outlined in Section 2.

A second contribution to the enhance­
ment originates from the «chemical»inter­
actions of the adsorbate with the metal161. 
It has been shown that light-induced

charge transfer processes play an impor­
tant role in this mechanism. The require­
ment for molecular donor or acceptor lev­
els involved in the charge transfer explains 
why this enhancement contribution has 
predominantly been observed with aroma­
tic molecules161. Special surface sites (ad­
atom clusters) are important for the charge 
transfer as they facilitate the light-induced 
creation of electron-hole pairs171. The 
chemical mechanism may contribute en­
hancement factors on the order of 102-103 
on cold-deposited metal films; it is, how­
ever, molecule specific.

To cover the entire range of possible ap­
plications of the enhancement phenom-
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enon is outside the scope of this article. A 
variety of linear and nonlinear optical pro­
cesses have been investigated. Some of the 
envisaged applications include surface en­
hanced photochemistry|s ln|. and dynamic 
processes at surfaces occurring under laser 
excitation[11,12]. Considerable attention has 
been devoted to laser assisted adsorption 
and desorption processes1131, and to chemi­
cal transformations in photocatalytic reac­
tions114, l5]. Other surface processing tech­
niques which can possibly benefit from the 
enhancement phenomenon include laser 
annealing111,161 and microfabrication pro­
cesses such as lithography[17], photo­
deposition11112,181, and photoetching1191. A 
more comprehensive survey has been given 
elsewhere1201.

Here we would like to focus on the po­
tential of surface enhanced Raman scatter­
ing (SERS) in catalytic research. A joint 
research project, carried out at the Physical 
Chemistry Laboratory and the Depart­
ment of Industrial and Engineering Chem­
istry of ETH Zurich, has been devoted to­
wards developing SERS into a surface ana­
lytical tool which can be applied to study 
catalyst surfaces during reaction. Recent 
progress will be illustrated in Section 3, 
using the adsorptive interaction of amines 
with copper catalyst surfaces as a case 
study. The information obtained on this 
system by enhanced Raman spectroscopy 
complements the evidence gained by a va­
riety of methods applied in catalytic re­
search. In the concluding Section 4, an out­
look to anticipated trends and future de­
velopments of the field will be presented.

scattering cross section will be enhanced by 
EF x 104, which is the electromagnetic en­
hancement contribution mentioned in Sec­
tion 1.

Here we would like to present a simple 
model how such a field enhancement can 
arise on a particle surface. A single sphe­
roidal metal particle of dimensions small 
compared to one wavelength, which corre­
sponds to the Rayleigh scattering limit, 
will be considered. A more rigorous treat­
ment that includes the effects of finite par­
ticle size and dipolar interactions among 
the metal particles on the substrate has 
been presented in detail elsewhere120-221.

The local field Etip at the surface of a 
prolate spheroid, shown schematically in 
Fig. 1, is determined from the relation

^tiP L (co)E0 . , n 4 ^o (3)
1 + [e(ca) - 1] Xz

where Ea is the incident field of frequency 
co, directed along the major axis z of the 
spheroid, and e(ca) is the complex, fre­
quency dependent dielectric constant of 
the material. In the Rayleigh limit dz is a 
constant that depends solely on the geome­
try of the spheroid; it is bounded to the 
range 0^4^ 1, and is termed a «depo­
larization constant»[23,24].

The local field factor Lfco) given by 
Eq. (3) contains two contributions:
(1) the concentration of the electromagne­

tic field at points of high curvature on 
the surface, known as the «lightning 
rod effect»1241, and

(2) the local field enhancement due to sur­
face plasma oscillations.

The latter effect is illustrated in Fig. 1. 
The applied field Eo creates a surface 
charge distribution that oscillates at the 
frequency co. The amplitude of the surface 
charge oscillation, and thereby the local 
field enhancement, are maximum if co coin­
cides with the eigenfrequency of the sys­
tem, which corresponds to resonant excita­
tion of a localized surface plasmon12,51. The

Eo

Fig.l. Local field enhancement near the surface of a spheroidal metal particle. The laser 
field Eo produces a dipolar surface charge distribution which oscillates with the frequency co 
of the electromagnetic wave. The amplitude of the surface charge oscillation is largest if the 
metal dielectric function e(a>) fulfills the resonance condition, Eq. (4), for surface plasmon 
excitation. The local field is maximum (E,ip) at the points of highest curvature, due to the 
so-called lightning rod effect (see text).

resonance condition is easily derived from 
Eq. (3): the maximum of |L(c>)|2 occurs 
when the real part of the denominator 
vanishes, i.e. when

2. Electromagnetic Enhancement 
Mechanism

Electromagnetic processes close to a sur­
face can be enhanced by the presence of 
local fields Elx that are amplified by a local 
field factor L(ca)12,5,211 as compared to the 
incident laser field Eo,

Eix = L(m)E0 (1)

For Raman scattering by an adsorbate, 
the enhancement factor EF of the Raman 
intensity relative to the free molecule can 
be written in the form12,51

Ef=|L(<»JL(«)RamJ|2 (2)

Equation (2) reflects the fact that both the 
incident laser field, of frequency <olaser, and 
the Raman light emitted at caRaman = 
®iaser — ®vib, are potentially enhanced by 
the presence of the surface. In numerical 
evaluations of Eq. (2) the geometries of 
excitation and detection, and a proper av­
erage over adsorbate positions on the sur­
face must be taken into account. An im­
portant consequence of the nonlinearity of 
the Raman scattering phenomenon is seen 
from Eq. (2): If the surface supports a local 
field enhancement L(a>) on the order of 10 
at both relevant frequencies, the Raman

1 + [Re{£(®res)} - 1MZ = 0 (4)

For a sphere, Az = 1/3, which yields 
Re{e(fflra)} = —2. Prolate spheroids po­
larized along their major axis have 
0 < Xz < 1/3, and thus Re{£(cores)} takes on 
more negative values.

The notion of a negative dielectric con­
stant may appear unfamiliar at first. With 
non-absorbing dielectric substances, such 
as quartz, e(o) is real and positive: in such 
cases IE/J < IE/1, as is seen from Eq. (3). 
For metals, however, the presence of free 
conduction electrons gives rise to a nega­
tive real part of the dielectric constant at 
frequencies below the volume plasma fre­
quency of the material (for a short discus­
sion, cf.[21]). As an example, the function 
Rejsfw)} for silver1251 is shown in Fig. 2. 
This function is negative for wavelengths 
larger than 330 nm, and exhibits a strong 
decrease in the red spectral region. The 
wavelengths of resonant surface plasmon 
excitation are indicated in Fig. 2 for 
spheres and prolate spheroids of eccen­
tricities 2:1 and 3:1. A pronounced red 
shift of the plasmon resonance with in­
creasing eccentricity is clearly seen.

The resonant nature of the electro­
magnetic enhancement was first verified in 
the experiments of Liao et al.126]. The au­
thors studied Raman scattering from ad­
sorbed CNe ions on an array of uniformly 
sized and shaped silver particles, that had 
been produced using lithographic techni­
ques1261. A resonance in the excitation 
energy dependence of the enhancement 
factor was detected; the variation of the 
resonance frequency with particle eccen­
tricity was found to follow the behavior 
predicted from Eq. (4)[26].

Next let us consider the value of the local 
field enhancement at resonance, which is
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Fig. 2. Surface plasmon resonances for small silver spheroids. The real part of the dielectric 
function e(co) for silver[25] is plotted as a function of wavelength. The resonance conditions 
for spheres and prolate ellipsoids of eccentricities 2:1 and 3:1 are indicated by arrows [cf. 
Eq. (4)].

determined from Eq. (3),

of silver in the visible spectral range. Con­
sequently only much smaller enhance­
ments can be expected on transition metal 
surfaces.

Hitherto we have considered a particle 
of dimensions small compared to a wave­
length, without further specifying its size. 
A careful consideration of size-dependent 
effects122,27-291 is, however, essential in deter­
mining the relatively narrow range of par­
ticle dimensions for which strong Raman 
enhancements can be observed. If the par­
ticle size is too small, the conduction elec­
trons suffer additional losses by collisions 
with the surface of the particle; thereby the 
«quality» of the resonator is reduced1271. If 
the particle dimensions are larger than 
2/10 radiation damping effects1271 become 
important: the size of the resonant po­
larization is reduced as the dipole looses its 
energy efficiently due to radiation1271. Si­
multaneously a red-shift of the plasmon 
resonance frequency is observed. These ef­
fects have first been predicted by Mie in a 
classical calculation1281 of the scattering by 
colloidal metallic spheres.

An exact numerical calculation for 
prolate silver spheroids of 2:1 eccentricity 
has been carried out by Barber et al.1291. 
Results of a self-consistent calculation1221 
are illustrated in Fig. 3 where the enhance­
ment \ER!E,f of the radial surface field ER, 
relative to the exciting laser field Eo, is 
plotted as a function of wavelength. The 
radius a of the silver sphere is the second 
parameter. With increasing radius, the en­
hancement curve is broadened and the 
maximum is strongly decreased due to 
radiation damping. The red shift of the 
enhancement maximum with increasing

i4(®)i = (5) Im{e(»}Xz

For high local field enhancement, a mate­
rial with low loss, i.e. small values of 
Im{fi(ca)}, is required. One might compare 
the particle with a resonant cavity: the 
quality factor and hence the local fields will 
be high if the losses are low. This require­
ment explains the exceptional role of the 
group «IB» elements in surface enhance­
ment. Silver has very low losses through­
out the visible spectrum, as evidenced by 
its uniformly high reflectivity. Copper and 
gold are good reflectors only for longer 
wavelengths, and therefore appear reddish 
to the eye; in the green and blue spectral 
region these elements are absorbing due to 
interband transitions. Consequently wave­
lengths longer than 580 nm must be used to 
excite enhanced Raman scattering on cop­
per and gold substrates. For silver all visi­
ble wavelengths are suitable for excitation 
as long as the resonance condition, Eq. (4), 
is fulfilled.

The importance of low losses becomes 
most evident if we recall that the enhance­
ment is proportional to |£(©)|4 according 
to Eq. (2). Unfortunately, most transition 
metals exhibit losses Im{e(co)} that are 
typically five to ten times higher than those

Fig. 3. Size dependence of the surface enhancement. The surface-averaged local field en­
hancement \ER(E0\2 for spheres is plotted as a function of wavelength 2[221. With increasing 
radius a, the dipolar surface plasmon resonance is broadened, decreased in magnitude by 
radiation damping, and red-shifted due to dynamic depolarization[221. The second enhance­
ment maximum visible at short wavelengths (2 k 360 nm) for the larger spheres is due to the 
quadrupolar surface plasmon.
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size due to «dynamic depolarization»1221 is 
also apparent in Fig. 3. For the larger radii 
a second enhancement maximum is visible, 
which is due to excitation of the quadrupo- 
lar surface plasmon1221.

For maximum surface enhancement, 
particles must be large enough to avoid 
losses due to electronic surface collisions, 
and small enough to avoid eccessive radia­
tion damping1271. A detailed evaluation1301 
has shown that the optimum radius for a 
silver sphere is 20 nm; for prolate silver 
spheroids of eccentricities 2:1 and 3:1 the 
enhancement is maximum for long half 
axis dimensions of 30 nm and 35 nm, 
respectively. For copper particles, opti­
mum half axis dimensions that are some­
what larger (60-80 nm) have been calcu­
lated1301.

To conclude this section we remark that 
interactions among the metal particles on 
the surface must be taken into account for 
a quantitative modelling of the surface 
enhancement. This is outside the scope of 
this article, and the reader is referred to 
recent publications for a theoretical discus­
sion120,211 and experimental verification1311 
of dipolar interaction effects.

In the following section we shall focus 
on the application of the enhancement 
phenomenon in catalysis. A case study of 
A-alkylation reactions on Cu catalysts will 
be used as an example.

amine to produce A-methyl- and A,A-di- 
methyl-dodecylamine, respectively; e.g.

CH3(CH,)„-OH + HN(CH3)2 -^>
cat

CH3(CH2)11-N(CH3)2 + H2O (6)

This study revealed that copper supported 
on y-Al2O3 is most effective for amination.

3.1. Reaction Mechanism
A general reaction pathway has been 

proposed1361 which is shown in Fig. 4 for the 
case of monomethylamine reactant. It is 
based on GC-MS analysis of the products 
obtained under various reaction condi­
tions, kinetic measurements, and isotope 
labeling experiments. Essential steps are 
the dehydrogenation (I) of the alcohol, 
condensation (II) of an adsorbed alde­
hyde-type species with adsorbed methyl­
amine, release of water (III), and hydroge­
nation (IV) of the resulting enamine-type 
species. This pathway is confirmed by the 
observation of aldehyde and enamine side 
products which are not necessarily reac­
tion intermediates, but may be equili­
brated with surface intermediates of 
related structure (cf. Fig. 4). The dehydro­

genation of the alcohol (step I) is catalyzed 
by copper. Steps II and III can occur 
unassisted by a catalyst1371. The hydrogena­
tion of the enamine-type intermediate (step 
IV) is again catalyzed by the metal. The 
necessity of catalyst participation in step 
IV is confirmed by the work of Kliger et 
al.1381 on the hydroamination of ketones 
and aldehydes. A thermodynamic consid­
eration of the reaction pathway indicated 
that equilibria are favourable for reaction 
steps III and IV; these reactions constitute 
the driving force for the overall reaction. 
The a-amino-alcohol is not observed due 
to its very low equilibrium concentration.

Reactions performed with a,a-dideu­
terated alcohols exhibited a significant ki­
netic isotope effect. The mixture of the 
amination products contained no dideu­
terated product amines. Undeuterated and 
monodeuterated products were found in a 
ratio of 1.9. The absence of dideuterated 
product amines indicated the abstraction 
of an a-hydrogen, and is consistent with 
the formation of an aldehyde-type species 
as a reaction intermediate. The hydrogen 
abstraction is non-equilibrated, as evi­
denced by the small (6-10%) isotopic ex­
change of the reactant alcohol. This sup­
ports the idea that abstraction of an a-hy­
drogen atom represents the rate-deter­
mining step of the overall process.

Kinetics were investigated in the absence

3. Case Study: A-Alkylation Reactions on 
Copper Catalysts

Studies on the mechanism of catalytic 
routes for the synthesis of aliphatic amines 
are important in view of their large-scale 
industrial applications. The amines con­
stitute intermediates in the synthesis of 
fabric softeners, emulsion stabilizers, pig­
ment dispersers, and agricultural products. 
Several drugs, herbicides, pesticides, dyes, 
and other chemicals contain amino groups 
which originate from reactions with such 
intermediates. The application of higher 
aliphatic amines and their derivatives, as 
e.g. quarternary ammonium compounds, 
is mainly based on their cationic surface 
activity. Changes in surface and colloidal 
properties can be achieved by small quanti­
ties of such substances. The products from 
jV-alkylation reactions have found appli­
cations in almost every field of modern 
technology and agriculture[321.

Among several methods which have 
been proposed for the synthesis of ali­
phatic amines1331, catalytic amination of al­
cohols has gained increasing importance in 
recent years. It represents an economic 
way particularly for the synthesis of long- 
chain aliphatic amines. A variety of sup­
ported metal catalysts have been proposed 
to be suitable for catalytic amination. For 
a series of catalysts activities and selectivi- 
ties have been compared in our laboratory 
under identical conditions134,351. As a test 
reaction we have used the amination of 
dodecanol with mono- and di-methyl-

H OH H
R-C-C-H N-CH3

H H H

HO H OH H
I _ I I I

R-C-C ^ZZ7 R-C-C-H N-CH3
I \ ii I °

H H H • *
ssw //s/smss;;/ // // /////////

(ID

H OH H 
r-c-c-n-ch3 

H H

H n-ch3 h h h h \-ch3
I ^ 0__  I I I ______ N Z 0

R-C-C ^ZZT R-C—C-N—CHoU^. C=C 
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H H H • H H
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(IV)

H H H I I I 
R-C-C-N

I I I
H H CH3

Fig.4. Pathway of N-alkylation reactions on Cu catalysts™. The reactant alcohol is 
dehydrogenated (step I) to form an aldehyde-type species RCH2CH(OH)—*, where the 
asterisk denotes a surface site. Subsequent steps are the formation of an a-amino-alcohol 
(II), release of water (III), and hydrogenation (IV) of the enamine-type species 
RCH2CH( *) —NHCH3 to form the product amine. Equilibrated side products that have 
been detected in the product stream are the aldehyde (RCH2CH0) and the enamine (imine 
tautomer pair.
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of mass transfer limitations for the amina­
tion of octanol with dimethylamine in both 
the gas and liquid phases. Gas phase kinet­
ics could be described by the rate equation

^ROH ?ROH (7)

1 + ^ 7777777777^/77

where K{ and p{ are the adsorption equili­
brium constants and partial pressures of 
species i, respectively. The assumptions im­
plied in this rate equation are: (i) the rate 
determining step of the overall reaction in­
volves the abstraction of an a-hydrogen 
atom, and its transfer to an adjacent va­
cant site; (ii) single site Langmuir adsorp­
tion for the reactants and products. As­
sumption (i) is justified by the results of the 
isotope labeling experiments. Inhibition of 
the reaction was found to be significant (at 
the 95 % confidence limit) for octanol, wa­
ter, and dimethylamine, whereas no signi­
ficant inhibition by hydrogen was found in 
the partial pressure range 1-40 kPa. The 
observed activation energy of 65 ± 5 kJ/ 
mol is compatible with abstraction of an 
a-hydrogen from an alcohol as the rate 
determining step. The activation energy 
depends only weakly on the chain length of 
the aliphatic alcohols; it is independent of 
the amination agent and of the support for 
low dispersions of copper.

The foregoing discussion illustrates that 
the interaction of reactant and product 
amines plays an important role in the reac­
tion mechanism. These interactions are 
also very important in connection with 
possible deactivation processes, as will be 
discussed in Section 3.4.

3.2. Adsorption of m-Toluidine
Toluidine was chosen as a species which 

contains two functionalities of interest. 
The interactions of both the amino group 
and the aromatic h-electron system with 
the copper surface can be investigated.

SERS experiments have been designed 
to decide between the two principal bond­
ing models presented in Fig. 5. Dissociative 
bonding involves the breaking of an N—H 
bond and formation of a covalent bond 
between nitrogen and the metal. Lithium 
m-toluidide was selected as a model com­
pound resembling this bonding type. Asso­
ciative bonding is accompanied by partial 
charge transfer from the nitrogen lone pair 
to the copper conduction band. The pro­
tonated toluidinium ion, in which the ni­
trogen lone pair interacts with the charge 
of the proton, corresponds to this second 
bonding type. Our strategy was to com­
pare the SERS spectrum of m-toluidine 
adsorbed on Cu with the Raman spectra of 
the two model compounds, and the spec­
trum of neat m-toluidine liquid.

For SERS experiments the Cu sub­
strates have to fulfill the requirements on 
surface morphology discussed in Section 2. 
Metal catalysts are usually used as 
powders or in high dispersion on a sup­

Fig. 5. Bonding of m-toluidine to the copper surface. Lithium m-toluidide is a model com­
pound for dissociative bonding (left); the toluidinium ion resembles an associative bonding 
situation (right) where the molecule is bound to the surface via the nitrogen lone pair.

port. First experiments on Cu powders are 
reported below in Section 3.3. For the 
toluidine studies we have used a model 
catalyst surface that was produced starting 
from Cu foils. Major advantages are the 
better control of the surface morphology, 
good thermal conductivity, and the simple 
geometry which is very suitable for the sur­
face Raman experiment. These advantages 
are achieved at the expense of lower ther­
mal stability and a considerably smaller 
surface area, as compared to copper 
powder and supported Cu systems.

Two preparation procedures have been 
tested to create the required surface rough­
ness on Cu foils: chemical etching in 2m 
HNO3 solution at room temperature, and a 
combination of sandblasting and etching. 
Surface morphologies obtained by using 
these procedures are shown in the scanning 
electron micrographs presented in Fig. 6. If 
one starts from an unpretreated Cu foil 
(Fig. 6a), the etching process is relatively 
slow. Highest surface Raman enhance­
ments were achieved for etching times of 
30 min. which result in the sponge-type 
surface presented in Fig. 6b. It is seen that 
this surface exhibits abundant roughness 
on the 10-100 nm scale which produces the 
strongest local field enhancements (cf. Sec­
tion 2). Pretreatment by sandblasting en­
larges the Cu foil surface area markedly 
(Fig. 6c) by exposing crystal grain bound­
aries, but the dimensions of the created 
roughness (« 1 pm) are too large to result 
in electromagnetic enhancement. How­
ever, sandblasting accelerates the subse­
quent etching process by an order of 
magnitude. With 1-3 min of etching the 
surface enhancement reaches a maximum 
which is comparable to the one obtained 
with 30 min of etching only. Note that the 
combined use of sandblasting and short 
etching (Fig.6d) leads to a larger surface 
area and to morphologies resembling more 
closely those of classical supported cata­
lysts.

m-Toluidine has been adsorbed on the 
substrates optimized with respect to sur­
face enhancement (Fig. 6b and 6d). The 
surface enhanced Raman spectrum is

shown in the second trace of Fig. 7. Pro­
nounced differences are seen in compari­
son with the spectrum of neat m-toluidine 
liquid (third trace). Large frequency shifts 
occur in the group of bands around 1600 
cm-1 which correspond to skeletal motions 
of the aniline ring system. The highest fre­
quency band, which occurs at 1618 cm 1 in 
the free molecule, is up-shifted on Cu. The 
appearance of a band at 1517 cm 1 hints to 
an interaction of the n-electron system 
with copper which softens the ring 
breathing motion. Of central importance 
for the subsequent argument is the obser­
vation of a bond at 1254 cm 1 on Cu, which 
is absent in the spectrum of the neat liquid. 
The torsional motions around 520 cm-1 
merge into a broad band on the surface, 
indicative of an inhomogeneous distribu­
tion for the hindered motions of the mole­
cule on the surface.

The similarity between the spectra of 
toluidine adsorbed on Cu and of the tolu­
idinium ion suggests that the toluidine 
molecule is bound to the copper surface by 
the nitrogen lone pair. The associative 
bonding model was confirmed by a partial 
normal coordinate analysis[391. The geome­
try corresponding to a good fit between 
experimental and calculated spectra is in­
dicated in Fig. 5. The value found for the 
Cu—N bond length, 2.0 A, is typical for 
copper-amine complexes in solution. The 
calculated vibrational frequencies reflect 
the shifts observed, and account for the 
observed additional vibration band at 
1254 cm’1. Indications of the interaction of 
the 7i-electron system with the copper sur­
face are seen in the SERS spectrum (1517 
cm’1 and 1578 cm“1 bands), but have not 
been evaluated in more detail. In conclu­
sion, the comparison of the model com­
pound spectra with the SERS spectrum 
(second trace in Fig. 7) and the normal co­
ordinate analysis indicate that for room 
temperature adsorption, m-toluidine binds 
to the surface via the nitrogen lone pair, 
without N—H bond dissociation.

With regard to the higher temperatures 
used in the catalytic reaction, it will be 
important to monitor possible changes in
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Fig. 6. Surface morphology of copper substrates for surface enhanced Raman scattering. Two roughening procedures have been developed[401 
starting from commercial 0.1 mm copper foil (a). A 30 min room temperature etch in 2m HNO3 creates the sponge-type surface shown in 
(b) which gives rise to high surface enhancement. Alternatively the copper foil is preroughened by sandblasting with 600 grain Al2O3 (c) and 
then subjected to a short (2 min) etch to create abundant roughness in the 10-100 nm size range (d) which is optimum for surface 
enhancement.
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Fig. 7. Raman spectra of adsorbed m-toluidine and mode! compounds. The surface enhanced Raman spectrum from adsorbed molecular 
layers of m-toluidine on copper (trace b) exhibits significant changes as compared to the spectrum of the neat liquid (trace c). Raman 
spectra of the model compounds [m-toluidinium ion in solution (trace a) and lithium m-toluidide (trace d) ] are included for comparison.

the bonding with temperature. Extensions 
of the measurement to reaction tempera­
tures (150-200 °C) are presently being per­
formed.

From the amine adsorption we proceed 
to the investigation of catalytic amination 
reactions, shown in the reaction mecha­
nism of Fig. 4. The complexity of the spec­
tra resulting from the co-adsorption of two 
reactants can be circumvented by selecting 
an intramolecular variant of the above 
reaction. A good candidate is the produc­
tion of piperidine from 5-amino-pentanol.

3.3. Cycloaminations
It has recently been shown1411 that sup­

ported copper exhibits high activity and

excellent selectivity not only for the bimo- 
lecular reaction, but also for the corre­
sponding intramolecular cyclization. Be­
sides the cyclization of 5-amino-pentanol, 
cycloamination of 4-amino-butanol to 
pyrrolidine, and of 2-(o-aminophenyl)- 
ethanol to indole have been performed 
with selectivities higher than 90%. These 
reactions, as they start from only one reac­
tant, are excellently suited for the investi­
gation of the V-alkylation mechanism by 
surface enhanced Raman spectroscopy.

Very recently we have succeeded1421 to 
record SERS spectra of molecules ad­
sorbed on a copper powder catalyst, pre­
pared by standard procedures used in ca­
talysis1431. The Cu powder consists of parti­
cles with mean dimensions of 20-30 nm.

as determined by X-ray diffraction line 
broadening measurements, and was found 
to show comparable activities and selecti­
vities as the A12O,-supported Cu catalysts.

Spectra of the piperidine product ad­
sorbed on the copper powder catalyst are 
shown in Fig. 8. On adsorption at 25 °C, 
only weak signals are detected. Upon rais­
ing the temperature to 100 °C, a broad 
band centered around 1100 cm“1 appears. 
Discrete molecular bands are observed in 
the top spectrum where the temperature 
was 150°C. Several characteristic molec­
ular vibrations are discernible. These pre­
liminary experiments indicate the prob­
lems resulting from the low signal/noise 
ratio observed with Cu powder, which is 
partly a consequence of the long wave-
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length (> 580 nm) required1401 for excita­
tion. To interpret these spectra, it is of cru­
cial importance to make use of reference 
spectra which identify the relevant bands.

For this purpose the same molecules 
have been adsorbed to Ag island films1421. 
As compared to copper, silver particles re­
sult in a larger enhancement. Spectra can 
be excited in the green spectral region 
where the sensitivity of the detection sys­
tem is maximum. As a consequence surface 
Raman spectra on the Ag island films can 
be obtained with excellent sensitivity.

In Fig. 9 the SERS spectrum of piper­
idine adsorbed on Ag islands is compared 
with the spectrum of the neat liquid. The 
SERS spectrum supports the general valid­
ity of the associative binding model that 
was previously derived for m-toluidine. 
This is clearly indicated by the appearance 
of a (down-shifted) N-H stretch at 
3220 cm-1 on the surface. More detailed 
information on the conformation of the 
adsorbed molecule is obtained by the fol-

Fig. 9. Surface enhanced Raman spectrum (trace b) of piperidine adsorbed on a silver island 
film. Prominent changes as compared to the spectrum of the neat liquid (trace a) are the 
exceptionally strong surface enhancement of the N—C stretches at 992 cm~‘ and 1158 cm~', 
and the missing of the 2730 cnr' and 2803 cm~‘ C—H stretching vibrations (see text).

150°C

1OO°C

lowing observations. The 2730 cm“1 and 
2803 cm“1 C—H stretching modes seen in 
the neat liquid spectrum are absent in the 
SERS spectrum. In the free molecule, these 
lowest-frequency C—H stretches are attrib­
uted1441 to the pair of C—H bonds in trans­
position to the nitrogen lone pair. The ab­
sence of these vibrations in the spectrum of 
the adsorbed molecule can be explained by 
the reduction of lone pair electron density 
due to charge transfer in the associative 
bond, and/or by a preferential conforma­
tion of the adsorbed species in which the 
lone pair is equatorial. Support for this 
conformation comes from the observation 
of the very strongly enhanced N—C 
stretches observed at 992 cm“1 and 1158 
cm“1. The N—C bonds are closest to the 
surface and, as the corresponding vibra-

tional dipole has a component perpendicu­
lar to the surface, they experience the 
strongest enhancement.

Search for a weakening of the N—C 
bonds upon adsorption of the amine on 
copper is of particular interest in view of 
catalyst deactivation by incorporation of 
nitrogen into the copper lattice, for which 
N—C bond breaking is a necessary precur­
sor step.

3.4. Deactivation Caused by Interaction of 
Amines with Copper Catalyst Surfaces

In general catalytic amination reactions 
are performed in the presence of hydrogen. 
It has been shown that in the absence of 
hydrogen a rapid catalyst deactivation oc­
curs1451. Fig. 10 illustrates this deactivation

NEAT

BOO 900

Raman shift, (cm'1)

Fig. 8. Adsorption of piperidine on a copper 
powder catalyst. Surface enhanced Raman 
spectra have been observed at 25°C, 100“ C, 
and 150°C. The spectrum of neat piperidine 
liquid is shown for comparison in the bottom 
trace.

TIME , hours

Fig. 10. Influence of hydrogen on the activity and selectivity (to tertiary amine) of the 
Cu/Al2O3 catalyst. The N-alkylation of dimethylamine with dodecanol is investigated in a 
fixed-bed reactor1451. When hydrogen in the feed stream is replaced by nitrogen, a rapid 
catalyst deactivation is observed, which can be reversed by réintroduction of hydrogen.
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behavior for the reaction of n-dodecanol 
with dimethylamine. Note the reversibility 
of the deactivation process upon réintro­
duction of hydrogen into the system. A 
similar deactivation is also observed, in the 
absence of alcohols, during disproportion­
ation of amines on the Cu surface. Tem­
perature programmed desorption (TPD) 
and differential scanning calorimetry 
(DSC) studies of deactivated catalysts indi­
cated that the deactivation is caused by 
incorporation of nitrogen, which origi­
nates from the breaking of the N—C and 
N—H bonds of the corresponding amines. 
Severe deactivation leads eventually to a 
Cu3N surface layer, as has been confirmed 
by X-ray diffraction1461.

Based on our studies (TPD, TPR, DSC, 
and SERS) a schematic representation of 
possible fragmentation processes occur­
ring upon adsorption of amines on a cop­
per surface can be given (Fig. 11). On Cu 
the primary adsorption step is binding of 
the nitrogen to the copper, which may be 
followed by the desired condensation (ami­
nation) reaction. Atoms bound directly to 
the surface are designated by an asterisk; 
the symbol does not, however, imply any 
particular number of surface atoms in­
volved in the bonding site. The second step 
is the formation of a bond between the 
carbon and an adjacent surface site. C—N 
bond rupture is followed by incorporation 
of nitrogen into the metal lattice, or by 
disproportionation reactions1471. The struc­
ture of the intermediates involved in these 
processes are not known yet. Hydrogen re­
duces the surface nitride, forming NH3, 
and thereby prevents catalyst deactivation.

In addition to the surface nitride forma­
tion which is the deactivation process oc- 
curing on Cu, carbon incorporation has 
been found to be important with metallic 
Ni and Co catalysts.

4. Outlook
The fascinating phenomenon of surface 

enhancement has provided us with a new 
technique for the investigation of catalyt­
ically active surfaces. Here we have illus­
trated the potential of this method in a case 
study of amine interactions with copper 
surfaces. A crucial step is the preparation 
of catalytically active surfaces which pro­
duce strong electromagnetic enhancement 
of the Raman scattering cross section for a 
variety of adsorbates. Present under­
standing of the size dependence of the en- 
hancement12127 M1, and of the influence of 
particle dipole interactions[20,21,311, has re­
sulted in the development of two substrate 
preparation procedures. Evaporation onto 
quartz substrates which have been pat­
terned using regular periodic126,481 or sto­
chastic14’1 masks yields surfaces of group 
«IB» metal particles which exhibit the high­
est known enhancements. Experiments on 
these model surfaces have established the 
electromagnetic contribution to the en­
hancement mechanism. While the fabri­

H R’I / 
R-C-N I x 

H H

ADSORPTION

C
CONDENSATION — ' 5=t C-N -^ DISPROPOR'

♦ * * TIONATION

NH3 ^ Ns —NITROGEN
H2 INCORPORATION

Fig. 11. Interactions of amines with copper surfaces. The adsorbed surface species ( see text ) 
can undergo condensation reactions (cf. Fig. 4), disproportionation reactions, or C—Nbond 
cleavage with subsequent incorporation of nitrogen into the Cu lattice. The latter mechanism 
leads finally to catalyst deactivation by formation of a Cu3N surface layer. Deactivation can 
be suppressed by hydrogen due to the reaction Cu3N + 3/2 H.^3 Cu + NH3.

cation of the master quartz substrates is a 
relatively demanding process, polymer re­
production procedures allow one to pro­
duce inexpensive replicas that are compati­
ble with the demands of availability and 
easy handling necessary for general analyt­
ical application.

A disadvantage of the polymer replicas 
is their lack of stability at temperatures 
higher than « 150°C. In this respect the 
substrates prepared by etching and sand­
blasting of copper foils offer significant ad­
vantages. The energy deposited by laser 
excitation is dissipated more rapidly due to 
the high thermal conductivity of the bulk 
metal material. Thereby the possibility of 
thermal decomposition of the adsorbates 
induced by the laser illumination is re­
duced. The pretreatment by sandblasting 
and successive etching results in a surface 
morphology which bears strong similari­
ties with typical porous catalyst surfaces. 
Electron micrographs show the presence of 
a broad range of pore sizes, and an abun­
dance of particle-type protrusions in the 
10-100 nm size range which contributes 
most to the observed enhancement.

The most significant advance made to­
wards application of SERS to technical 
catalysts is the observation of adsorbate 
Raman spectra on metal powder samples. 
For the first time we have succeeded to 
record spectra of amines and alcohols on 
Cu powder particles, of 20-30 nm mean 
diameter, which have been prepared by the 
standard catalyst preparation sequence of 
precipitation, calcination, and reduction. 
Information on bonding and geometry of 
adsorbed molecules has been obtained, 
which excellently complements evidence 
on the mechanism gained by chemical and 
kinetic studies, thermoanalytical methods, 
and techniques111 which elucidate structure 
and chemical composition of the surface.

Attractive routes for further investiga­

tions are emerging from this study. Metal 
particles supported on oxidic carriers (e.g. 
A12O3 and SiO2) are presently being investi­
gated in our laboratory. As compared to 
copper powder they exhibit smaller and 
well-separated metal particles. Low metal 
loadings, which generally result in smaller 
particle sizes, pose high demands on detec­
tion sensitivity due to lower electro­
magnetic enhancement. Supported metal 
catalysts with relatively high metal loads, 
such as the ones used in amination reac­
tions, are most promising in this respect.

While the highest enhancements have 
been observed on the group «IB» metal 
(Cu, Ag, and Au) preliminary accounts of 
small enhancements observed on transi­
tion metals150,511 encourage our efforts to 
extend SERS investigations to this most 
important class of catalyst materials. The 
literature also reports indications152,531 for 
the feasibility of SERS observation on se­
lected alloys. This may open the way for 
the application of SERS to the wide field of 
bimetallic and multimetallic catalysts.

A final comment concerns the inter­
esting question whether the surface sites 
observed by enhanced Raman spectro­
scopy are identical to those responsible for 
catalytic activity. To answer this question 
we may consider three particle size ranges 
which can be distinguished based on their 
significantly different properties for catal­
ysis. Our reference catalyst consists of 
large metal particle grains. Structure sensi­
tivity due to geometrical changes in the 
surface matrix is expected to occur in the 
particle size range smaller than 10 nm, 
where the statistics of the surface atoms 
and ensembles changes significantly1541.

Electronic property changes are ex­
pected to influence surface reaction rates 
only for very small particles. Catalytic 
reaction rates can be affected if the spacing 
of the particle energy levels becomes com-
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parable to the thermal energy of the reac­
tant. The band spacing d is inversely pro­
portional to the number N of metal atoms 
in the particle, and is approximately given 
by1551

dx4 EF/(3N) (8)

where EF denotes the Fermi energy of the 
metal. For Cu at room temperature, the 
critérium d^kT yields N « 240, corre­
sponding to a particle size of 2 nm as an 
upper limit. Both the geometrical arrange­
ment of the atoms on the surface, and the 
changes in the electronic properties, can 
influence the structure of the most abun­
dant reaction intermediate (MARI).

Comparing the particle size range where 
structure sensitivity is likely to occur ( ^ 10 
nm), with the range where the Raman en­
hancement is maximum (10-100 nm), it is 
apparent that SERS will provide a spectro­
scopic image of the interaction of bulk 
metal surfaces with adsorbates. However, 
if we succeed in lowering the particle size 
range where enhanced Raman spectra are 
observable significantly below 10 nm, 
changes in the detected adsorbate compo­
sition reflecting changes in the MARI due 
to structure sensitivity may become detect­
able.

Although there is a wide span of poten­
tial uses of the enhancement phenom­
enon120211, the results discussed in this sur­
vey show that characterization of catalyst 
surfaces during reaction is one of the most 
promising applications of surface en­
hanced Raman scattering. The future re­
search areas which have been discussed 
give rise to the hope that surface enhanced 
spectroscopy will have a major impact on 
catalytic research.
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