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It is always useful for a university to have a Very Big Thing. It 
occupies the younger members, to the relief of their elders (especially 
if the VBT is based at some distance from the seat of learning itself) 
and it uses up a lot of money which would otherwise only lie around 
causing trouble or be spent by the sociology department or, probably, 
both. It also helps in pushing back boundaries, and it doesn’t much 
matter what boundaries these are, since as any researcher will tell you 
it’s the pushing that matters, not the boundary.  
 

 Terry Pratchett, “The science of Discworld III” 
 
 
 
 
 
This book describes the results from the work of a certain researcher 
who spent several years at one of the Vrije Universiteit’s Big Things – 
the Laser Centre – where he, with the help of many, pushed a little 
further back certain boundaries. 
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Chapter I  
 
Introduction and scope of the thesis 
 
1. Basics of Raman spectroscopy 

The interaction between electromagnetic radiation and matter is the subject 
of the science of spectroscopy. It has proven over the years to be one of the 
most powerful ways to elucidate the secrets of Nature. For instance, beyond 
any doubt spectroscopy is the most powerful method to study the Universe, 
since the light reaching us from space carries information about the 
composition and properties of the celestial objects. 

When monochromatic visible light with frequency ν0 is directed to low-
density matter, generally most of the light is transmitted, part is absorbed 
and another part is scattered. As regards the scattered radiation in most cases 
its energy is retained (elastic or Rayleigh scattering). A small part of the 
radiation undergoes inelastic scattering (interaction with matter) and is 
shifted towards lower (ν0 - νi) or higher (ν0 + νi) frequencies. The inelastic 
scattering, predicted by Kramers and Heisenberg [1] was first observed by 
C.V. Raman and K.S. Krishnan in 1928 [2]. At that time the source of the 
radiation was usually an atomic mercury line and the scattered light was 
observed by means of a photographic plate and very long exposure times. 
The effect was named “Raman scattering” and its discoverer was granted the 
Nobel Prize for Physics 1930 "for his work on the scattering of light and for 
the discovery of the effect named after him". 

The Raman scattering observed at longer wavelengths (lower frequencies) 
than the incident light is called Stokes- and the one at shorter wavelengths 
anti-Stokes scattering (see Fig. 1). The frequency shift (± νi) corresponds 
with the energy of a certain molecular vibration, which places Raman 
spectroscopy (RS) in the domain of vibrational spectroscopy. Infrared 
spectroscopy (IR) falls into the same domain and because of the different 
selection rules RS and IR can be considered complementary to each other 
(see below). The plot of the intensity of the scattered light versus wavelength 
(or frequency) is called a “Raman spectrum”. 

Let us consider the energy axis in a Raman spectrum. Although in Figure 1 
the horizontal scale is in nanometres, the convention is that it should show 
the “Raman shift”, i.e. the energy difference between the incident and the 
scattered light; this way the x-axis does not change when using a different 
excitation wavelength. The units are wavenumbers expressed in reciprocal 
centimetres ν~ (cm-1).  

 



8                                                                                              Chapter I 

 

500 600550400 450

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)

Laser line

Stokes peaks

anti-Stokes peaks

500 600550400 450

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)

500 600550400 450

In
te

ns
ity

 (A
.U

.)

Wavelength (nm)

Laser line

Stokes peaks

anti-Stokes peaks

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  –  Stokes and anti-Stokes Raman spectrum (simulated). On the X –
axis is the wavelength (in nm).  
 

The wavenumbers can be easily converted to energy units (and in case of 
harmonic vibrations that would be the energy of a certain vibrational state) 
since 

     (Eq.1)  ν
λ

ν ~hc
hc

hE ===    

where E is the photon energy, h  is Planck’s constant, ν is the frequency, 
and c is the speed of light (note that in the right-hand term c should be 
expressed in cm/s). 

The classical treatment of the Raman scattering [3] can account for most of 
the observable phenomena in RS. It describes the generation of scattered 
light from oscillating electric dipoles µ, induced by the electrical field of the 
incident electromagnetic radiation. The vibrations of the molecular bonds 
change the molecular polarizability a (a tensor element indicating the ease of 
perturbation of the molecular electron cloud which gives rise to an induced 
electric dipole moment which in turn interacts with E). Thus, the molecular 
vibrations determine the properties of the induced dipole and the 
subsequently scattered radiation. The model predicts that the induced dipole 
moment µ will oscillate at the frequency of the incident light and also at 
frequencies that are linear combinations of the frequency of the incident 
radiation and the frequencies of the normal molecular vibrations: (ν0 ± νi).  
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From this model the selection rules for Raman scattering can be derived. 
Any molecular vibration that changes the molecular polarizability a, will 
appear in the Raman spectrum. This is different from IR spectroscopy, where 
the selection rules state that only vibrations that induce a change in the 
electric dipole moment of the molecule will show up. In most cases, Raman 
inactive bands will appear in IR and vice versa, which is why these 
techniques are considered complementary. In general, molecular vibrations 
symmetric with regard to the centre of symmetry are forbidden in the 
infrared spectrum, whereas molecular vibrations, which are anti-symmetric 
to the centre of symmetry, are forbidden in the Raman spectrum. This is 
known as the rule of mutual exclusion. A typical example illustrated in 
Figure 2, is the case of the molecule carbon dioxide (CO2).  

 

 

 

 

Fig.2 – A; symmetric stretching vibration, no change in dipole moment (IR 
inactive, Raman active). B; non-symmetric stretching mode, change of 
dipole moment (IR active, Raman inactive). 

The classical model, however, fails to predict correctly the intensity ratio 
between Stokes and anti-Stokes lines. One would expect that the anti-Stokes 
lines would be as strong as the Stokes whereas experiments show otherwise.   

 

 

 

  

 

 

 

 

 

 

Fig.3 – Energy level diagram showing Rayleigh scattering, Stokes and 
anti-Stokes Raman. 
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The quantum mechanical treatment of RS (given here in its simplest form) 
describes the Raman scattering as an instantaneous two-photon absorption–
emission process. Figure 3 shows an energy diagram depicting the processes 
of Rayleigh scattering and Raman scattering (Stokes and anti-Stokes). When 
a photon with energy hν0 hits a molecule, it perturbs its electron cloud. The 
energy of the photon is considered to be absorbed by the molecule, 
promoting it to a “virtual state”. 

From there it relaxes back (practically instantaneously [4]) to one of the 
vibrational levels of the ground electronic state by emitting a photon. This 
photon can recover all the energy of the incident one (hν0), in which case we 
have Rayleigh scattering. Or, the incident photon and the molecule can 
exchange energies, yielding a scattered photon with higher or lower energy 
h(ν0± νi), where the energy difference corresponds to a quantum of 
vibrational energy hνi. Considering the fact that under regular sample 
conditions at room temperature the vast majority of the molecules are in 
their vibrational ground state (Boltzmann distribution at a given temperature) 
it is no surprise that the intensity of the Stokes lines is higher than that of the 
anti-Stokes. That is why most researchers are utilizing the Stokes spectrum, 
but in exceptional cases the anti-Stokes lines might be of considerable 
additional value. In this thesis all experimental data are recorded using the 
Stokes lines. 

It should be stressed that the “virtual state” is by no means a real stationary 
molecular energy level. It is an imaginary state introduced in order to 
formally split the energy exchange between the molecule and the incident 
photon into a two-photon process.  

The intensity I of the Raman signal for any given normal vibrational mode is 
proportional to the square of the polarizability tensor a and to the fourth 
power of the excitation frequency. To a good approximation it is given by 

(Eq.2)  24
00~ ανII  

where I0 is the intensity of the incident light and ν0 is its frequency. It 
follows that I is strongly dependent on the wavelength of the laser light: 
upon going from 1000 nm to 250 nm, I increases 256 times. From this point 
of view short wavelengths are preferable. However, in practice there is a 
trade-off with fluorescence interference and photochemical degradation, 
which tend to be less of a problem at longer wavelengths (see below). 

Even at short excitation wavelengths, Raman scattering is a weak effect. A 
very small part of the incident photons will be scattered and from these only 
a minor fraction will undergo inelastic scattering. This is the main reason for 
the slow progress of RS in the first decades after its discovery. Later, with 
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the development of the laser and ever more sensitive detectors, RS gradually 
picked up speed. The introduction of Resonance Raman Spectroscopy (RRS) 
and Surface-Enhanced Raman Spectroscopy (SERS) also helped to turn RS 
into an everyday choice for a wide range of applications. These special types 
of RS will be discussed in more detail further in this chapter. 

2. Resonance excitation 

It should be emphasized that for a particular molecule, a depends on the 
excitation wavelength as well. It is inversely proportional to the difference 
between the energy of the incident photon and the energy of a certain 
electronic transition, Si-S0. 

(Eq.3)  
0

1
~

νν
α

−−SoSi

 

It follows that when the incident photon energy approaches the energy of an 
electronic transition the intensity of the Raman signal increases dramatically 
(with a factor up to 106). This approach is called Resonance Raman 
Spectroscopy (RRS) [5]. It should be noted that in RRS generally there is no 
change in peak position on the wavenumber scale. However, under 
resonance conditions not all vibrational modes present in the off-resonance 
spectra are enhanced. The general rule is that only totally symmetric 
vibrational modes are intensified, although in some special cases this is not 
true (see Chapter IV for details).   

Thus, in RRS the increased sensitivity versus non-resonance RS comes at a 
price of decreased informational content. In some cases, however, this is 
desirable. When the molecule of interest is in a complex matrix it pays to be 
able to selectively enhance it and “lose” the numerous Raman peaks that 
would otherwise arise from the matrix. The simplified spectra would be 
much easier to interpret. Thus, irrespective of improving the analyte signal 
intensity, the major advantage of RRS is selectivity. This especially holds for 
(bio)polymeric systems; it is possible to selectively enhance particular 
groups within molecules or even a single type of chemical bond [6].  

A major problem with resonance excitation is that the energy of the incident 
light is large enough to promote the molecule dealt with to an excited 
electronic state from where it can also relax by emitting a fluorescence 
photon (see Fig.4). Fluorescence as a process is roughly 106 times more 
probable than Raman scattering and will “drown” the Raman signal, thus 
decreasing drastically the signal-to-noise and in many cases preventing 
completely the acquisition of a Raman spectrum. Fluorescence is a major 
problem in off-resonance RS as well - especially in real-life complex 
samples, where there is a large chance that other molecules present in the 
mixture will fluoresce (solvents, impurities or even contamination of the 
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optical system), even though the excitation is selected not to promote the 
analyte of interest to an excited state. In fact, fluorescence interference is 
nowadays the most serious hindrance in advancing analytical Raman 
spectroscopy. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.4 – Energy level diagram showing resonance excitation and 
fluorescence emission. 
 

Finally, there is one more issue, which is ever present and should be 
carefully considered when experiments are designed. It is the possibility of 
photo degradation of the investigated substance. Already in off-resonance 
RS high energy densities applied to the samples can lead to photo 
degradation (otherwise the most straightforward approach to increase the 
Raman signal would be simply to increase the laser power). In RRS the 
problem is more acute since we are specifically selecting photon energies 
that will be absorbed by the substance. In deep-UV RRS the problem is even 
more serious because even shorter excitation wavelengths (higher photon 
energies) are applied. Time-resolved RRS, which uses very short laser pulses 
in the picosecond range has its photo degradation problems too due to the 
high peak-power of the pulses. 
Wide variety of approaches exists to combat this photo degradation – 
rotating sample holders, close looped flow cells, defocusing of the laser 
beam within the sample, to name just a few. In this work we used a number 
of approaches, which are described in the corresponding chapters.   
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3. Analytical challenges and scope of the thesis 

To summarize, the major problems of RRS in view of its analytical 
application are the intrinsic weakness of the Raman scattering effect and the 
ever-present problem of fluorescence interference. 

Therefore the analytical challenges for successful implementation of RRS as 
“method of choice” are: 

• Increase of sensitivity  

• Improvement of selectivity  

If we address these points by means of resonance excitation, we should also 
pay attention to: 

• Suppression of fluorescence background 

• Identification power 

The last point needs some clarification. It was already mentioned that 
resonance spectra usually have less informational content than off-
resonance. Not only the number of peaks is lower, but also their relative 
intensities are very different compared to “normal Raman”. Moreover, the 
relative peak intensities differ depending on the excitation energy, or more 
precisely on which electronic transition is closest. These effects can make it 
difficult to recognize and interpret RRS spectra correctly.  

In this thesis, we first give an extensive overview of the current state-of-the-
art in RRS and its most important analytical achievements (Chapter II). 
Then, we describe a number of approaches that we have pursued to tackle 
the challenges listed above: 

• SER(R)S as an identification method for liquid separation 
techniques. Excellent sensitivity in RS can be achieved when using the 
surface-enhancement (SE) and resonance effects together. SE was observed 
first by Fleischmann [7] for pyridine adsorbed on silver electrodes. The 
effect occurs when the molecule of interest is in close proximity to a metal 
surface with certain characteristics (SERS substrate). Especially the surface 
roughness appears to be a critical factor. Gold, silver and copper are most 
commonly used. The increase of the Raman signal is due to two major 
effects called “electromagnetic” and “chemical” enhancement; for an in-
depth explanation see ref. [8]. Combining SERS with resonance yields “the 
ultimate sensitivity” for RS: SERRS. Single molecule detection has been 
achieved by using this combination [9]. Moreover, the fluorescence 
interference is minimal, since the close proximity of the metal enhances the 
possibility that relaxation from the excited electronic state (S1) takes place 
via intersystem crossing to the triplet state T1 (S1 à T1 à S0) instead of via 
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emission of a fluorescence photon. From an analytical point of view, 
SER(R)S is suitable as an identification technique. Quantification - in 
normal RS already not straightforward - is very difficult in SER(R)S since 
the active metal surfaces tend to exhibit uneven enhancement factors (so-
called “hot spots”). Furthermore, the use of resonance excitation generally 
implies that the molecules do absorb the excitation light and the Raman 
scattered light as well (self-absorption), resulting in a non-linear relation 
between signal intensity and concentration [10]. Therefore, we recommend 
that the use of SER(R)S be limited to identification only. Quantification – 
after chemical separation from interfering sample constituents – could be 
carried out using a conventional UV-VIS absorption detector. The at-line 
coupling of capillary electrophoresis (CE) with SER(R)S is the topic of 
Chapter III. Further information on the subject can be found in earlier 
works from our group [11]. 

• Deep-UV RRS. Resonance excitation in the deep-UV region (<260 nm) 
has several advantages. Apart from the fact that the intensity will increase 
with ν4, the resonance enhancement will also be more broadly applicable 
(but at the same time less selective) since a large number of analytes absorbs 
in that wavelength region. Furthermore it was found [12] that fluorescence 
interference almost disappears at short detection wavelengths. Using very 
short excitation wavelengths, researchers can focus on a single type of 
chemical bond and can follow its dynamic behaviour [6]. Potential 
drawbacks of short-wavelength RRS are photo degradation and self-
absorption effects that may complicate quantitative measurements 

The interesting question, however, is whether we can still discriminate 
between very similar molecules (derivatives that differ in only one 
functional group or even isomers) when using deep-UV RRS. In light of the 
loss of information due to the uneven resonance enhancement of the 
vibrational modes the answer to this question is not immediately obvious. 
Chapter IV deals with this problem, and offers an advanced and relatively 
simple approach for calculating RRS spectra. A number of theoretical 
approaches for calculating RRS spectra have been developed [13-16]. 
Obviously, the possibility to perform such calculations in an “easy-to-use for 
layman” fashion will be very valuable to the analytical chemist and will 
substantially improve the identification power of RRS. 

• Strong overtones and combination bands in deep-UV RRS. 
Surprisingly, under deep-UV excitation strong overtones and combination 
bands occurred in the spectra of pyrene derivatives, nucleotides [17] and 
other molecules. The theory of RRS predicts strong overtones only for small 
molecules (where geometrical changes upon excitation are significant) 
[18,19]. Strong overtones in large molecules were rarely observed in the past 
[20]. In Chapter V we investigate in more detail the occurrence and the 
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relative intensities of the overtones and combination bands as a function of 
the excitation wavelength for a number of molecules.  

The most valuable feature from an analytical point of view is the facts that 
under proper conditions one can gain identification power in RRS, instead of 
lose it. All possible overtones and combination bands between the 
fundamental vibrations are observed. In practice this means that one can 
derive the whole RRS spectrum just from its overtone and combination band 
region. It turns out that even the relative intensities of the overtones and 
combination bands can be roughly predicted by the relative intensities of the 
fundamental bands. If, due to fluorescence interference, solvent signal 
interference or various instrumental artefacts some fundamental peaks are 
difficult to observe directly, one can derive the missing peak positions (and 
roughly their relative intensities) by tuning the system to produce strong 
overtones and combination bands. 

• Time-gated RRS.  The most straightforward approach for fluorescence 
suppression is the use of time discrimination between instantaneous Raman 
scatter and fluorescence that will occur after a few nanoseconds. A number 
of approaches to take advantage of this time difference were presented 
during the last two decades, ranging from gated diode-array detection, the 
use of a time-to-amplitude converter to gate the photomultiplier detector, 
application of streak camera technology, and most recently picosecond Kerr-
gated detection. In Chapter VI we describe an alternative approach using an 
ultrafast-gated intensified CCD camera (ICCD) with a time resolution of 
200-300 ps, combined with a high repetition rate (76 MHz), 3-ps pulse laser. 
The performance of this time-gated approach is tested thoroughly, and 
theoretical and practical limitations are evaluated. The effectiveness of 
fluorescence rejection is demonstrated for two representative systems in the 
UV and in the blue range, respectively.  

 

Table 1 summarizes our “mindset” at the beginning of the project, namely 
the expected impact of the described approaches on the listed criteria.  

Approaches \ Criteria Increase 
sensitivity 

Improvement 
selectivity 

Suppression of 
fluorescence 

Identification  
power 

SER(R)S +       
Deep-UV RRS     +   

Calculation RRS       + 
Strong overtones was not expected 
Time-gated RRS   + +   

 
Table 1 – Summary of the different approaches and their expected impact 
on the selected analytical criteria. 
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The presence of the strong overtones and combination bands was not 
foreseen. Another point is that we expect a positive influence of the time-
gated approach to the improvement of selectivity criterion, but we do not 
assign this positive contribution to SERRS and deep-UV RRS. As stated in 
this chapter any type of RRS improves selectivity because we can enhance 
the Raman signal of specific molecules, groups or chemical bonds by 
choosing the proper excitation wavelength. However, in practice a 
“selective” RRS instrument should have q tuneable laser source. In this work 
this is the case only for the time-gated setup. 
The effects observed for the various approaches are summarized in Chapter 
VII, where the table is updated to show how well the expectations were met. 
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Chapter II 
 

Achievements in resonance Raman spectroscopy 
Review of a technique with a distinct analytical chemistry 
potential 
Evtim V. Efremov, Freek Ariese* & Cees Gooijer 

Department of Analytical Chemistry and Applied Spectroscopy, Laser Centre Vrije 

Universiteit Amsterdam, the Netherlands 

 

Abstract 

In an extended introduction, key aspects of resonance Raman spectroscopy 
(RRS) such as enhanced sensitivity and selectivity are briefly discussed in 
comparison with normal RS. The analytical potential is outlined. Then 
achievements in different fields of research are highlighted in four sections, 
with emphasis on recent breakthroughs: (1) The use of visible RRS for 
analyzing carotenoids in biological matrices, for pigments and dyes as dealt 
with in art and forensics, and for characterizing carbon nanotubes. (2) The 
use of RRS in the deep UV (excitation below 260 nm) in the bioanalytical 
and life sciences fields, including nucleic acids, proteins and protein-drug 
interactions. Metalloproteins can be studied by visible RRS in resonance 
with their chromophoric absorption. (3) Progress in theoretical calculations 
of RRS excitation profiles and enhancement factors, which ultimately might 
facilitate analytical RRS. (4) Instrumental and methodological achievements 
including fiber-optic UV-RRS, coupling of RRS to liquid chromatography 
and capillary electrophoresis. Sensitivities can approach the single-molecule 
level with surface-enhanced RRS or tip-enhanced RRS. Last but not least, 
promising fluorescence background rejection techniques based on time-gated 
detection will be presented. This review ends with a concluding section on 
future expectations for RRS, in particular its potential as an analytical 
technique. 

Key words: bioanalytical applications, carotenoids, metalloproteins, carbon 
nanotubes, excitation profiles, fiber optics, surface-enhanced Raman, tip-
enhanced Raman, fluorescence rejection, gated detection 
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1. Introduction 

Raman spectroscopy (RS) is based on the inelastic scattering of radiation 
(usually in the visible of near infrared region) by a sample, which can be a 
solid, a liquid or a gas. By far the largest fraction of the scattered light has 
the same wavelength as the laser light (Rayleigh scatter). However, in the 
most common form of Raman scattering (Stokes Raman) also at longer 
wavelengths weak scattered light is observed: its photon energy is reduced 
by a vibrational energy quantum of the scattering molecule. In other words, 
RS is a vibrational spectroscopic technique – complementary to IR 
spectroscopy – but excitation and emission involve higher-energy photons, 
similar to those used in electronic absorption and fluorescence spectroscopy. 
A highly monochromatic light source must be used. Originally this was 
commonly a mercury lamp with a bandpass filter, but nowadays lasers are 
almost exclusively used for excitation. Since practically all materials have 
Raman-active vibrations, the solvent or matrix often shows up in the spectra, 
which complicates the analysis of (dilute) samples with conventional RS. 
Fortunately, water is a relatively poor Raman scatterer, so that RS is the 
vibrational technique of choice for bioanalytical applications. As early as 
1928 Sir C.V. Raman reported the effect that was later named after him [1], 
but only in the last two decades has RS developed into a mature technique 
for chemical analysis in a broad range of application areas. The state-of-the-
art in conventional (non-resonance) Raman is extensively covered in the 
monographs by McCreery [2] and Pelletier [3]. The emphasis of the present 
review is on a special mode of RS: resonance Raman spectroscopy (RRS).  

It should be stressed that the basic feature of RS is scattering, which can 
occur at any laser wavelength. There is a change in the direction of the light, 
but no photon annihilation takes place as in an electronic absorption or 
fluorescence process. The selection rules are very different from those in IR: 
Raman signals are associated with vibrations that cause a change in 
polarizability. Normally Raman emission is rather weak, but it can be 
enhanced by several orders of magnitude in the special situation where the 
laser wavelength is close to an electronic absorption band (resonance). The 
smaller the frequency difference between laser and electronic transition the 
stronger the RRS intensity, but as a result of the finite width of the 
absorption band (homogeneous and inhomogeneous broadening), this 
difference will never be zero and the RRS intensity will not increase to 
infinity. In RRS only the vibrations coupled to the chromophoric group are 
intensified in the spectrum. The Jablonski energy diagram in Fig. 1 shows 
the process of resonance Raman and also illustrates why fluorescence can be 
expected to cause interference. 
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Fig.1 - Jablonski energy diagram illustrating the process of (Stokes) 
resonance Raman scattering. The difference in photon energy between the 
excitation source and the observed Raman line corresponds to a specific 
vibrational mode of the electronic ground state S0 of the probed molecule. 
The diagram also illustrates that when the excitation energy overlaps with 
the first electronic transition (S0-S1), fluorescence from the analyte is likely 
to interfere with the RRS emission. 

To the best of our knowledge, resonance enhancement was first 
experimentally observed in 1946 by Monique Harrand and coworkers at 
Sorbonne University [4]. They noticed (with experiments that required 360-h 
exposure times!) that in the case of a dichloronitrobenzene solution there is 
strong Raman enhancement if the excitation wavelength is chosen fully 
within the absorption band, and much less if excitation occurs in the flank. A 
non-enhanced solvent vibration (CCl4) was used as internal standard. They 
also noticed that only a few vibrations showed enhancement and postulated 
that the corresponding functional groups were also responsible for the 
absorption band. In the following years the phenomenon was extensively 
studied, especially in the Soviet Union, with emphasis on physical chemistry 
and theoretical chemistry aspects [5]. The (bio)analytical potential became 
clear in the 1970’s [6], soon after the introduction of the laser. Since 
resonance effects are only expected if the laser line coincides with an 
electronic absorption, RRS combines sensitivity and selectivity. In principle, 
it enables one to selectively observe a chromophoric solute in a dilute 
solution or study a particular Raman scatterer in a complex matrix. For 
example, in the case of heme proteins we can choose a laser wavelength 
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close to the absorption maximum of the porphyrin group (ca. 410 nm) and 
observe the latter with minimal interference. The remainder of the protein 
will not show any enhancement (being off-resonance) and therefore its 
Raman signals, which in normal RS would dominate the spectrum, will be 
relatively weak. 

There are several reasons why the acceptance of RRS as an analytical 
method has been relatively slow. First of all, many laser systems still suffer 
from a lack of tune ability. The freedom of excitation wavelength choice is 
essential for optimum sensitivity and selectivity. Secondly, RRS often 
suffers from fluorescence background, which can fully obscure the Raman 
signals. As illustrated in Figure 1, fluorescence is likely to occur if the laser 
light is absorbed by the analyte or chromophoric group, which is of course 
always the case in RRS. Furthermore, in real sample analysis, background 
fluorescence from other components or from the matrix can also be a major 
problem. Matrix fluorescence typically decreases upon going from the UV 
via the visible to the near-infrared, so that in conventional RS a trade-off is 
commonly made: At very long excitation wavelengths the fluorescence 
background is very low, more than compensating the fact that the Raman 
intensity decreases with a factor λ-4 and that detector quantum yields will be 
lower. Obviously, in RRS such an approach cannot be followed. Rather 
unexpectedly, fluorescence interference can also be avoided by using very 
short wavelengths: Asher showed that matrix and analyte fluorescence 
hardly play a role below 260 nm [7]. Recently other options have become 
available to suppress fluorescence in the near-UV and visible range, as will 
be discussed in Section 5.4. A third obstacle to the acceptance of RRS as an 
analytical method is the enhanced analyte photodecomposition under 
resonant excitation conditions, especially in the case of stationary samples. 
The above three points are to some extent interrelated. If laser wavelengths 
are created by frequency doubling or –tripling of pulsed (dye) lasers at a low 
repetition rate, the peak powers tend to be relatively high so that 
photodecomposition is difficult to avoid. 

It is the purpose of this review to highlight the analytical potential of RRS 
with emphasis on recent developments. We hope to provide a balanced 
overview, but given the broadness of the topic it will necessarily be far from 
complete. The following topics will be discussed: 

1) Visible RRS. First we will discuss visible RRS as a well-known tool for 
analyzing strongly absorbing organic components such as carotenoids, and 
an appropriate technique for pigments and dyes in areas such as art, 
archaeology and forensics. It is also particularly suitable for the 
characterization of a new class of materials, single-walled carbon nanotubes, 
which show very sharp absorption features in the visible and NIR. 
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2) RRS in life sciences. Secondly, we will focus on recent achievements in 
the bioanalytical and life sciences field, including nucleic acids, proteins and 
protein-drug interactions. UV-RRS has been utilized (i) as a tool to study 
native nucleic acids and complex biological assemblies containing either 
DNA or RNA; (ii) as a tool to study drug protein interactions by monitoring 
the spectra of tryptophan and tyrosine residues; (iii) at about 200 nm 
monitoring the amide band of the peptide bond to study protein and peptide 
folding. For some metalloproteins, RRS in the visible range is widely used. 

3) Computational aspects. Since in RRS only specific vibrations are strongly 
enhanced while others remain weak, the resulting spectra often look very 
different from conventional (off-resonance) Raman spectra. Theoretical 
calculations of excited-state potentials can be an important help to predict 
the enhancement factors. Attention will also be paid to the observation of 
intense overtones. 

4) Instrumental breakthroughs. Finally, we will discuss some important 
instrumental and methodological developments achieved in the past decade. 
Laser systems have become more flexible, rugged and user-friendly, 
allowing a wide choice in excitation wavelengths and (peak) powers. Fiber-
optic probes have been adapted to RRS and UV-RRS. UV-RRS was 
developed for detection and identification in liquid chromatography (LC) 
and capillary electrophoresis (CE). Surface-enhanced resonance Raman 
spectroscopy (SERRS) and more recently tip-enhanced resonance Raman 
spectroscopy (TERRS) at or near the single-molecule sensitivity level have 
been reported, the latter also in combination with an unprecedented spatial 
resolution, well below the diffraction-limited spot size. Last but not least, 
new developments will be discussed in the area of fluorescence suppression. 
By using picosecond excitation pulses and time-gated detection via Kerr-
gating or fast intensified CCD detectors, the fluorescence interference can be 
strongly reduced.  

In a concluding Section, we will present our expectations regarding the 
future importance of RRS in chemical analysis. 
 
2. RRS in the visible range 
 
2.1 Carotenoids 

As mentioned above, the analytical potential of RRS became obvious in 
1970, when Gill, Kilponen and Rimai [6] detected lycopene and beta-
carotene in intact plant samples (carrot and tomato), as well as in carrot juice 
and tomato sauce. The resonance enhancement was sufficiently strong to 
overcome losses due to absorption of the exciting and scattered photons, as 
well as interference from fluorescence. The authors noted that small shifts in 
vibrational frequencies between the plant spectra and those of reference 
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samples in n-hexane were probably due to solvent effects, and suggested that 
this phenomenon could probably be used to probe the local environment. In 
another study the same authors used all available emission frequencies of the 
argon-ion laser to obtain the excitation profile (EP) of the two pigments [8]. 
EPs can provide additional information about the electronic structure of a 
given molecule. In fact, measuring EPs introduced a new type of molecular 
spectroscopic experiment and instigated further development of the theory of 
RRS effect [9,10], see also Section 4. The development of reliable and fast 
methods for determining the concentrations of carotenoids in various food 
products with no or minimal sample preparation remains important today. A 
study on RRS for quantitative analysis of intact fruit and vegetable samples, 
validated by LC analysis of extracts from the same samples, was presented 
by Bhosale and coworkers [11]  

Carotenoid-type molecules are essential components of most light receptors 
in animals and humans, as well as precursors for vitamin A synthesis. 
Therefore, considerable effort has been devoted to biophysical studies of 
such systems [12-15]. An intriguing contribution is the work of Carreira et 
al. on the EP of the coherent anti-Stokes resonance Raman spectrum of beta-
carotene [16]. A time-resolved resonance Raman (TR3) approach was 
successfully used in a number of works on excited state characterization of 
beta-carotene [17,18] and lycopene [19]. An overview on the subject was 
written by Dallinger et al. [20]. Such studies continue today, helped by the 
development of femtosecond laser systems and fast detectors [21-23]. A 
recent review on the ultrafast dynamics of carotenoid excited states was 
presented by Polivka and Sundstrom [24].  

An overview on carotenoid photooxidation in photosystem II and the 
spectral information that could be obtained from RRS studies was compiled 
by Tracewell et al. [25]. Interestingly, the absorption spectrum of the radical 
cationic photoproduct Car+ (kept stable in a frozen matrix at 85 K) extends 
so far into the NIR region that Fourier-transform RRS could be carried out at 
1064 nm. 

Carotenoids are thought to play a significant role in the skin's anti-oxidant 
defense system, and may help prevent malignancy. RRS was demonstrated 
to be an accurate, non-invasive technique for in vivo detection in all skin 
types [26]. By means of selective excitation, lycopene and beta-carotene can 
be determined separately [27]. The validity of in vivo RRS was confirmed 
by LC analysis of skin extracts. The carotenoid content of carcinoma tissue 
was found to be significantly lower than in healthy tissue [28]. 

2.2 Minerals and pigments 

In the world of archeology, art history and conservation, the ubiquity of 
colored materials means that RRS in the visible range is often the preferred 
method to identify its chemical constituents. The non-invasive character of 
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RRS (provided low photon fluxes are used) is obviously a major advantage. 
Sometimes it is also possible to microsample objects (remove fragments of 
the order of tens of micrometers) for analysis in the laboratory under a 
Raman microscope. In the context of this review, we highlight only a few 
recent, interesting examples. 

Coupry [29] described the case of a Roman wall painting found at Tivoli 
(Italy), depicting a hunter. RRS analysis of the blue pigment showed that it 
consisted of ultramarine, unusual for the period. The identification of the 
green pigment as phthalocyanin (patented in 1936) and white pigment as 
Ti(IV) oxide definitely proved the work to be a 20th century forgery.  

Bell [30] demonstrated the importance of selective resonance excitation for 
the identification of the yellow natural dye that was used to color the paper 
of the Diamond Sutra and other 9th century Chinese documents, believed to 
be the World’s oldest printed works. Under blue excitation the RRS spectra 
were overwhelmed by fluorescence, whereas with long-wavelength off-
resonance excitation the spectra were dominated by the paper matrix. With 
λexc = 363.8 nm excitation better RRS spectra were obtained. The non-
random noise of the background (mainly pixel-to-pixel variation of the CCD 
detector) was further decreased by a chemometric approach (shifted, 
subtracted RS), in which the grating position of the spectrograph was moved 
by 20 and 40 cm-1 and the resulting spectra subtracted. 

Karampelas et al. used RRS at various visible and NIR wavelengths to 
identify the pigments in colored freshwater pearls [31]. The C=C and C-C 
stretch vibrations indicated polyenic structures (but different from 
carotenoids), with 6-14 conjugated double bonds. In most colored pearls 
mixtures of these compounds were observed. The usefulness of RRS in the 
forensic laboratory was tested for ballpoint inks on paper by Seifar et al. [32] 
and for dyed textile fibers by a consortium of forensic institutes [33]. 

2.3 Carbon nanotubes 

Since the early 1990’s carbon nanotubes and in particular single-walled 
carbon nanotubes (SWCNTs) are intensively studied in various areas of 
science as a result of their unique mechanical, electrical, and chemical 
properties. SWCNTs can be seen as a rolled-up sheet of a single layer of 
graphite (graphene), seamlessly fused and with a typical diameter of about 1 
nm. The length is often orders of magnitude greater. Many properties of 
SWNCTs, for instance whether they are semiconductive or metallic, are 
related to the diameter and chirality angle, usually given by the indices 
(n,m). 

Unfortunately, SWCNTs are produced as mixtures, with a distribution of 
(n,m) values. This hampers the thorough characterization of their 
(photophysical) properties and their optimal use. Selective methods are 



26                                                                                             Chapter II 

required to analyze mixtures and to assess the result of purification 
procedures. Suitable methods include absorption, Raman spectroscopy, and 
photoluminescence (most but not all species show emission). SWCNTs have 
strong, narrow absorption features in the visible and NIR range, the maxima 
depending on the (n,m) indices. Tuning the laser to these narrow absorption 
bands can provide enormous selectivity in RRS. Jorio and coworkers 
presented RRS excitation-emission matrices that showed sharp Raman 
spectra at different excitation frequencies. They used a tunable Ti-sapphire 
system and a series of Ar/Kr lines; a triple monochromator provided 
sufficient stray light rejection so that low-frequency vibrations could be 
observed close to each laser wavelength [34]. The radial breathing modes 
(RBMs) in the 100-400 cm-1 range are useful to identify the geometry of the 
compound [35]. Based on theoretical considerations and comparisons with 
absorption and luminescence data RRS cross sections were derived and used 
to estimate the relative abundance of the different species in the sample. The 
total level of semiconductive SWCNTs was about 11 times higher than that 
of the metallic species [34]. In a follow-up publication the same approach 
was used to test the selectivity of DNA wrapping as a purification method. 
The method yielded a mixture enriched in semiconductive SWCNTs [36]. 
Luo and coworkers showed that a set of weak vibrations in the 400-600 cm-1 
range (“intermediate frequency modes”) can provide extra identification 
power [37]. 
 
3. RRS in life sciences 
 
3.1 Nucleic acids 

The nucleic acids DNA (deoxyribonucleic acid) and RNA (ribonucleic acid) 
have already been studied by RS since the late 1960’s [38]. This interest can 
be readily understood: the genetic code in DNA contains the instructions for 
protein synthesis, which is decoded with the help of different forms of RNA. 
So, detailed information about their structures under physiological 
conditions is of main importance for biochemical studies. RRS quantitation 
of nucleic acids can also be used for fingerprinting, for instance to identify 
bacterial strains (see below). As a result of the absorption properties of 
nucleic acids, RRS is only possible in the deep UV, directed at the four DNA 
bases adenine (A), cytosine (C), guanine (G) and thymine (T) present as base 
pairs A-T or G-C. In RNA, T is replaced by uracil (U).  

Several modes of RS have been used to study nucleic acids and their 
complexes, including conventional RS and difference spectroscopy, 
polarized RS and UV-RRS. In the present paper we highlight some recent 
applications of RRS in this context, with emphasis on analytical chemistry 
features. A comprehensive review, describing in detail the state of the art 
and underlining recent progress, was recently published by the group of G.J. 
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Thomas, Jr [39]. High-quality RRS spectra of the individual nucleosides 
were already published in the late 1970’s, applying 266 nm excitation. The 
spectra are influenced by incorporating the bases into nucleic acid duplex 
structures: not only from the electronic effects of base pairing and stacking, 
but also from vibrational coupling to modes of the ribose-phosphate 
backbone. These effects were studied in detail by Fodor and Spiro [40]. 
They compared RRS spectra of the deoxynucleotides dAMP, dTMP, dGMP 
and dCMP with those of their copolymers poly(dA-dT) and poly(dG-dC) as 
well as calf thymus DNA, using 266-, 240-, 218- and 200-nm excitation. 

In fact, Raman spectra of the nucleotide constituents of DNA and RNA are 
composed of many bands and their assignment is complex since the 
vibrational coupling with the sugar moiety is not negligible. This may also 
hold for prominent bands previously denoted as marker bands, as clearly 
demonstrated in the case of thymine [41,42]. 

As regards analytical applications, the interaction of nucleotides with various 
ions, as well as the effect of hydrogen bonding on RRS spectra have been 
investigated extensively. For this purpose, Takeuchi and coworkers have 
recorded UV-RRS difference spectra of deuterium-labeled and unlabeled 
purines. The information was successfully used to study complex formation 
between the antibiotic actinomycin D and a DNA fragment [43]. 

RRS can also be used to study the interaction of DNA with small molecules, 
such as carcinogens or dyes. DNA-binding compounds have potential value 
as gene-directed therapeutic agents. In fact, rational drug design requires 
insight not only into the binding characteristics, but also into the structural 
changes of genomic DNA caused by the interactions. RRS does not provide 
explicit information on the DNA backbone conformation, but it can be either 
directed at the DNA bases or at the drug itself, provided that it has 
appropriate chromophoric properties. Examples of compounds that were 
successfully studied include adriamycin [44], distamycin [45] and hypericin 
[46]. 

When applying UV-RRS to study nucleic acid – protein interactions it 
should be realized that wavelength selection is often crucial. In fact, the 
frequently used 266 nm line provided by the fourth harmonic of the 
Nd:YAG laser is very suitable and the same holds for the continuous-wave 
(CW) output of the frequency-doubled argon ion laser at 257 nm. However 
at shorter wavelengths – for instance the 229 nm line that can also be 
obtained from the same Ar+ ion laser – the aromatic amino acid residues of 
the protein become much more pronounced in the spectra (UV-RRS of 
proteins will be discussed in the next Section). This is illustrated in Fig. 2, 
where the UV-RRS spectra of a virus are shown. Whereas at 257 nm the 
spectrum is dominated by viral DNA, excitation at 229 nm primarily reveals 
the tryptophan and tyrosine residues [47]. It should be noted that for 
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studying viruses, UV-RRS has an inherent advantage compared to 
conventional RS. In the latter mode the Raman markers of the single-
stranded DNA genome are very weak, since its contribution to the total 
virion mass is small, and furthermore the marker bands overlap greatly with 
the capsid protein bands. In this case resonance excitation at 257 nm is of 
great help. Since the DNA bands are selectively enhanced, these spectra 
provide much information about the base environments and their interaction 
with the viral capsid [48]. 

 

 

 

 

 

 

 

 

 

 

Fig.2  - UV-RRS spectra of the filamentous virus fd in water, excited at 
229 (top) and 257 nm (bottom). Peak codes A, C, G, T indicate the DNA 
bases contributing to the spectra; W = tryptophan, Y = tyrosine. Na2SO4 
was used as internal standard (981 cm-1). (Adapted from Wen et al. [47]). 

Whereas the Thomas group extensively developed the use of UV-RRS to 
study viruses, Nelson and coworkers focused their attention on the study of 
living cells, especially those of bacteria, in particular Eschericia coli [49,50]. 
Changes in the nucleic acid contribution as a function of culture conditions 
were observed. Furthermore, G-C/A-T molar ratios were related to the genus 
to which the bacteria belong [50,51]. For these studies, reproducible and 
quantitative UV-RRS information was crucial, especially regarding spectral 
intensities. To this end a high duty-cycle picosecond tuneable UV laser 
source was used in combination with a sensitive CCD detector [50]. 
Optimum selectivity was obtained with 251 nm excitation, a wavelength 
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carefully selected in between the typical CW Ar+ wavelengths 244 nm 
(where interference from aromatic amino acid spectra can be quite strong) 
and 257 nm (where fluorescence interference begins to come into play). The 
challenge was to calculate the Raman spectral intensities for bacteria based 
on the known numbers and kinds of bases within the nucleic acids, simply 
using the free base cross sections. Of course this approach is based on 
several assumptions: spectral shifts (hypochromism) and internal absorption 
can be ignored and furthermore the spectra of e.g. guanine in DNA exactly 
matches the guanine spectrum of RNA. Nonetheless, the experimental and 
calculated intensities appeared to be quite close. This is obvious from Table 
1. Using a similar approach, bacterial growth could be monitored via 244-nm 
RRS focusing on specific bands reflecting the protein/nucleic acid ratio. The 
amount of nucleic acids is more or less constant in a cell whereas the protein 
content increases with growth [52].  

Table 1 - Experimental and calculated RRS intensities of prominent bands 
for E. coli. Intensities in arbitrary units (from Wu et al. [50]). 

Recent results on the detection and identification of separate nucleotides by 
means of UV-RRS coupled to separation methods will be described in 
Section 5.2. 

3.2 Proteins 

Also in case of proteins, deep-UV is the wavelength region of choice for 
RRS. Metalloproteins, which often show strong absorption also in the visible 
range, will be discussed in Section 3.3. UV-RRS of proteins has been 
applied extensively in life sciences studies. Information can be obtained not 
only on the aromatic amino acids phenylalanine (Phe), tyrosine (Tyr) and 
tryptophan (Trp), but also on the peptide bonds via the amide frequencies. In 
the early 1990s a number of comprehensive reviews have appeared, 
underlining the progress in this field during the previous decade [53,54]. 
This occurred in spite of the fact that available laser sources were not easy to 
handle and – even more serious – provided only output at a very low 
repetition rate (the first generation typically 20 Hz). This implied very high 
pulse energies and the risk of sample photodamage. The use of CW lasers or 
high-repetition rate, low peak power Ti:sapphire lasers can significantly 
reduce photodegradation [55]. Recently a tunable system based on fourth 

 Raman bands (cm-1) 
 1240 1334 1485 1575 1618 
      
Peak components T+U A A+G A+G Trp+Tyr 
Intensities measured 3.47 10.3 22.2 9.15 3.78 
Intensities calculated 3.96 13.9 27.1 11 1.3 
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harmonic generation of a Ti:sapphire laser was presented for denaturation 
studies [56]. It could be tuned over the 193-205 nm range. 

N-methylacetamide is an appropriate model for the peptide bond. There are 
two relevant absorptions, a weak one at ca. 210 nm (nπ* transition) and a 
stronger one at 186 nm (ππ*). The latter plays the main role in UV-RRS. 
Laser excitation around 200 nm reveals prominent amide modes at around 
1230-1300 cm-1 (amide III), 1390 cm-1 (amide S), 1550 cm-1 (amide II) and 
1640-1655 cm-1 (amide I). The 1390 cm-1 band is not observed in off-
resonance RS; it is assigned to a vibrational mixing of a C-H deformation 
mode and the amide III mode. As regards structural information: in UV-RRS 
the attention is usually on the intensities of the amide II and the amide S 
modes, which correlate with the α-helical content of the proteins. 

In the case of proline (Pro), the peptide bond contains no amide hydrogen – 
so that one is dealing with an imide instead – and as a result the 186 nm 
absorption band is red-shifted over some 10 nm. As a consequence, by 
tuning the laser above 210 nm X-Pro is selectively excited and also the 
vibrational modes are different from the normal amide modes. Generally in 
UV-RRS a single band between 1460 and 1500 cm-1 is observed – denoted 
as the imide-II band – which is sensitive to hydrogen bonding to the oxygen 
atom. As early as 1990 it was used by Takeuchi and Harada for 
conformational studies of short peptides in solution [57]. 

The aromatic amino acids Phe, Tyr and Trp all absorb strongly in the 195-
230 nm region. Their vibrational modes are well understood, in large part 
owing to the normal mode calculations on model compounds. The tyrosine 
modes are sensitive to hydrogen bonding of the phenolic OH group. At 218 
nm excitation the enhancement pattern in the tyrosine UV-RRS spectrum is 
similar to that observed for phenylalanine; however by exciting at longer 
wavelengths (230-240 nm), a high selectivity for tyrosine is observed. In 
view of the structure of Phe – being unable to form hydrogen bonds – its 
Raman band frequencies are not influenced by the protein environment 
or solvent. Also the presence of tyrosinate can be readily established; 
excitation in the 245-255 nm range has been shown to give high 
selectivity. 

In tryptophan-containing proteins the Trp vibrational modes are prominent in 
the RRS spectra applying excitation between 218 nm and 230 nm. Trp 
exhibits a strong absorption band at 218 nm (the Bb band), and a weaker 
absorption is found at around 280 nm (comprising the close lying La and Lb 
bands). Spectra are typically recorded at 220 nm and 260 nm (longer 
wavelengths are more difficult to handle because of fluorescence 
background problems). The 880 cm-1 bond (W17 mode), exhibiting a 
downshift upon forming hydrogen bonds, is a useful marker for hydrogen 
bonding. The strong bond at 1555 cm-1 (W2 mode) is sensitive to the 
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torsional angle of the chromophore-backbone chain, shifting to higher wave 
numbers if the angle increases. Over the angle range from 60° to 120° the 
shift is some 15 cm-1. This explains why in hemoglobine the W3 band is a 
doublet, the main band is at 1558 cm-1 (two Trp residues with the same 
angle) and a shoulder at 1550 cm-1 arises from a third Trp-residue. 

The relative intensities of the 1360 cm-1 and 1340 cm-1 peaks are influenced 
by the polarity around the indol ring, the former one being more intense in 
non-polar environments. Other intensity effects to probe changes in the 
protein environment have been reported as well; they have been attributed to 
shifts in absorption maxima, changes of local refractive index and 
hypochroism. 

3.3 Metalloproteins 

Metalloproteins usually contain one or more coordination complexes of 
transition metal ions and protein ligands (such as porphyrins), forming 
biologically active sites. These sites can be involved in electron transfer, 
binding of exogenous molecules and/or catalysis. Usually in such complexes 
there are strong electronic absorption bands in the near-UV or visible range, 
so that in principle selective excitation can be performed without 
interferences from the remainder of the protein (300 nm is the longest 
absorption wavelength of amino acid residues, i.e., Trp). When there are 
several different metal centers in the protein, different laser wavelengths can 
be used to excite these separately [58]. 

If the metal ion has a partially filled d-shell, three types of electronic 
transitions can be discerned: d-d transitions, charge transfer (CT) transitions 
(ligand-to-metal or metal-to-ligand) and ππ* transitions located on the 
ligand. The d-d transitions are too weak to produce useful RR enhancement 
[58], since as a rule of thumb the RRS intensities are related to ε2, where ε is 
the molar extinction coefficient [59]. The much more intense CT transitions 
are more appropriate. Especially for Fe(III) and Cu(II) the ligand-to-metal 
transitions (being in the visible region) received extensive attention in the 
early RRS literature. If ligands such as CO, NO, O2 are bound to the metal 
ion, CT transitions in the opposite direction, i.e. metal-to-ligand, are also 
important [58]. 

In the case of metalloporphyrins such as heme proteins, the ππ* transitions 
of the ligand are of main importance. Two bands in the electronic absorption 
spectrum are available, i.e. the Q-band located at about 550 nm (ε of the 
order of 10.000 M-1cm-1) and the very strong Soret band at about 400 nm (ε 
being 100.000 M-1cm-1 or more). In the latter band the RRS spectrum is 
dominated by the totally symmetric modes of the porphyrin ring, whereas 
excitation in the Q-band merely enhances the non-totally symmetric modes. 
As a consequence, by combining these results a complete assignment of the 
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porphyrin vibrational modes can be given [58,60]. Even though the highest-
frequency porphyrin ring modes do not directly involve the metal ion, they 
nevertheless provide detailed information about the ligation chemistry. 
Various marker bands have been identified that are affected by the spin state 
or the coordination number (both in Fe(II) and Fe(III) complexes). In 
favourable cases also vibrational modes of the axial ligands can be detected 
in the RRS spectra, as in case of CO, NO and O2. Smulevich and co-workers 
[61] have recently compiled an overview of heme peroxidase studies and 
described how RRS could shed light on the importance of H-bonding on 
heme ligation. 

Current research in this field is devoted to the details of the interactions of 
these small gaseous ligands XO (where X=C,N,O) and heme sensor proteins. 
How does the heme domain discriminate between CO, NO and O2 and how 
does the binding event lead to activation? In a recent paper the Spiro group 
gave a detailed interpretation of RRS results obtained using the 413.1 nm 
and the 406.7 nm lines of a Kr ion laser [62]. They demonstrated 
anticorrelation between the stretching FeC and CO vibration frequencies in 
the CO adduct and also for the FeN and NO vibrations in the NO adduct. In 
the latter case, large changes were observed in the presence of distal H-
bonds or positive charges. These differing RRS vibrational patterns for CO 
en NO adducts may help to elucidate the mechanism of ligand discrimination 
and signaling in heme sensor proteins. Ibrahim et al. [62] supported their 
experimental results with modern advanced theoretical calculations (i.e., 
density functional theory, DFT), which underlines the increased power and 
relevance of DFT in current RRS (see also Section 4). Furthermore it should 
be emphasized that laser-induced dissociation of the axial base (a rather 
specific example of photodamage) was circumvented by using frozen 
solutions in recording RRS spectra. 

Recently Bonifacio and coworkers [63] developed a small-volume spectro-
electrochemical cell that could be used to record spectra of cytochrome c 
while varying the potential of the electrode. The cell was moved to avoid 
photodegradation under the Raman microscope. Changes in the Raman 
marker bands indicated the reversible oxididation/reduction of the Fe-heme 
group. (see Fig. 3). The RRS spectra were extra strong owing to the surface-
enhancement effect (SERRS; also to be discussed in Sections 5.2 and 5.3) 
from the silver electrode. A self-assembled monolayer of mercaptopropionic 
acid on the electrode prevented direct contact and possible denaturation of 
the protein on the Ag surface. 
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Fig.3 - Spectro-electrochemistry of cytochrome c in aqueous buffer (pH = 
7.4) on a silver electrode, coated with a monolayer of mercaptopropionic 
acid. At positive potential (a, 0.1 V) the oxidized form (six-coordinated low 
spin) predominates; lowering the potential results in a gradual 
(reversible) conversion to the reduced form, as indicated by several 
marker bands (b = 0 V; c =  -0.1 V, d = -0.3 V; e = -0.5 V); excitation, 
514 nm. (From Bonifacio et al. [63]). 
 

3.4 Drug protein interactions 

As outlined above, some vibrational bands of Tyr and Trp are sensitive to 
the microenvironment, i.e. polarity and hydrogen bonding. A specific 
example is the intensity ratio of the so-called Fermi resonance doublet of 
Tyr, which is sensitive to the extent of hydrogen bonding of the phenolic 
hydroxyl group. Such dependencies can in principle be utilized to study 
drug-protein interactions by UV-RRS. At present, there are still few 
applications. Hashimoto et al. [64] studied the interactions of warfarin, 
ibuprofen and palmitate with human serum albumin. They showed that 
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warfarin interacts with Trp at position 214, whereas ibuprofen interacts with 
the phenolic hydroxyl of Tyr at position 411. 

Couling et al focused on drug binding in dihydroxyfolate reductase (DHFR), 
gyrase and catechol O-methyltransferase (COMT). They applied the 
intracavity frequency doubled argon ion laser output at 244 nm to record 
UV-RRS spectra [65]. An illustration of their results is reproduced in Fig. 4, 
showing the 244 nm RRS spectra of the gyrase/novobiocin system. Gyrase is 
a bacterial enzyme that catalyzes the introduction of negative supercoils into 
closed circular DNA. DNA gyrase is the target of two groups of antibacterial 
agents, the quinolines and the coumarins, such as novobiocin, the drug 
considered here. It is expected that novobiocin (which has a highly flexible 
molecular frame) is forced into a conformation when it binds to the protein, 
a change that should be reflected in its vibrational spectrum. It should be 
noted that also novobiocin is resonantly enhanced at 244 nm (Fig. 4b). 
Therefore, to distinguish between the spectral changes of the enzyme and 
those of the drug, spectra have to be subtracted as shown in Fig. 4d. Upon 
binding, both in the gyrase and the novobiocin spectra substantial changes 
are observed. A detailed analysis of the spectra can be found in Couling et al 
[65].  

Also for the other protein-drug systems studied, i.e. DHFR-trimethoprim and 
COMT-dinitrocatechol, detailed information could be obtained from 244-nm 
RRS. However, definitive structural interpretation of the observed spectral 
changes would require calibration experiments, which has not yet been 
feasible. Therefore, structural analysis still relies on X-ray diffraction data 
(which were available for the drug-protein systems investigated in this study 
[65]. 

As regards the potential of UV-RRS in protein-drug interactions, it should be 
emphasized that the spectra were recorded at around the 1 mg/ml level, low 
enough to avoid protein aggregation. The technique should be considered 
complementary to fluorescence spectroscopy, which is usually dominated by 
Trp fluorescence, whereas UV-RRS also provides information about Tyr 
residues. Furthermore, selective excitation should be performed especially in 
cases where the drug absorption spectrum extends to longer wavelengths and 
can be probed without exciting the protein. Nevertheless, it should be 
mentioned that such experiments are not straightforward, especially when 
the compound’s extinction coefficient (e) is not very high or in case of a 
strong fluorescence background. 
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Fig.4 - UV-RRS spectra, illustrating the binding of the drug novobiocin to 
the bacterial enzyme gyrase. Spectrum (a) corresponds to the free protein 
and (b) to the free drug. Spectrum (c) is that of the 1:1 complex, and after 
subtraction of the enzyme spectrum (a) the difference spectrum (d) 
corresponds to the bound drug. It is not identical to that of the free drug; 
changes are indicated with an asterisk (from Couling et al. [65]). 

 
4. Theoretical aspects of RRS 

In RRS different vibrational modes are selectively enhanced depending on 
the excitation wavelength, which means that identification is not always 
straightforward. Vibrations that undergo little or no enhancement are likely 
to become invisible in the spectrum. This effect results in decreased 
information content of the spectrum compared to normal Raman. In other 
words, the increase in sensitivity comes at the price of reduced 
discrimination power, especially when similar molecules are under 
investigation. Also, conventional Raman spectra can no longer be used for 
fingerprint identification, and reference spectra recorded under the same 
resonance excitation conditions must be available. On the other hand, the 
relative simplicity of the RRS spectra might be an advantage when the 
molecular species of interest is in a complex environment or part of a very 
large molecule. Otherwise, in conventional RS such situations would give 
rise to very overcrowded spectra. 
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For these reasons, a theoretical model to calculate the positions and most 
importantly the relative intensities of the resonance-enhanced modes would 
be extremely valuable. In the case of very similar species, such calculations 
could be used to predict the RRS profiles for different excitation 
wavelengths and select the excitation conditions that would provide optimal 
enhancement for those vibrations that show differences, thus enabling 
discrimination.  

Contrary to ground-state vibrational calculations for normal Raman or 
infrared absorption spectroscopy, the calculation of RRS profiles is not yet a 
standard, userfriendly procedure. However, a significant development of 
different theoretical approaches has been made over the years. 

The importance of a pioneer paper by Hizhnyak and Tehver from 1967 [66] 
was not immediately recognized. In 1979 Tonks and Page further developed 
the Kramer-Kronig relation between the polarizability tensor and the optical 
absorption [67]. This led to calculations of excitation profiles for different 
vibrational modes of molecules like beta-carotene and cyanocobalamin. 
Blazej and Peticolas carried out similar calculations for pyrimidine 
nucleotides [68]. Further investigations led to the refinement of the 
transform theory of RRS by Rush and coworkers, who applied it with 
success to different molecules of interest: uracil [69], metalloporphyrins and 
heme proteins [70]. Mroginski and coworkers [71] used this approach to 
study linear tetrapyrroles, constituents of the chromophoric sites of various 
biological photoreceptors. However, the transform theory requires 
calculation of the exact geometries of not only the ground state but also the 
electronically excited states, which is time-consuming and requires extensive 
expertise in light of the many assumptions that need to be made. 

A time-dependent treatment of the Raman scattering by Lee and Heller [72] 
and subsequent studies by the same group [73] led to the present-day use of 
time-dependent density functional theory TD-DFT for optimization of 
excited state geometries. A comparative study of the TD-DFT and the 
Hartree-Fock configuration interaction singles-type (CIS) methods for 
excited state optimization was presented by Neugebauer and Hess [74]. 

Moreover, in some cases excited state geometry optimization can be 
simplified by calculating only the excited state gradients and then 
approximate the position of the minima [72,73,75]. Neugebauer and 
coworkers showed how well this approach can predict the observed 
resonance enhancement factors of RRS spectra of substituted pyrenes 
excited at 244 nm. [76].  

Other features of RRS are not yet well predicted by theoretical approaches: 
Pyrene solutions excited under resonance conditions show unusually strong 
overtones and combination bands, especially when exciting into a vibrational 
region of an absorption band, and much less so when exciting into an origin 
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band [77,78]. As an illustration, Fig 5 shows the RRS spectra excited at 229 
nm (top; vibronic region of S0-S4 transition), and excited at 257 nm (bottom; 
vibronic region of S0-S3 transition). Both spectra show very intense 
overtones and combination bands, which are hardly visible when the same 
solution is excited at 244 nm (origin of S0-S4 transition; not shown)[78]. The 
fundamental regions of the two spectra in Figure 5 are very different, since 
different vibrations with other symmetry properties are enhanced at those 
two wavelengths. The frequencies of the bands extending up to 5000 cm-1 
agree very well with the possible linear combinations of the strongest 
fundamental peaks. The reason for enhanced overtones upon excitation into 
a vibronic band is currently not yet fully understood, but appears to be 
related to the slope of the potential energy surfaces; preresonance with 
higher states could also cause a relative suppression of the fundamental 
bands through interference [79]. Overtone studies were mostly carried out to 
investigate excited-state dynamics in small molecules [79,80], but we 
believe that the overtone region may also provide extra analytical selectivity 
for the distinction of similar compounds [78]. 

To summarize, there has been significant progress in the theory of resonance 
Raman scattering, which allows us to predict with a reasonable accuracy the 
RRS profiles of a large variety of molecular species. However, there are 
different calculation methods available, all of which are based on a number 
of assumptions and approximations. Which of those must be taken into 
account and exactly which theoretical approach should be used in a 
particular case still requires extensive expertise. At the moment this is 
beyond the capabilities of most spectroscopists. Hopefully, in the near future 
the calculation of RRS profiles will become a routine procedure in standard 
computational software packages. 
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Fig.5 - RRS spectra of pyrene (2.5*10-3M in methanol) A: excitation at 
229 nm (vibronic region of S0-S4 transition). B: excitation at 257 nm 
(vibronic region of S0-S3 transition). Different vibrations are enhanced, 
depending on the electronic transition overlapping with the laser 
wavelength. The spectra show exceptionally strong overtones and 
combination bands. *- solvent bands. (Adapted from Efremov et al. [78]). 

 
5. Instrumental and methodological developments 
 
5.1 Fiber-optic UV-RRS 

The use of fiber optics to design affordable, small-sized and easy-to-handle 
instrumentation for conventional RS is well known in the analytical 
chemistry literature [81,82]. Fiber optics are generally combined with NIR 
diode laser excitation sources – which are low-cost, while fluorescence 
background is minimal – and small, efficient spectrographs in combination 
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with CCDs to reduce size and complexity. Such instrumentation has strongly 
stimulated interest in analytical applications of RS: remotely located samples 
– even in traditionally inaccessible environments – can be measured while 
fiber-optic probes also minimize sampling and alignment problems. In the 
case of large objects (e.g., a patient, artwork) it is easier to move the probe 
head across the sample than to move the sample relative to the laser beam. In 
most fiber optic probe designs excitation light is delivered by a central fiber 
and the Raman signals are collected by one or several separate collection 
fibers. This way extra filters can be added to remove fiber Raman signals at 
the exit of the excitation fiber, and reject the laser line at the entrance of the 
collection fiber(s). 

 

 

 

 

 

 

 

 

Fig.6 - Schematic drawings (side and top view) of right-angle probe 
geometry for RRS, which minimizes the optical pathlength through an 
absorbing liquid with high optical density. Inner core diameters are 
approx. 600 and 400 µm (from Barbosa et al. [83]). 

When designing fiber-optic probes for RRS and/or UV-RRS, several aspects 
should be carefully considered. First of all, in conventional designs the 
volume that is most effectively probed is typically several mm away from 
the fibers, depending on the geometry and the fiber acceptance angles. 
However, in RRS not only the excitation light but also the Raman scattered 
light is usually within the analyte’s absorption band. In order to avoid 
extensive transmission losses with strongly absorbing liquid samples the 
optical pathlength should be very short – less than a few hundred microns. A 
design that offers such short optical pathlengths, with an excitation fiber 
surrounded by six collection fibers, is shown in Fig. 6. Secondly, in the case 
of UV excitation, high-quality quartz fibers are crucial to assure sufficient 
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throughput of excitation light and RRS signal, and to minimize background 
from impurities in the fiber. The fibers should be resistant to solarization: 
most conventional fiber materials slowly turn opaque under prolonged UV 
radiation. Thirdly, fiber-optic probes provide a means to reduce UV-induced 
photochemistry in cases where spatial resolution is not critical. With fiber-
optic probes the typical irradiated volumes are much larger than under 
conventional UV-RRS conditions. In the latter case, the spectrometer slit 
width and thus the sample size is typically 100-200 µm; in the fiber-optic 
setup described by Barbosa et al. [83] an excitation fiber with a 600 µm core 
diameter was used, allowing about 16 times higher laser power without 
increasing the power density at the sample. As a laser an intracavity 
frequency-doubled argon ion laser was used, providing CW output at 248.2 
nm and 257.2 nm. High-quality spectra could be obtained in 10 s. To 
illustrate the utility of fiber-optic UV-RRS a particularly photosensitive 
enzyme-substrate system was successfully studied, i.e. the extradiol 
dioxygenase DHBD (2,3-dihydroxybiphenyl-1,2-dioxygenase) with and 
without the substrate 2,3-dihydroxybiphenyl present.  

5.2 RRS for detection in liquid separation techniques 

It needs no further clarification that because of its identification power RS 
would be an attractive detection method for separation methods such as 
liquid chromatography (LC) or capillary electrophoresis (CE). However, 
only in recent years significant progress has been made in this field, as 
reviewed by Dijkstra et al. [84]. A main obstacle is the poor analyte 
detectability of conventional RS, which was recently addressed by the 
development of liquid-core waveguide (LCW) detection cells [85,86]. With 
an LCW the optical pathlength can be increased up to typically 50 cm, while 
the internal volume is still only 20 µL, compatible with regular-size LC. In 
reversed-phase LC–RS, there is an additional problem: most organic 
modifiers of the eluent display very strong Raman bands. That is why 
Cooper et al [87] used completely deuterated eluents, thus shifting the 
solvent Raman bands to lower frequencies and reducing interference with 
the analyte vibrations. Also chemometrical approaches have been developed 
to improve eluent background subtraction routines [88]. 

Nonetheless, the most promising development in coupling liquid separations 
with Raman detection is by making use of resonance excitation, thus 
improving the selectivity over the eluent background. This is preferably done 
in the deep UV, because with visible excitation the fluorescence background 
(from a variety of sources) is difficult to overcome [89-91]. 

Our group used LC–UV–RRS at 244 nm (60 mW), with a Z-shaped flow 
cell in back-scatter mode and acetonitrile/water (70/30; v/v) as eluent [92]. 
For a mixture of polyaromatic hydrocarbons – fluorene, phenanthrene, 
fluoranthene and pyrene – good RRS spectra were obtained on-the-fly, with 
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very little fluorescence background. Using routine trace enrichment 
techniques the LODs were as low as 50-200 ng/ml injected. It should be 
emphasized that for RRS a standard flow cell usually suffices; the 
penetration depth of the excitation light is limited by analyte absorption. 
Under such conditions the variable penetration depth also means that 
calibration curves tend to flatten at higher levels (as the concentration is 
increased the effective pathlength becomes shorter and roughly the same 
signal intensity is obtained). Therefore, RRS is often used for identification, 
and quantitiation can be carried out with for instance a UV-Vis detector. 
Furthermore, the Raman emission may partially overlap with the absorption 
spectrum of the analyte, and corrections have to be made in order to obtain 
the proper relative peak intensities [92]. However, for very low 
concentrations of absorbing species it can be useful to couple long LCW 
detector cells to RRS. Tian et al. demonstrated that with such a setup and 
visible (514 nm) excitation beta-carotene can be detected in aqueous samples 
down to the 2.5 x 10-10 M level [93].  

In CE, analyte identification with RRS would be even more attractive than in 
LC, since most often aqueous buffers are used, without any organic 
modifiers. In 1988 Morris and co-workers [94] coupled CE and visible RRS 
(442 nm, 40 mW HeCd laser) to detect the model compounds methyl red and 
methyl orange and obtained LODs of 2.5 µM, but little progress has been 
reported since. Apart from the fluorescence background problem, another 
disadvantage of visible excited RRS is that only a limited number of analytes 
absorb in this wavelength range. Chen et al [95] overcame this problem in 
the case of epinephrine; it was off-line oxidized to adrenochrome, which 
could then be measured by RRS with an LOD of about 10 µM. 

To make the technique more widely applicable, we explored CE–UV–RRS 
at 244 nm and 257 nm, the strongest CW lines of a frequency-doubled argon 
ion laser [96]. Fig. 7 shows the UV-detected electropherogram of a 500 
µg/ml mixture of the four nucleotides TMP, AMP, GMP and UMP. Good 
spectra of the first three compounds are depicted; their identification limits 
are in the 1-50 µg/ml range. The RRS spectra provided sufficient details to 
distinguish between the nucleotides. 
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Fig.7 - Capillary electrophoresis with UV-RRS detection. Top left: 
electropherogram (conventional UV-vis detection; λ= 260 nm) of a 
mixture of 0.5 mg/ml of each TMP, AMP, GMP and UMP, using an 
injection volume of 23 nl. Background-corrected UV RRS spectra acquired 
of TMP (top right), AMP (bottom left) and GMP (bottom right). Excitation 
wavelength: 244 nm (__) or 257 nm (…).  Exposure time: 2 s. (From 
Dijkstra et al. [96]). 

Extremely high sensitivity can be obtained through the joint effects of 
resonance enhancement with surface enhancement: SERRS. A 
comprehensive discussion of SERRS is beyond the scope of this paper; for 
recent overviews see [97,98]. SERRS is a heterogeneous technique, 
requiring the adsorption of the analytes to a rough solid metal surface – 
usually silver or gold – in the form of vacuum deposited metal films on inert 
nanospheres, etched surfaces or colloidal suspensions of nanoparticles. In 
order to achieve surface enhancement, the laser wavelength should be tuned 
to the surface plasmon vibrations of the selected metal. For the coupling of 
SERRS and separation methods usually aggregated colloids are applied and 
the surface plasmon bands are typically in the visible range for Ag and in the 
near-infrared for Au. This limits the applicability of SERRS to analytes that 
have chromophoric moieties absorbing in those wavelength regions. 
However, the group of Smith and Graham demonstrated derivatization with 
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specific SERRS labels (that bind strongly to Ag and have excellent 
chromophoric properties) to detect specific DNA sequences with very high 
sensitivity. Because of the sharp lines a number of different labels can be 
distinguished, more easily than with fluorescent labels [99,100]. Due to lack 
of plasmon resonance, UV–SERRS is not possible, certainly not in the deep 
UV. As an advantage of SERSS, fluorescence interference from analyte 
and/or impurities adsorbed on the metallic substrate is efficiently quenched. 

Being a heterogeneous technique, SERSS is not readily coupled on-line with 
LC. In particular problems associated with aggregation inside the LC system 
need to be avoided. Although some encouraging results in this field have 
been reported [97,101,102], the at-line approach is less cumbersome and 
allows one to use longer signal accumulation times to improve the signal-to-
noise. In that approach the LC effluent is deposited on the surface of a 
moving TLC plate while the eluent is simultaneously evaporated, so that an 
immobilized LC chromatogram is obtained. Next, small amounts of silver 
colloid are added to the analyte spots and SERRS spectra are recorded [103].  

Similarly, also for CE on-line coupling with SERRS has been realized [104], 
but again the at-line approach seems to be more promising. Since the CE 
flow rates are very low (nl/min), it should be possible to deposit the analyte 
in very small spots, compatible with Raman microscopy. However, in CE it 
is essential that during deposition the electrical current be maintained. 
Appropriate devices have been developed by Devault et al [105] and He et al 
[106]. In the latter case the capillary outlet is metallized to maintain 
electrical contact and the effluent is deposited by capillary forces. Recently, 
a more rugged interface with a stainless steel needle as (grounded) cathode 
was developed [107]. The outlet end of the CE capillary was inserted into 
this metal needle and CE buffer touching the needle tip served as electrical 
contact for the CE separation. Much effort is devoted to finding the most 
appropriate substrate in relation to deposition characteristics, such as etched 
silver foil and vapor-deposited silver film on inert nanospheres [108]. 
Ruggedness, reproducibility and sensitivity still have to be further improved. 

5.3 Sensitivity at the single-molecule level  

Using a highly focused laser beam, efficient collection optics and 
appropriate silver or gold particle clusters, SERRS spectra can be recorded at 
extremely low concentrations in extremely low volumes or on extremely 
small surface areas. From the statistical nature of the signal intensity, single-
molecule detection can be inferred. Enhancement factors of up to 14 orders 
of magnitude have been observed for specific “hotspots”. Contrary to 
fluorescence, where the ns lifetime of the excited state limits the number of 
excitation events per unit time, higher photon fluxes can be used in a Raman 
experiment without such saturation effects. Under such conditions strong 
anti-Stokes Raman bands can be observed since vibrational states become 
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extra populated following a Raman event. Single-molecule detection can be 
important if one would like to rule out analyte inhomogeneity. On the other 
hand, molecules outside such a hotspot will remain undetected. An overview 
of single-molecule Raman scattering was recently published [109]. 

Lateral resolution as small as 20 nm, well below the diffraction-limited spot 
size that normally determines the spatial resolution of optical methods, can 
be achieved by tip-enhanced Raman spectroscopy (TERS, or TERRS if 
excitation occurs under resonance conditions). This nanoscopic surface 
technique, in which surface-enhanced Raman and scanning probe 
microscopy (SPM) techniques are combined, holds great promise for the 
semiconductor and communication industries and especially for life 
sciences. Use is made of a metal (or a metal-coated) tip featuring ‘plasmon 
resonance’ at the sharp apex, which results in enhanced and highly localized 
signals [110]. Recently Domke and coworkers [111] demonstrated that 
TERRS has almost single-molecule detection capabilities, as shown in Fig. 
8. Decreasing levels of malachite green isothiocyanate dye were probed on a 
smooth gold surface by a HeNe laser (632.8 nm) focused on a gold tip. The 
lowest spectrum F corresponds to only 5-6 dye molecules.  

 

 

 

 

 

 

 

 

 

 

Fig.8 - Tip-enhanced resonance Raman spectra of decreasing amounts of 
MGICT on a gold surface, excitation 632.8 nm. The calculated number of 
probed molecules varies from 1.3 x 103 (spectrum A) to 5-6 (spectrum F). 
(Adapted from Domke et al. [111]) 
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5.4 Fluorescence rejection by time-gated detection 

As mentioned above, in many RRS applications fluorescence interference is 
a major obstacle. It may originate from matrix constituents or solvent 
impurities, from the compound of interest itself, or from the optical 
components. Avoiding fluorescence by working with very long excitation 
wavelengths will usually not be possible, since only very few compounds 
absorb in that region. Since RRS is based on excitation at or close to the 
absorption maximum of the molecule of interest (see Fig. 1), the probability 
of fluorescence emission upon relaxation from the exited state increases 
substantially. Furthermore, when using visible or near-UV excitation 
sources, fluorescence from matrix components will also increase. As 
mentioned above, Asher and co-workers have shown that in RRS with 
excitation in the deep-UV (<250 nm) fluorescence interference is negligible 
[7], but at the cost of diminished selectivity.  

For these reasons, fluorescence rejection is crucial for the development of 
RRS in the visible/near-UV range. Pelletier gave an overview of available 
options for fluorescence rejection [3]. Chemometric approaches using 
second derivatives [112] or wavelength shifts [113] have been used in order 
to distinguish the sharp Raman lines from the broad fluorescence 
background. However, the shot noise associated with the strong background 
will not be removed. The most promising option is to make use of time 
discrimination between instantaneous Raman photons and fluorescence that 
will occur over a few ns time interval. This approach was extensively tested 
in the 1980’s by Everall and co-workers [114,115], but with a ns-order time 
resolution the detection system was not yet fast enough to obtain significant 
fluorescence rejection factors. More recently, researchers at the Rutherford 
Appleton Laboratories (UK) developed a time-gated system based on 
picosecond Kerr gating [116]. Several research groups have used that setup 
since to carry out RRS studies under strongly fluorescent conditions, such as 
the formation of lignin radicals in wood cell walls [117], the yellowing of 
paper pulp [118], or the photostability of ink jet prints [119]. The 
effectiveness of the Kerr gate and reduction in fluorescence (from analyte as 
well as matrix) is illustrated in Fig. 9. For these studies the excitation 
wavelength could be optimized using a tunable laser system, in order to 
achieve resonance enhancement of the target compounds while minimizing 
the contribution from the complex matrix. In the case of extremely strong 
fluorescence (Rhodamine 6G!) one has the option to remove most the 
remaining fluorescence by means of the shifted excitation approach [120]. 
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Fig.9 - Fluorescence suppression using Kerr gating. The top spctrum 
shows the non-gated spectrum of yellow ink jet dye on paper, dominated 
by fluorescence. The middle spectrum was obtained with time-gated 
detection. The bottom spectrum shows the reference spectrum of the yellow 
dye in solution, also with gated detection. Spectra are not on the same 
scale. (Adapted from K. Vikman et al. [119]). 

Recently an alternative instrument was developed for time-gated Raman, 
using an approach that seems to be more easily implemented. A 
commercially available, ultrafast-gated intensified charge-coupled device 
(ICCD) camera was applied, with a gate closing speed of about 80 ps 
[121,122]. Since the ICCD can be operated at a repetition rate as high as 76 
MHz, low pulse energies can be used to conduct the RS experiments, thus 
minimizing sample photodegradation. A frequency-doubled or -tripled 
Ti:sapphire laser can provide freedom in wavelength selection over most of 
the UV-visible range.  

Efremov and coworkers used such a laser system with a pulse width of 3 ps 
[122]. It should be emphasized that shorter pulses are not appropriate: the 
accompanying increase in bandwidth would strongly affect the spectral 
resolution. With this setup the rejection factor is limited by the 80-ps closing 
time of the ICCD gate (considerably slower than the 3-ps Kerr gate), but it 
can be operated at much higher repetition rates (with corresponding low 
peak powers). The overall fluorescence rejection factor depends of course on 
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the lifetime of the fluorescence background; a factor of 50-100 is obtained 
for compounds with a lifetime of a few ns. The feasibility of this approach is 
demonstrated in Fig. 10, showing the effectiveness of ICCD gating on the 
RRS spectra of phenylacetone monooxygenase, a flavoprotein that gives a 
strong auto-fluorescence background. In conclusion, we expect that the 
availability of user-friendly instrumentation and in particular fluorescence 
suppression options will stimulate the development of more RRS 
applications in the 250-600 nm region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.10 - Fluorescence suppression using an ICCD camera. RRS spectrum 
of the strongly fluorescent flavoprotein PAMO, without (top) and with 
(bottom) time-gated detection. (Adapted from Efremov et al. [122]). 
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6. Conclusions 
 
It is obvious from this review that significant progress in RRS has been 
made during the last decade, mainly by dedicated experts in Raman 
spectroscopy, while currently the number of pure analytical chemistry 
studies and real-life applications is still relatively low. This is in spite of the 
fact that the analytical potential of RRS is very high, as should be clear from 
the variety of topics reviewed above, for instance in the bioanalytical field 
including nucleic acids, proteins and their interactions with drugs. 

However it can also be concluded that the main hindrances of transforming 
RRS into an analytical tool have been overcome during the last decade, 
paving the way for RRS to enter the analytical research and application 
laboratories. First of all, easy-to-use instrumentation is available to exploit 
deep UV-RRS, a technique that is very suitable for bio-analytical chemistry, 
not hindered by fluorescence background. Its combination with fiber optics 
and also with LC and CE, only quite recently demonstrated, should be fully 
exploited. Spectacular sensitivities have been reported, especially under 
surface enhancement conditions. User-friendly models and software to 
predict RRS spectra as a function of excitation wavelength will soon become 
available.  

As regards visible RRS, two main obstacles have been dominating, i.e. 
wavelength tunability to fully exploit the inherent selectivity of RRS and 
fluorescence background, which strongly reduces the applicability of RRS. It 
should be emphasized, however, that in spite of these restrictions there are 
several interesting fields in which visible RRS has been successfully invoked 
using standard CW Kr or Ar ion lasers, such as the analysis of carotenoids in 
a variety of matrices and the interaction of heme proteins with ligands. In the 
latter case the 406.7 nm and 413.1 nm lines of the Kr ion laser are in 
resonance with the strong Soret absorption band of the porphyrin group, 
while fluorescence background of such samples is extraordinarily weak.  

A broad choice of excitation wavelengths must be available in order to make 
optimal use of selective excitation. A good example is the selective RRS 
analysis of mixtures of single-walled carbon nanotubes. Almost complete 
wavelength tunability is provided by picosecond Ti:sapphire lasers. Their 3 
ps pulses are long enough to maintain spectral resolution of the Raman 
spectra. A challenge is the further suppression of fluorescence background, 
although time-gated detection with a Kerr gate or a fast-gated intensified 
CCD camera is a major step forward in the development of RRS as a 
technique that is broadly applicable to a wide variety of real-life problems. 
From this review we conclude that the number of analytical chemistry papers 
dealing with RRS is likely to increase steeply in the decade ahead. 
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Abstract  

The at-line coupling of capillary electrophoresis (CE) and surface-enhanced 
resonance Raman spectroscopy (SERRS) was optimized for the separation 
and subsequent spectroscopic identification of charged analytes (dye 
compounds). Raman spectra were recorded following deposition of the 
electropherogram onto a moving substrate. To this end a new interface was 
developed using a stainless steel needle as a (grounded) cathode. The outlet 
end of the CE capillary was inserted into this metal needle; CE buffer 
touching the needle tip served as the electrical connection for the CE 
separation. A translation table was used to move the TLC plate at a constant 
speed during the deposition. The distance between the tip of the fused silica 
column and the TLC plate was kept as small as possible in order to establish 
a constant bridge-flow, while avoiding direct contact. The dyes Basic Red 9 
(BR9), Acid Orange 7 (AO7) and Food Yellow 3 (FY3) were used as test 
compounds. After CE separation in a 20 mM borate buffer at pH 10, after 
deposition, concentrated silver colloid was added to each analyte spot, 
followed by irradiation with 514.5 nm light from an argon ion laser to record 
the SERRS signal using a Raman microscope. Different types of silver 
colloids were tested: Lee–Meisel type (citrate), borate, and gold-coated 
silver. BR9 (positively charged) gave much more intense SERRS spectra 
than the two negatively charged dyes. For BR9 and AO7 the citrate coated 
Lee–Meisel colloid yielded the most intense SERRS spectra. The CE–
SERRS system was used to separate and detect the negatively charged dyes. 
Silver colloid and nitric acid (to improve adsorption) were added post-
deposition. Even though their chemical structures are very similar, AO7 and 
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FY3 could be readily distinguished based on their SERRS spectra. The limits 
of detection (S/N=3) of the CE–SERRS system ranged from 6.7·10-5 M 
(2.6·10-12 mol injected) for FY3 down to 1.8·10-6 M (7.0·10-14 mol injected) 
for BR9.  

Keywords: CE, SERRS, Deposition interface, Silver colloid 

 
1. Introduction  

Capillary electrophoresis (CE) is a powerful separation technique that is 
usually coupled to UV absorption or fluorescence detectors for 
quantification purposes or to a mass spectrometer (MS) if identification is 
the main issue [1, 2]. For identification or peak identity confirmation, a 
detection technique complementary to MS would be welcome. Raman 
spectroscopy (RS) is a laser-based technique that has become a versatile 
analytical tool in the last decade, mainly due to recent instrumental 
developments in the field of laser technology and detection systems [3–5]. 
Raman signals are obtained by irradiating a sample with monochromatic 
radiation and measuring the small portion of inelastically scattered photons. 
Its vibrational information has, in principle, an analyte identification 
potential similar to that of IR spectroscopy. Additionally, RS can be easily 
applied to aqueous solutions, which is highly beneficial for on-line detection 
in reverse-phase LC and CE. 

A major disadvantage of RS is its low sensitivity [6], due to the inherently 
low probability of the Raman scattering process (small cross-section). In 
order to improve the sensitivity of RS, special modes can be exploited, such 
as resonance Raman spectroscopy (RRS) and surface-enhanced Raman 
spectroscopy (SERS), or even their combination, surface-enhanced 
resonance Raman spectroscopy (SERRS). Resonance enhancement can be 
achieved if the excitation wavelength of the laser overlaps with an electronic 
absorption band of the analyte. The signal enhancing mechanism is the 
coupling of some vibrations to an electronic transition; the sensitivity gain 
over conventional RS can be a factor of 103. For surface enhancement, the 
analytes have to be adsorbed on a metallic substrate with a submicrometer 
roughness, usually a silver colloid. In favourable cases the signal is 
intensified by a factor of 105–106 without serious simultaneous increase of 
the background: the silver particles also cause fluorescence quenching [7, 8]. 
Unfortunately, SERS is less widely applicable than conventional RS since 
not all analytes adsorb well onto the silver colloid particles. However, for 
adsorbing compounds, spectacular results have been reported, especially in 
cases where resonance and surface enhancement effects are combined 
(SERRS) [9]. 
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In recent years much effort has been devoted to the combination of CE and 
SERRS [10–12]. Sepaniak and co-workers [13] performed on-line CE–SERS 
using run buffers containing colloidal silver. More recently, the same group 
studied an at-line approach by depositing the CE effluent onto a SERS-active 
substrate using electro-filament transfer, while a coaxial liquid sheath 
provided the electrical contact [8]. He et al [14] developed at-line CE–SERS 
by adapting the metallized outlet capillary designed by Sweedler to achieve 
electrical contact [15]. This metallic coating is easily made by removing the 
outer coating from the last few millimeters of the capillary tip and applying 
conducting silver paint [10, 12], but in our experience this set-up was not 
very robust (especially when cleaning the capillary with NaOH) and 
electrical contact was often lost during the experiments. The limited lifetime 
of the silver-coated capillary tip (even when using a mildly alkaline buffer 
with a pH of 8.4) was also mentioned by Tracht and coworkers [16], 
describing a CE set-up interfaced with a 32P radionuclide-imaging detector. 
In order to solve the problem of electrical contact, McLeod et al [17] 
described an interface for CE–MALDI-TOF in which the CE tip was 
connected via a porous joint to a surrounding grounded buffer reservoir 
inside a needle. 

In the present paper, CE is coupled with SERRS in the at-line mode, in 
which the silver coating is replaced by a stainless steel needle as a 
(grounded) cathode and thin layer chromatography (TLC) plates as 
substrates. It should be emphasized that in such a combination the Raman 
spectra are used exclusively for identification and structure elucidation 
purposes (quantitation should be carried out with an in-line UV–VIS 
absorption detector). Silver sol is applied to the deposited spots for SERRS 
analysis. Different types of silver colloids were tested: Lee–Meisel type 
(citrate) [18], borate [19] and gold-coated silver [20]. Also, the charge of the 
analyte was expected to have a major impact on the SERRS intensities [21, 
22]. The following dyes were used as model compounds: Basic Red 9, Acid 
Orange 7 and Food Yellow 3 (see Fig. 1 for the structures and abbreviations 
used in this paper). 
 
2. Experimental 
 
2.1 Reagents 

The molecular structures of the dyes, Basic Red 9 (CI 42500), Acid Orange 
7 (CI 5510), and Food Yellow 3 (CI 15985), are shown in Fig. 1. These dyes 
show a moderately strong absorption at 514.5 nm, but the Raman excitation 
line does not coincide with their absorption maxima, see Fig. 1. Stock 
solutions of 1 mg/ ml were prepared by dissolving the required amount of 
the analyte in doubly distilled water. Aliquots of these stock solutions were 
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used to prepare test mixtures. All solutions were kept in a refrigerator at 4 
_C; diluted solutions were prepared fresh daily. Borate buffer, a mixture of 
boric acid and disodium tetraborate (20 mM, pH 10, Baker Analyzed 
Reagents) and tetraethylammonium hydroxide solution (1 mM) from Sigma 
Aldrich were selected for the CE separation. All solutions were filtered 
through a 0.45 lm membrane filter before injection into the CE equipment.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 - Molecular structures, abbreviations, absorption maxima and molar 
extinction coefficients at 514 nm for the three test compounds 

Three types of silver colloids were used: citrate (Lee and Meisel); borate, 
and gold-coated silver. For the citrate reduction [18], 45 mg of AgNO3 was 
brought to boiling in 250 ml water and 5 ml of a 1% (v/w) trisodium citrate 
dihydrate solution was added. The solution was kept boiling for 1 h. The 
sodium borohydride reduction was carried out as described by Creighton 
[19]. A volume of 18 ml of 2.2 mM AgNO3 was added drop-wise to 150 ml 
of a 1.2 mM ice-cold sodiumborohydride solution. The mixture was stirred 
for 45 min. Afterwards, 18.7 ml of a 3.9 mM solution of trisodium citrate 
dihydrate was added. The Au-coated Ag sols were made as described by 
Rivas et al [20] by adding different aliquots (between 0.2 and 1.5 ml) of a 
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0.3 mM HAuCl4 solution drop-wise to 20 ml of a preformed citrate-reduced 
silver sol (see above). After addition of an appropriate amount of sodium 
citrate solution, the mixture was boiled and stirred for 5 min. 

All colloids were preconcentrated by means of centrifugation at 4,000 rpm 
for 30 min; the most concentrated fraction (_3%) at the bottom was removed 
with a pipette and stored for future use; the more dilute supernatants were 
discarded. 

2.2 Instrumental set-up 

A PrinCE CE system (Lauerlabs, Emmen, the Netherlands) was used with 
on-line UV detection at 500 nm (model SP8480XR, Spectra-Physics, 
Mountain View, CA, USA). A 75-lm inner diameter fused silica capillary 
was used, with 100 cm total length and a window for absorption detection 82 
cm from the inlet. Samples were introduced hydrodynamically, by applying 
a pressure injection of 50 mbar for 10 s over the capillary (injection volume 
39 nl). Capillary conditioning was carried out by flushing the columns for 1 
min with 0.1 M sodium hydroxide, then for 2 min with water and finally for 
4 min with the separation buffer. In order to allow for deposition of the 
separated compounds, the outlet buffer vial had to be removed. The capillary 
outlet was fitted inside a stainless steel needle that also served as electrical 
contact (see Fig. 2a). The deposition process and needle distance were 
constantly monitored using a 12· magnifying video camera; optimization of 
the height of the needle above the substrate will be described below. A 
modified Camag (Muttenz, Switzerland) Linomat III translation table was 
used to move the TLC plate during the effluent deposition. Silica TLC plates 
(Merck, Darmstadt, Germany) with aluminum backing and fluorescence 
indicator were used as deposition substrate. 

The Raman set-up consisted of a Spectra Physics Series 2000 argon ion 
laser, a Spectra Physics Model 336 beam expander, a Zeiss (Oberkochen, 
Germany) UEM microscope optically coupled to a SPEX (Metuchen, NJ, 
USA) 1877 triplemate monochromator, and a CCD camera (Andor 
Technology, Model DV420-OE, Belfast, UK). For a schematic 
representation of the Raman setup, see Fig. 2B. 
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Fig.2A–B – A Deposition interface, showing the wetting of the needle tip 
for electrical contact and the bridge-shaped eluent flow to the substrate. 
B: Schematic of Raman microscope set-up 

 
3. Results and discussion 
 
3.1 Electrophoretic conditions 

An analyte mix of the three dyes, each at a concentration of 35 mg/l, was 
prepared. The electrophoretic conditions (concentration of tetraethyl-
ammonium, concentration of buffer, applied voltage) were optimized in a 
simple ‘‘one-variable-at-a-time’’ approach, based on the following criteria: 
migration behaviour, sensitivity, analysis time and peak shape. First the 
tetraethylammonium concentration was varied from 0.1 to 9 mM in order to 
optimize the shape of the first peak (BR9, positively charged dye). A strong 
influence on the peak shape was observed and the presence of 
tetraethylammonium was found to be essential. Ultimately a concentration of 
1 mM was chosen. The buffer pH was varied from 7 to 11 in steps of 1; the 
pH was also found to influence the peak shape for the three dyes studied. In 
general, narrower peaks were obtained at higher pH and the best resolution 
and peak shape was obtained with pH 10. The concentration of borate buffer 
was varied from 10 to 80 mM in an attempt to improve the resolution and 
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minimize the analysis time; finally 20 mM was selected. The applied voltage 
was varied between 10 and 30 kV and a voltage of 20 kV was selected. 
Under these conditions the test compounds were fully separated, as shown in 
Fig. 3.  

 

 

 

 

 

 

 

 

 

Fig.3 - CE electropherogram, showing the separation of the three dyes. 
Separation conditions: 20 mM boric acid pH 10, 1 mM 
tetraethylammonium, 10 s injection time, 20 kV, room temperature, 
absorption detection at 500 nm. The minor peak at 520 s corresponds to 
an unknown impurity. 

With this CE configuration (positive voltage to the inlet buffer, outlet 
grounded) the positively charged dye (BR9) migrated faster than the 
electroosmotic flow (EOF), whereas the negatively charged dyes migrated 
slower. Detection limits were calculated on the basis of the signal-to-noise 
ratio of the electropherogram. Assuming that a signal three times higher than 
the noise is sufficient to identify a peak, the detection limits for the 
compounds are: BR9, 1.3·10-5 M; AO7, 1.7·10-5 M; FY3, 1.4·10-5 M. 

3.2 Deposition procedure (interface) 

Deposition onto the moving TLC plate was started at a predetermined 
delay time after the first analyte passed the UV detector. An interface was 
developed in which the outlet of the capillary was inserted into a stainless 
steel needle for improved ruggedness. The needle supplied the electrical 
connection, by wetting the end of the needle tip with separation buffer (see 
Fig. 2A). Silica plates have an excellent water absorption capacity (no 
extensive spreading of liquid over the surface), which resulted in relatively 
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small analyte spots. The deposited CE traces had a width of _1 mm, and the 
analyte spots a length of ~2 mm, with some dependence on the translation 
speed of the TLC plate. A translation speed of 6 mm/min was typically used. 

The needle tip of the capillary should not touch the TLC plate, otherwise 
silica particles can be scraped off from the surface, enter the capillary and 
disturb the electric current. On the other hand, the distance between the 
capillary outlet and the moving plate should be as small as possible in order 
to deposit the effluent in a narrow trace on the TLC plate. If not, there is a 
risk of the effluent accumulating at the tip of the capillary, forming relatively 
large droplets in which the separated analytes can mix again. Ideally, the 
effluent is deposited in the form of a constant flow, bridging the needle tip 
and the substrate, rather than drop-wise (see Fig. 2A). 

3.3 Comparison of different colloid types 

Three types of silver colloids known from the literature [18–20]—citrate, 
borate and gold-coated silver—were tested for their Raman performance in 
combination with a silica TLC plate. These experiments were carried out 
using manual spotting with micropipettes, 1 µl of dye solution followed by 1 
µl of one of the colloids. The laser power was 7 mW, and the area 
interrogated by the laser was about 10 lm in diameter. As had been observed 
before, the signal intensity of the SERRS spectra can vary strongly within a 
spot due to so called hot spots in the partially aggregated colloid (typical 
coefficient of variation 30–50%). This hardly affects the relative intensities 
within a spectrum and therefore the usefulness for identification [12]. 
However, in order to be able to compare the relative intensities produced 
with the different colloids, spectra were recorded at five locations within the 
spot (for each spectrum ten accumulations of 1 s) and averaged. For the 
cationic dye BR9 the resulting SERRS spectra are shown in Fig. 4 (bottom). 
The highest intensities were obtained for the traditional citrate colloid (Lee 
and Meisel type), followed by the gold-coated colloid; the borate colloid 
performed much worse. Interestingly, the relative intensities of the different 
vibrational bands in Fig. 4 (bottom) are not identical. For example, the bands 
at 810, 905 and 1510 cm-1 are of similar intensity for the citrate and gold-
coated colloids, while for most other bands the citrate colloid gives the 
highest intensity. This is probably due to different adsorption configurations 
on the colloids, affecting the surface enhancement factors. From an 
analytical perspective it is important to emphasize that the band positions are 
not colloid-dependent, and these positions provide the most important 
information for analyte identification. 
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Fig.4 - SERRS spectra of manually spotted dyes on TLC plate with three 
different types of colloids; spectrum accumulation time 10·1 s. Top: AO7; 
bottom: BR9 

For AO7 (negatively charged test compound) the resulting SERRS spectra 
are shown in Fig. 4(top). The overall intensities are much lower than for the 
positive dye BR9. This is most probably related to the charge: adsorption to 
the colloid is strongest for cationic compounds [21, 23]. Unexpectedly, the 
citrate colloid performed best for AO7 too, in spite of the fact that these 
colloidal particles have a negatively charged surface. The borate colloid was 
second best, followed by the gold-coated silver colloid. The third compound, 
FY3, did not yield good Raman spectra with any of the colloids, probably 
due to the poor adsorption of this doublycharged anion [23]. However, as 
reported before, the signal could be improved by acidification with 1 M 
HNO3 [10] (see below). 

3.4 CE–SERRS 

For the coupling of CE to at-line SERRS detection we used the separation 
conditions described above and the citrate-coated Lee–Meisel colloid. In 
agreement with earlier findings [23], we found it difficult to handle analytes 
with very different SERRS responses in a single run. Even a minor trace of 
BR9 (for instance from tailing) would overwhelm the much weaker SERRS 
spectra of the AO7 and FY3 spots. 
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We therefore focused on the anionic dyes; after CE separation of AO7 and 
FY3, the effluent was deposited on a moving TLC plate. Citrate-coated 
colloid and 1 µl of 1 M nitric acid were added post-deposition. The spot size 
thus obtained (~2 mm; with a translation table moving at 6 mm/min, this 
corresponds to 20 s) did not show significant broadening compared to the 
CE separation as measured with the in-line UV detector (see Fig. 3). The 
SERRS spectra were recorded at-line using the Raman microscope, as shown 
in Fig 5. The Raman spectra contained sufficient differences in vibrational 
frequencies to distinguish the two compounds, even though their structures 
are very similar. AO7 (bottom) yielded a much stronger signal than FY3 
(top), which cannot be explained on the basis of differences in molar 
concentrations or molar extinction coefficients at 514 nm, but is most 
probably related to the charge and the resulting differences in adsorption to 
the colloid. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.5 - SERRS spectra of CE-separated spots, recorded on TLC plate after 
deposition and addition of 1 µl of silver citrate colloid and 1 µl of 1 M of 
nitric acid; spectrum accumulation time 10x1 s. Top: FY3; bottom: AO7. 
Peak labels are Raman frequencies in cm-1. 
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Based on a S/N ratio of 3, the following limits of detection (LOD) were 
calculated for the CE–SERRS system: 6.7·10-5 M for FY3 and 5.7·10-6 M for 
AO7. The latter LOD agrees very well with the value reported earlier by 
Seifar and coworkers [10]. The cationic dye BR9 gave much stronger 
spectra: for this compound the LOD of the CE–SERRS system was 1.8·10-6 
M. All of these LODs refer to concentrations in the CE sample vial, and a 
spectrum accumulation time of 10 s. These LODs are in the same range as 
those typically obtained with UV–VIS absorption detectors; we recommend 
that the latter should always be included in-line in the system: CE–UV–
SERRS. In that case, the UV detector can be used for quantitation whereas 
the SERRS detector is used for peak identification and/or confirmation. In 
such a set-up, the results are not affected by the relatively large variations in 
absolute intensities of the SERRS technique. 

4. Conclusions 

A new interface was developed for the coupling of CE and SERRS and was 
found to be much more robust than the silver-painted prototype used in 
earlier work. Whereas the previously used silver-painted tip end was often 
damaged when flushing the capillary with NaOH, such problems were not 
encountered with the new design. So far, the stainless steel needle interface 
has been in operation for more than a year without breakdown. When 
comparing the sensitivities of the various types of colloids, it was found that 
the classical Lee–Meisel type gave the best results in terms of signal 
intensity for both BR9 and AO7. 

Samples containing both positively and negatively charged dyes were 
difficult to handle in a single run. With the colloids tested here the positive 
dye gave much stronger SERRS signals, so that even minor tailing effects 
could seriously hamper the SERRS detection of the negative dyes in the 
same run. With analytes of the same charge such problems were not 
encountered, and under such conditions the at-line coupling of CE–SERRS 
performed very well. It should be mentioned that in practice SERRS (with its 
random variations in absolute intensity) should be used for identification 
and/or peak purity confirmation; an in-line UV–VIS absorption detector (as 
used in this work) should be included for quantization. 
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Abstract 

The results of time-dependent density functional theory (TDDFT) 
calculations of resonance Raman intensities are combined with experimental 
deep-ultraviolet resonance Raman measurements at a single wavelength, i.e., 
244 nm, in order to test the possibility to distinguish several very similar 
compounds. Pyrene and three of its substituted derivatives, in which a single 
hydrogen atom has been replaced by a halogen atom, are compared. The 
fixed 244 nm excitation wavelength overlapped with the same electronic 
transition of the four pyrenes. Ground-state calculations using the BP86 
exchange-correlation functional were used to predict the Raman frequencies, 
whereas excited-state calculations have been carried out employing the 
“statistical averaging of (model) orbital potentials” (SAOP) potential within 
a linear-response TDDFT framework in combination with the short-time 
approximation of resonance Raman intensities. In view of the simplistic 
theoretical approach, we find a surprisingly good agreement between the 
simulated and measured resonance Raman spectra of pyrene and its 
substituted analogues in terms of frequencies and intensities, which shows 
that the calculations can be used reliably to interpret the experimental 
spectra. With this combined information, it is possible to find criteria to 
distinguish the compounds under investigation, although many features of 
their vibrational spectra are similar. 
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1. Introduction 

Resonance Raman spectroscopy (RRS) has evolved into an important tool in 
analytical chemistry during the past decades. In contrast to normal Raman 
scattering, it allows the detection of molecules with high sensitivity, since 
the Raman signal is enhanced by a factor of up to 106 when excitation into 
an absorption band of the molecule under study is applied (for reviews see, 
e.g., refs 1-3). RRS can also show enhanced selectivity because of the 
selective electronic excitation with tunable laser wavelengths: If complex 
samples are dealt with, only those compounds that are in resonance with the 
laser wavelength show enhanced Raman signals. In biopolymeric molecules 
RRS allows the selective study of the various chromophoric parts. 
Furthermore, since Raman scattering of water is very weak (in contrast to 
infrared spectroscopy) RRS will develop into an important tool for 
investigating biomolecules in an aqueous matrix. 

RRS has become more and more important with the rapid progress in laser 
technology. The advent of continuous-wave (CW) ultraviolet (UV) lasers 
and the subsequent development of UV-RRS instrumentation [4-6] led to an 
extensive use of this technique [7,8]. Many molecules exhibit absorption 
maxima in the UV region and, rather unexpectedly, in the wavelength region 
below _260 nm, fluorescence background is very weak and does not 
overwhelm the spectra. UV-RRS was even successfully applied to highly 
fluorescent analytes, e.g., to mixtures of similar aromatic compounds [9]. 
This is particularly important for applications in the life sciences or in 
environmental research, where many of such strongly fluorescent impurities 
might be present. Even the type of vibration enhanced for a particular 
molecule can be varied by tuning the laser wavelength to different 
excitations [10]. Recently, it was shown that UV-RRS has reached a level of 
sensitivity that allows its on-line application in combination with column 
liquid chromatography [11] or capillary electrophoresis [12]. It should be 
noted, however, that, at present, tunability in the deep UV is still out of 
reach; only few laser lines are commonly available, the most important being 
244 nm. 

Working under resonance conditions increases sensitivity, but not all the 
vibrational modes will be present in the resonance enhanced Raman 
spectrum; will this information still be sufficient for identification of similar 
compounds if there is no freedom of choice of excitation wavelength? Can 
excited-state calculations help us understand which vibrations are enhanced 
with a certain laser frequency? There are a number of questions regarding 
the use of RRS that require deeper fundamental understanding and 
theoretical research. 
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The calculation of resonance Raman spectra is, however, still a nonstandard 
procedure. A technique which is based on Kramers-Kronig relations between 
the polarizability tensor and the optical absorption was developed to 
calculate resonance Raman excitation profiles [13-15]. The corresponding 
“transformtheory” approach for the calculation of resonance Raman spectra 
[16] has been applied with some success during the past 10 years [17-20]. A 
recent study [20] showed that the progress in time dependent density 
functional theory might help to increase the usefulness of this technique, 
although the results from the simpler short-time approximation [1,21,22] 
were not much worse in that case. However, the transform theory requires 
the determination of excited-state minima, which might lead to problems, 
e.g., due to conical intersections [23]. Therefore, the estimation of resonance 
Raman intensities within the short-time approximation is still attractive to 
get qualitative insight into resonance Raman intensities. 

 

Fig.1 - Lewis structures of pyrene 
(1, X = H) and substituted pyrenes 
(2, X = F; 3, X = Cl; 4, X = Br) 
investigated in this study. 

 

 

Polycyclic aromatic hydrocarbons (PAH) are among the molecules most 
intensely studied by resonance Raman spectroscopy because they show very 
strong Raman scattering. They are also a potential health hazard, since many 
of them have the ability to induce cancer, so that their detection and 
identification is important in relation to occupational health and 
environmental pollution [4,24]. In this study we set out to combine 
experimental and theoretical efforts in order to investigate whether pyrene 
(1), one of the benchmark molecules within the PAH family, and the 
substituted pyrenes (2 to 4) in Fig.1, which differ only in one particular 
atom, can be distinguished reliably using RRS at a single excitation 
wavelength, i.e., at 244 nm. This set of molecules represents a “worst-case” 
approach in terms of identification, because all the analytes have practically 
identical vibrational modes. It should be noted that such a study presents a 
challenge bigger than analyzing substitutional isomers. 
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2. Computational Details 

Density functional calculations have been performed using a modified 
version of the Amsterdam Density Functional (ADF) package [25,26]. The 
Becke-Perdew exchange-correlation functional, dubbed BP86 [27,28] was 
employed for ground-state structure optimization and frequency analysis. 
We used the SAOP potential (statistical averaging of (model) orbital 
potentials) [29-31] in combination with the TZP basis sets from the ADF 
basis set library25 to calculate vertical excitation energies for structures 
displaced along the normal coordinates. For the estimation of (relative) 
resonance Raman intensities, we used the short-time approximation for 
absorption and resonance Raman scattering (see, e.g., refs 1, 21, 22, 32, 33). 
In ref 20 it was shown that this approach can yield results comparable to 
more elaborate treatments based on excited-state structure optimizations. 
Within the short-time approximation, the relative intensities ij and ik for 
modes j and k are given by [1,22]: 

 

          
(1) 

 

where ν~ j or ν~ k are the frequencies of vibration j and k, respectively, and 

∆ j or ∆ k are displacements of the excited state minimum along these 
modes in terms of dimensionless normal coordinates. These normal mode 
displacements are sometimes obtained by a fitting procedure of internal 
coordinate changes [34], but within approximate treatments, they may also 
be calculated. Within the “independent mode, displaced harmonic oscillator” 
(IMDHO) model [15,20], the relative intensities are equal to the square of 

the partial derivatives of the excited state electronic energy 
ex
elE  with 

respect to ground-state normal modes qj at the ground-state equilibrium 
position, 

 

(2) 

     

and therefore they are calculated here by direct computation of the squares 
of the excited-state gradients, which is assumed to be a good approximation 
if only “short-time dynamics” of the nuclei are important [1,35,36]. We 
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would like to point out that this is usually only a good approximation in the 
near-preresonance region and around the 0-0 line of a particular electronic 
transition [37,38]. 

The derivatives are taken by numerical differentiation of excitation energies 
for structures displaced along the normal coordinates of the molecule. Finite 
differences of excited-state energies are computed for states of the same 
electronic character as for the reference structure, which is identical to pure 
derivatives of adiabatic states if no couplings are present. In case of avoided 
crossings with small couplings, it means that these couplings are neglected. 
For large couplings, the Franck-Condon type approach used here will not be 
reliable. Within this approach, no explicit excited-state structure 
optimization is required. Since only relative intensities can be calculated, all 
intensities in this study are given in arbitrary units (“a.u.”), and their absolute 
values do not have a meaning. 

3. Experimental Section 

Pyrene, 1-bromopyrene, and 1-chloropyrene were obtained from Sigma-
Aldrich. 1-Fluoropyrene was purchased from Chiron (Trondheim, Norway). 
All analytes were dissolved in methanol (Fluka) with concentrations of 1 
mg/mL. The absorption spectra of the analytes were measured with a Cary 
50 absorption spectrometer using a 1-cm quartz cuvette. 

A sketch of the setup of the UV-RRS system is shown in Fig. 2. The light of 
an Innova FreD 90C (Coherent, Utrecht, The Netherlands) continuous 
frequency-doubled argon ion laser (wavelength: 244 nm, 40 mW) was 
projected on two Pellin-Broca prisms PB1 and PB2 (homemade), to remove 
the 488 nm fundamental laser line. The beam was then enlarged by a factor 
of 6 using a telescope consisting of two plano convex lenses L1 (focal length 
f, 50 mm) and L2 (f, 300 mm) and a pinhole, P. Via a beam splitter BS 
(model MUVBS45-FS-1D; Acton Research) the laser light was projected 
onto a 25 x (NA: 0.4) Cassegrain objective CO (Ealing, Holliston, MA) and 
subsequently focused to a small spot inside a Z-shaped flow cell with an 
optical path length of 8 mm. The scattered light was then collected via the 
same objective (backscattering geometry). Removal of the laser line was 
achieved by using a dielectric stack filter DF (designed wavelength: 244 nm; 
Omega Optical, Brattleboro, VT). The filter properties depend on the 
orientation with respect to the light beam: While they are usually placed 
perpendicular to the beam, the cutoff wavelength can be optimized by 
varying their angle to the incident light 
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Fig 2 - Experimental setup. FreD: frequency-doubled argon ion laser; PB: 
Pellin–Broca prism; L: lens;P: pinhole CO: Cassegrain objective; BS: 
beam splitter; DF: dielectric stack filter. A detailed description of the 
setup is given in the text. 

In our case effective rejection of the 244 nm light was achieved when the 
filter was turned 32 degrees. Of course, the transmission losses were not 
constant over the observed wavelength range. A correction profile was 
therefore applied to the spectra (see below). Finally the scattered light was 
projected via a focusing lens (f, 100 mm) to a single-stage 0.5-m 
spectrograph (Spex model 1870, Edison, NJ). The spectrograph had a grating 
of 1800 grooves/mm and a slit width of 70 µm, which resulted in a 
spectroscopic resolution (fwhm) of 15 cm-1. The Raman spectra were 
recorded with a cooled (-20 °C) Andor Technology model DV420-OE CCD 
camera (Belfast, Northern Ireland). For spectral calibration, the spectrum of 
cyclohexane was used according to ref 39. The cell was connected to an 
LKB model 2150 pump (Pharmacia, Uppsala, Sweden) with a six-port 
injection valve equipped with a 200-µL injection loop. Methanol was used as 
carrier stream at a flow rate of 0.1 mL/min. These flow injection settings 
provided a recording window of ~3 min and ensured that no 
photodegradation of the analytes occurred. All spectra were recorded for 100 
s (five accumulations of 20 s each). 
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To compensate for the transmission function of the DF filter, a correction to 
the resonance Raman intensities had to be applied. The spectra of a 
broadband xenon flash lamp (IBH model 5000 XeF) were recorded with the 
filter (placed as described above) and without (see Fig. 3). The ratio between 
these two spectra was calculated and then fitted with a first order exponential 
function (Rsq = 0.998). The resulting wavelength-dependent correction 
factor, which is also shown in Fig. 3, was applied to all measured spectra. In 
this paper, the most relevant frequency range from 500 to 1700 cm-1 will be 
shown. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 - Spectra of a broadband Xenon flash lamp with (dotted line) and 
without (dashed line) the dielectric stack filter (DF in Figure 2). We 
shifted the wavenumber scale by the laser excitation frequency for better 
comparability to the experimental resonance Raman spectra. The solid 
line is an exponential fit to the ratio between the two curves, which is 
applied as a frequency-dependent correction factor to the resonance 
Raman spectra. 

4. Calculated Vibrational Frequencies 

The vibrational frequencies and normal modes of pyrene and the three 
substituted compounds 1-fluoropyrene, 1-chloropyrene, and 1-bromopyrene 
have been calculated using BP86/TZP. The full set of vibrational frequencies 
for the unsubstituted pyrene is shown in Table 1. It should be noted that 
according to group theory, only the totally symmetric irreducible 
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representation can show nonvanishing electronic gradients for the excited 
states at the ground-state equilibrium structure for nondegenerate point 
groups. This was explicitly taken into account for the calculation of excited-
state gradients. Whereas the unsubstituted compound is of D2h symmetry 
and shows only 13 vibrations in the totally symmetric irrep a1g, the 
substituted molecules are of the lower Cs symmetry, so that all vibrations 
corresponding to irreps a1g, b1g, b2u, and b3u for the D2h symmetric 
compound now belong to the totally symmetric a′ irrep. In total, there are 49 
symmetric modes for the substituted compounds; their vibrational 
frequencies are given in Tables S1, S2, and S3 in the Supporting 
Information. 

The most obvious change in the vibrational frequencies is probably a 
missing high-frequency mode for the substituted pyrenes: for 1, we find 10 
different C-H stretch vibrations with wavenumbers >3000 cm-1, while there 
are only 9 of these vibrations for the other molecules. The missing mode 
occurs in the low-frequency region of the spectra of the substituted 
compounds. From the normal modes obtained in the calculation it can be 
seen that there are C-X stretch vibrations at 881 cm-1for X = F, at 824 cm-1 
for X = Cl, and at 805 cm-1 for X = Br, for which no corresponding 
vibration, i.e., no vibration with a similar type of collective motion in pyrene 
can be found. Furthermore, there are characteristic low-frequency modes 
which involve a C-C-X angle bending, or a stretching of the C-X bond 
together with a squeezing of the aromatic ring to which the halogen atom is 
attached. The former appear at 251 cm-1 (F), 193 cm-1 (Cl), or 144 cm-1 (Br), 
while the latter can be found at 378 cm-1 (F), 325 cm-1 (Cl), or 238 cm-1 (Br). 
However, these vibrations are not useful for distinguishing the substituted 
compounds for two reasons: (i) they do not show significant resonance 
Raman intensities in our calculations, so that it might be difficult to use them 
for a discrimination of different compounds, and (ii) they could not be 
observed in practice because the filter transmission function becomes 
problematic in this wavenumber range (i.e., closer to the laser wavelength, 
see Fig. 3). 

The lowest-frequency modes that are important for the resonance Raman 
spectra can be found between 540 and 640 cm-1. For the unsubstituted 
pyrene, there is only one totally symmetric mode in this range at 584 cm-1, 
which can be described as a breathing mode of the aromatic rings. For the 
substituted compounds there are two vibrations in that frequency range. For 
1-fluoropyrene, there is a collective angle-bending mode in addition to the 
breathing mode, while these two vibrations mix for the heavier chlorine and 
bromine substituents. Among the higher-frequency modes, modes 37-39 
involve a C-X stretch component, while modes 50, 51 and 59, 60 show a C-
C-X angle bending contribution for all substituted pyrenes. Since some of 
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these modes show a considerable intensity in the resonance Raman 
calculation, they will be discussed in more detail in section 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Table I - Calculated vibrational frequencies (BP86/TZP) in units of cm- 1 
for pyrene. 
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5. Electronic Transitions 

To identify the electronic states, which are in resonance with a certain laser 
excitation frequency, we calculated vertical excitation energies for pyrene 
and its substituted derivatives. The values for the lowest dipole-allowed 
excitations with considerable intensity are shown in Table 2 (for pyrene 
itself, all dipole-allowed states are listed; an extended list of excitation 
energies for all compounds is given in Tables S4-S7 in the Supporting 
Information). In this case, all singlet states within the irreps B1u, B2u, and 
B3u are symmetry-allowed. Since the intensity of the resonance Raman 
bands depends on the fourth power of the transition dipole moment [20] to a 
certain electronic state, only states with a considerable oscillator strength 
will lead to intense resonance Raman scattering. For pyrene, the 2B2u state 
at 245 nm (calculated; experimental value: 239 nm) has high oscillator 
strength; the available 244 nm excitation wavelength is therefore very 
appropriate to conduct UV-RRS experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table II - Experimental (Eexp) and calculated (SAOP/TZP; Eexp) vertical 
excitation energies for the lowest dipole-allowed transitions of compounds 
1 to 4. Also shown are calculated oscillator strengths (f). For the 
substituted pyrenes only excitations with oscillator strengths > 0.05 are 
given. 
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All states are symmetry-allowed for the substituted compounds, although the 
A″ states show a very low transition dipole moment. For 1-fluoropyrene, the 
8A′ state (calculated: 246 nm; experiment: 239 nm) will be most important 
for comparison with the resonance Raman experiments with excitation 
wavelength of 244 nm because of its high oscillator strength. 1-
Chloropyrene is a bit more problematic, since there are three electronic 
states between 249 and 243 nm (calculated; experimental band maximum at 
241 nm) with substantial oscillator strength, although none of them shows a 
calculated intensity comparable to the (calculated) 245/246 nm transitions of 
pyrene and 1-fluoropyrene. Also for 1-bromopyrene, we find two states at 
245 and 244 nm (calculated; experimental band maximum at 242 nm) with 
relatively large oscillator strengths. All of these states might have to be 
considered for the resonance Raman intensities. 

From the data in Table 2 it becomes obvious that the excitation energies for 
the two lower excited states with considerable intensity in experiment are 
underestimated by between 0.34 and 0.45 eV, while the discrepancy is 
smaller than 0.17 eV in all cases for the third intense experimental band. 
However, we are not focusing on the vertical excitation energies in this 
work, and other studies [40,41] have shown that the SAOP potential is well 
suited to describe properties depending on the shape of the excited-state 
potential energy surfaces, even though their vertical positions might be in 
error. 

An analysis of the absorption spectrum of pyrene using TDDFT methods has 
recently been carried out [42]. Similar to the results obtained there, also our 
calculation reverses the order of the two lowest excited states: The intense 
1B2u (“La”) state is 0.08 eV lower in energy than the weakly allowed 1B3u 
(“Lb”) state, while experimentally the Lb state is found at lower energy 
(3.33 eV). This underestimation of the 1B2u state can be traced back to the 
problem of TDDFT in describing states with ionic character [43]. 

6. Resonance Raman Spectra 

Fig. 4 shows a comparison of the calculated resonance Raman spectra of 
pyrene and 1-fluoropyrene and representations of some important vibrational 
normal modes. For pyrene, the gradient of the 2B2u state (calc.: 245 nm) has 
been applied for the calculation of the resonance Raman intensities, while 
for 1-fluoropyrene the gradient of the 8A′ state (calc.: 246 nm) has been 
used. Note that only relative intensities are calculated; therefore, the absolute 
values of the intensities do not have a physical meaning in our simulation. 
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Fig.4 - Comparison of calculated (top; SAOP/TZP) and experimental (λex 
= 244 nm; bottom) resonance Raman spectra of pyrene and 1-
fluoropyrene. Wavenumbers for the peaks are indicated in units of cm- 1. 
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The agreement between the calculation and experiment is remarkable in 
view of the simplistic ansatz in the theoretical approach: The peak positions 
and the relative intensities of almost all bands agree well between simulation 
and measurements. The good agreement of the peak positions, usually within 
10 cm-1, again demonstrates the reliability of the BP86 functional in 
frequency analyses if the calculated harmonic frequencies are directly 
compared to the experimental fundamental ones (i.e., without scaling of 
frequencies) [44-46]. Additional comparisons to experimental infrared data 
[47] confirmed the good agreement for the vibrational frequencies. 

As regards the relative intensities, the agreement of theoretical and 
experimental results is also very good, although there are some exceptions. 
The most important one is the band at 1548 (calc.; 1551 in experiment) or 
1547 cm-1 (calc.; 1551 in experiment) for pyrene or 1-fluoropyrene, 
respectively, which is apparently too intense in the simulation. This is an 
angle bending mode, which for compound 2 (and also the other substituted 
pyrenes) also involves a bending of the X-C-C angles (X ) F for compound 
2). A possible explanation for this disagreement would be a normal mode 
mixing between these vibrations and the vibrations at 1617 (pyrene) or 1618 
cm-1 (1-fluoropyrene), which are of comparable frequency. It has been 
observed in refs 48 and 49 that such a Duschinsky rotation can affect the 
intensity calculation, and a comparison with intensities of combination bands 
of these two modes could help to clarify this point. Several bands of low 
intensity are present in the experimental resonance Raman spectrum around 
3000 cm-1 (including C-H stretch fundamentals), so that it is not 
unambiguously possible to identify overtones and combination bands here. 
Also, the computational determination of overtone and combination band 
frequencies and intensities is beyond the scope of this work: 
Anharmonicities are not taken into account, but they are important for 
overtones and combination bands. Furthermore, the simple relationship in eq 
1 holds only for fundamental transitions. 

All the key features of the experiment are reproduced in the first-principles 
calculation: intense bands are found at 1617, 1548, 1394, 1060, and 584 cm-1 
for pyrene and at 1618, 1547, 1397, and 598 cm-1 for 1-fluoropyrene in the 
simulation, while the most intense experimental peaks are found at 1627, 
1551, 1403, 1066, and 589 cm-1 for pyrene, and at 1632, 1551, 1403, and 
603 cm-1 for 1-fluoropyrene. The most intense band can be described as a 
distortion of the aromatic rings toward a rectangular shape, with additional 
contributions of H-C-C angle bendings. 

As far as the differences between both compounds are concerned, we 
observe that in both the experimental and the calculated spectra the relative 
intensities of the peaks at about 1400 cm-1 (calculated values: 1394 for 1 and 
1397 for 2) and 1060 (calculated values: 1060 for 1 and 1052 for 2) cm-
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1decrease when going from pyrene to 1-fluoropyrene. In particular the latter 
peak involves a bending of the halogen atom for the substituted compounds, 
combined with an X-C stretch. The frequency shift for the “breathing mode” 
of the aromatic ring (calculated: at 584 cm-1 for pyrene and at 598 cm-1 for 1-
fluoropyrene) is another important difference. The experimental values for 
these vibrations are 589 cm-1 (1) and 603 cm-1 (2), i.e., the experimental shift 
of 14 cm-1 for this band is very well reproduced in the calculation. An 
additional peak of very low intensity at 542 cm-1 can be found in our 
simulation for 1-fluoropyrene, which is also visible in the experiment (541 
cm-1). 

Also the region between 1000 and 1300 cm-1 shows many differences 
between the two compounds. Several peaks of low intensity appear for 1-
fluoropyrene, e.g, at 1052, 1090, 1134, 1205, 1223, and 1239 cm-1 in the 
simulation, similar to the experimental spectrum in this wavenumber range. 
However, there are also some additional experimental peaks for pyrene in 
this range, which are forbidden in the simulation, while the two most intense 
experimental peaks at 1066 and 1148 cm-1 also show up in the simulation 
(1060 and 1135 cm-1). Possible reasons for the additional peaks could be 
Herzberg-Teller type scattering or overtones/combination bands, since these 
effects are not included in our approach to model resonance Raman spectra. 
Such bands can thus not appear in the simulation. Nevertheless, the overall 
picture for this wavenumber range is similar in simulation and experiment: 
There is one intense and clearly dominant peak at 1060 (calculated) or 1066 
cm-1 (experimental) for pyrene, while several bands of smaller, but 
comparable intensity appear for 1-fluoropyrene. 

As mentioned before, three different excited states (9A′, 10A′, and 11A′) 
with considerable oscillator strengths are obtained for 1-chloropyrene, which 
might be eligible for excitation by a 244 nm laser. Therefore, three separate 
simulations of the resonance Raman spectra have been performed. Since 
resonance Raman intensities depend on the fourth power of the transition 
dipole moment [20] of the electronic state in resonance, the intensities have 
been scaled by the ratios (|µA|/|µB|)4, where µA and µB are the transition dipole 
moments for different excited states A and B; after scaling, the contribution 
of state 10A′ for 1-chloropyrene is negligible. The simulated spectra for the 
9A′ and 11A′ states of 1-chloropyrene and for the 10A′ and 11A′ states of 1-
bromopyrene are shown in Fig. 5. We summed the scaled results for the 
different states to get the total spectra shown in Fig. 6. It should be noted, 
however, that the most intense excitations, i.e., the contribution of state 9A′ 
(249 nm) for 1-chloropyrene and of state 10A′ (245 nm) for 1-bromopyrene 
dominate the final results. 
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Fig.5 - Calculated (SAOP/TZP) resonance Raman spectra of 1-
chloropyrene (top) and 1-bromopyrene (bottom). Two different excited 
states are considered for both molecules. The intensities have been scaled 
according to the |µ|4 dependence of the resonance Raman intensities. 
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Fig.6 - Comparison of calculated (top; SAOP/TZP) and experimental (λex 
= 244 nm; bottom) resonance Raman spectra of 1-chloropyrene and 1-
bromopyrene. For the calculated spectra the individual contributions 
shown in Figure 5 have been summed. Wavenumbers for the peaks are 
indicated in units of cm- 1. 
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Compared to the simulated spectra of pyrene and 1-fluoropyrene, there are 
now two intense peaks in the low-frequency range, at 576 and 632 cm-1 for 
1-chloropyrene, while in the spectrum of 1-bromopyrene the lower-
frequency peak (563 cm-1) is less intense than the other one (606 cm-1). The 
same intensity pattern can qualitatively be found experimentally, and also 
the agreement of the peak positions is remarkable: We obtain experimental 
values of 579 and 636 cm-1 for compound 3, while the corresponding values 
for compound 4 are 570 and 617 cm-1. The vibration at 1076 (3; calculated) 
or 1072 cm-1 (4; calculated) appears a bit more intense than the 
corresponding vibration in 1-fluoropyrene, which agrees with the 
experimental spectrum. The experimental frequencies for this vibration, 
which involves a X-C-C angle bending, are 1089 and 1084 cm-1 for 3 and 4, 
respectively, compared to 1066 and 1061 cm-1 (experiment; calculated: 1060 
and 1052 cm-1) for 1 and 2, respectively. Although the calculated peak 
positions do not exactly match the experimental ones, the accuracy of the 
differences for the different molecules is very good. 

In the simulation for these two compounds, new peaks appear between the 
two highest-intensity modes at 1574 and 1594 cm-1 for 3, and at 1571 and 
1594 cm-1 for 4. Their relative intensities are higher for 1-bromopyrene. In 
the experimental spectra, at least one of these two vibrations is visible, and 
the other one might be hidden below one of the other peaks. This peak is 
indeed a bit more intense for 1-bromopyrene, but it should be noted that 
similar peaks are also present in the experimental spectra for pyrene and 1-
fluoropyrene, which are not reproduced in the simulation. Again, the most 
important discrepancy to the experiment is the somewhat too high intensity 
of the mode at 1539 (calculated; experiment: 1542) cm-1 for both compound 
3 and 4. Apparently the relative importance of the contribution from the 
11A′ (3) and 10A′ state (4) is greater in the experimental spectra. This may 
be due to a more effective overlap of the true transition energy with the laser 
wavelength or stronger oscillator strength than predicted by the calculation. 
Furthermore, we obtain peaks at 1448 cm-1 (1-chloropyrene) and 1447 cm-1 
(1-bromopyrene) for which there is no corresponding vibration in the 
experimental spectra. 

There is another important difference in the simulated spectra of 1-
chloropyrene and 1-bromopyrene in comparison to the other two 
compounds: there are two peaks with considerable intensity around 1400 cm-

1, augmented with additional shoulders. They can be found at 1381 and 1396 
cm-1 for 1-chloropyrene, and at 1377 and 1395 cm-1 for 1-bromopyrene. In 
the experimental spectra, there are also two peaks at 1389 and 1407 cm-1 for 
1-chloropyrene, and at 1384 and 1407 cm-1 for 1-bromopyrene. In the 
simulated spectra for compounds 1 and 2, there is only one corresponding 
peak at 1394 cm-1 for 1 and at 1397 cm-1 for 2, although it shows shoulders 
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in case of 1-fluoropyrene. In the experimental spectra of compounds 1 and 2, 
there is a second peak visible close to the peak at 1403 cm-1, but it is of very 
small intensity. 

From an analysis of the excited-state characters for structures displaced 
along the normal modes according to the scheme presented in ref 40 it could 
be seen that in case of 1-chloropyrene rather strong nonadiabatic couplings 
between the 10A′ and 11A′ occur. This mainly concerns the higher-
frequency modes above 1350 cm-1, and it is caused by the small energy gap 
between these states. Therefore, the estimates of resonance Raman 
intensities based on excited-state gradients will be less reliable for this 
molecule than for the others. 

7. Conclusions 

The first conclusion to be drawn from this study is that, despite the simplistic 
ansatz used for the theoretical description of the resonance Raman 
intensities, theoretical and experimental data agree to a large extent. This 
good agreement, which includes frequencies and intensities, allows us to 
perform an unambiguous assignment of the peaks in the experimental 
spectrum to theoretical data, and an interpretation in terms of the calculated 
normal modes of the system. The combined theoretical and experimental 
approach therefore yields a much more detailed insight into the resonance 
Raman measurements than pure experimental RRS can do, since it becomes 
immediately clear which types of vibrations, i.e., which collective motions 
of the nuclei in the molecule are enhanced upon laser excitation. 

Clearly, there are a lot of common features in the resonance Raman spectra 
for the selected compounds. But the systems chosen here can be considered a 
“worst-case” scenario for different reasons: The compounds under study 
differ only in one particular atom, so that many vibrational frequencies are 
approximately the same for all molecules. Furthermore, we restricted 
ourselves to a laser wavelength of 244 nm in the experimental part, which 
leads to large enhancements of the Raman intensities for all compounds 
since they all show an absorption maximum close to this value. 
Unfortunately, this excitation does not considerably change the C-X bond 
character, so that no large differences for the different substituents X are 
induced. But despite these difficulties the combination of theoretical spectra 
simulation and experiment allows to clearly identify and interpret all 
differences in the spectra, so that several criteria for the discrimination 
between the different compounds could be found. In particular the low-
frequency bands between 540 and 640 cm-1 show characteristic frequency 
and intensity patterns for each of the compounds. Also the (simulated) peak 
at 1060 cm-1 for pyrene and the corresponding vibrations for the other 
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compounds, as well as the spectral features around 1400 cm-1 can help to 
identify the particular molecule under study. For many “real-life” 
applications larger differences can be expected than for the systems used 
here, so that experiment and theory can be a very powerful combination for 
this analytical technique. 

Calculating intensities for several laser wavelengths, corresponding to 
different excited states of a particular compound at once opens up other 
possibilities for the combination of both approaches: In our study, this 
feature was applied to estimate the effect of a few close-lying excited states 
and to identify the state which is most likely in resonance with the laser line 
and contributing most to the experimental spectra (for 1-chloro- and 1-
bromopyrene). It could also be employed to predict which excited states 
might be most appropriate to obtain different enhancements for similar 
compounds, making discrimination between them much easier. In this way 
the calculation provides the possibility for an efficient prescreening of 
several transitions, one of which may then be selected for each compound. 
This would of course require that the experimental setup include a tunable 
deep-UV laser source, so that all interesting transitions can be excited, and 
measurements are not restricted to a particular excitation wavelength. High 
repetition rate frequency multiplied picosecond Ti:sapphire lasers may 
become quite appropriate for this purpose [7]. 
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Abstract 

Ultraviolet resonance Raman spectroscopy (UV-RRS) is carried out using a 
continuous wave frequency-doubled argon ion laser operated at 229, 244 and 
257 nm in order to characterise the overtones and combination bands for 
several classes of organic compounds in liquid solutions. 

Contrary to what is generally anticipated, for molecules such as pyrene and 
anthracene strong overtones and combination bands can show up; it is 
demonstrated that their intensity depends critically on the applied laser 
wavelength. If the excitation wavelength corresponds with a purely 
electronic transition – this applies to a good approximation for 244 nm 
excitation in the case of pyrene and for 257 nm excitation in the case of 
anthracene – mostly fundamental vibrations (up to 1700 cm-1) are observed. 
Overtones and combination bands are detected but are rather weak. 
However, if the laser overlaps with the vibronic region – as holds for 229 nm 
and 257 nm excitation for pyrene and 244 nm excitation for anthracene – 
very strong bands are found in the region 1700 - 3400 cm-1. As illustrated for 
pyrene at 257 nm, all these bands can be assigned to first overtones or binary 
combinations of fundamental vibrations. Their intensity distribution can 
roughly be simulated by multiplying the relative intensities of the 
fundamental bands. Significant bands can also be found in the region 3400 - 
5000cm-1, corresponding with second overtones and ternary combinations. It 
is shown that these findings are not restricted to planar and rigid molecules 
with high symmetry. Substituted pyrenes exhibit similar effects and 
relatively strong overtones are also observed for adenosine mono phosphate 
and for abietic acid. The reasons for these observations are discussed, as well 
as the potential applicability for analytical purposes.  

Key words: resonance Raman spectroscopy, ultraviolet, overtones, 
combination bands, pyrene, anthracene 
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1. Introduction 
 
Resonance Raman Spectroscopy (RRS) in the wavelength region below 260 
nm – denoted as the deep ultraviolet (UV) - is becoming an attractive 
identification and detection method in analytical chemistry of liquid 
samples, either in a stand-alone fashion [1-5] or coupled to separation 
techniques [6,7]. Deep-UV-RRS is attractive for several reasons. First, it is 
potentially widely applicable since most analytes show electronic absorption 
in this wavelength region. Secondly, fluorescence interferences from the 
solute or impurity fluorescence from the solvent or the optics hardly plays a 
role in the deep UV. This is in contrast with RRS at longer wavelengths, 
where the Raman signal is often totally buried in fluorescence [8]. Finally, 
the use of short-wavelength excitation also results in a better spatial 
resolution [9]. Recent developments in laser instrumentation have strongly 
stimulated the further exploration of this method. There are two main lines to 
be noted here. Robust, stable intracavity frequency-doubled argon and 
krypton ion lasers have become available, providing continuous wave (CW) 
output at several discrete deep UV wavelengths. Alternatively, picosecond 
high-repetition rate Ti:sapphire lasers, in combination with frequency 
doubling/mixing techniques, can provide a tuneable output in the deep UV. 
Within this context, we refer to a recent publication of the Spiro group [10] 
on RRS using a tuneable kHz 193-210 nm laser. In the present study, a CW 
frequency-doubled argon ion laser is applied with main lines at 229, 244 and 
257 nm. 

Whether the vibrational information provided by RRS is appropriate for 
identification purposes is a major issue from an analytical point of view. It 
should be realised that not all vibrations observable in conventional RS are 
intensified by resonance. On the other hand, one can argue that RRS 
provides an inherent selectivity since only vibrations affected by the 
electronic transition overlapping with the laser wavelength will show up in 
the spectra. This has been elegantly demonstrated for biopolymeric 
molecules where distinct parts can be studied independently by utilizing 
selective wavelengths [10]. Theoretical studies dealing with quantitative 
aspects of resonance enhancement are still quite exceptional. We have 
shown recently [11] that the discriminative power of 244-nm RRS is 
sufficient to distinguish between a series of mono-halogenated pyrenes, 
including the parent compound. We have also shown that a relatively simple 
approach for calculating resonance enhancement factors yields very good 
results for these compounds [11]. 

Normally in RS only fundamental modes are observed. As described 
extensively in the literature the intensity of Raman scattering of a molecule 
can be related to its molecular polarizability by the Kramer Heisenberg Dirac 
(KHD) expression [12,13]. In the Born-Oppenheimer approximation – in 
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which vibrational and electronic functions are fully separated – the KHD 
expression can be solved resulting in two terms, known as the Albrecht A-
term and B-term [12,13]. In conventional, off-resonance RS the A-term 
vanishes and only the B-term plays a role. It has a non-zero value only when 
there is one quantum of vibrational energy difference between the initial and 
the final state. In other words, unless special effects play a role, overtones 
and combination bands are extremely weak or not observed in RS. 

In RRS, the situation is different from that in RS. The A-term, causing the 
so-called Franck Condon scattering, is no longer zero since the vibrational 
wavefunctions no longer cancel each other out. The A-term is expected to 
contribute even more to the enhancement than the B-term. Since it does not 
contain any co-ordinate operator in the numerator, the A-term is not 
subjected to selection rules, so that overtones and combination bands are in 
principle allowed. For the B-term the overtone selection rule still applies, 
although less strictly than in RS. 

The literature on RRS also suggests that overtones and combination bands 
through A-term enhancement are strong only if there is a significant 
difference in the nuclear geometry between the ground and the excited 
electronic state involved in resonance [12,13]. Such effects are expected for 
small molecules, but not for large aromatic chromophores, since the latter 
will not undergo large nuclear displacements upon excitation. Frequently 
quoted examples of spectra showing strong overtones relate to the small 
molecules iodine [13], methyl iodide [14] and the inorganic pigment 
ultramarine, the latter being due to the small sulphur species S3

- [13]. 
Relatively weak overtones were also reported for phthalocyanines [13]. A 
detailed physical chemistry study by Jones and Asher on the excited states of 
pyrene making use of RRS showed a number of strong overtone and 
combination bands [15]. Nevertheless, in most papers dealing with RRS of 
larger compounds, overtones and combination bands are not explicitly 
mentioned.  

Exploratory UV-RRS experiments in our group showed that the relative 
strength of these overtones and combination bands may depend strongly on 
the excitation wavelength. For instance, when exciting the rigid and 
relatively large molecule pyrene at 229 nm, very strong overtones and 
combination bands were observed in the 1700-5000 cm-1 range, quite 
different from the spectrum obtained at 244 nm, which showed only very 
weak features in that region. It is the purpose of the present paper to explore 
the occurrence and relative intensities of overtones and combination bands 
more systematically and discuss potential applications in analytical 
chemistry.  

A comparison will be made between pyrene and anthracene, applying the 
three wavelengths available with our frequency-doubled Ar ion laser: 229, 
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244 and 257 nm. In the case of anthracene those wavelengths correspond 
with a single electronic absorption band, whereas in pyrene two different 
electronic transitions are involved. Furthermore, some less symmetrical 
compounds such as pyrene derivatives, adenosine monophosphate (AMP) 
and abietic acid were also studied to find out whether the strong 
overtone/combination bands are limited to molecules of high symmetry. 

It is the aim of the present paper to arrive at some qualitative conclusions as 
to why, for instance, the 244 nm UV-RRS of pyrene hardly provides 
overtones/combination bands whereas for anthracene at the same excitation 
wavelength such bands are quite strong. Of course, from an analytical point 
of view such differences suggest the availability of an additional selectivity 
criterion, which makes UV-RRS even more attractive for identification. A 
detailed theoretical treatment of the results is beyond the scope of this paper. 
A publication by Chinsky et al. [16], devoted to the relatively small uracil 
molecule and dealing with five resonant Raman active modes, gives a 
feeling for the complexity of the required theory. For pyrene a discussion on 
excited state potential surfaces derived from Raman excitation profiles is 
available [15]. 
 
2. Experimental section 
 
2.1 Chemicals 

Pyrene, 1-bromopyrene, anthracene, and adenosine monophosphate 
(AMP) were obtained from Sigma-Aldrich. 1-Fluoropyrene was 
purchased form Chiron, Trondheim, Norway. Abietic acid was 
obtained from Roth GmbH, Karlsruhe, Germany. Abietic acid was 
dissolved in a 50/50 mixture of ethanol and water, whereas AMP was 
dissolved in water; all other compounds were dissolved in methanol 
(Fluka). All concentrations were 2.5*10-3 M; for pyrene also lower 
concentrations were tested to check for possible self-absorption 
effects.  

2.2 UV-RRS system 

The light of an Innova FreD 90C (Coherent, Santa Clara, CA, USA) CW 
frequency-doubled argon ion laser (typical power: 6 mW at 229 nm; 40 mW 
at 244 nm; 40 mW at 257 nm) was projected on Pellin-Broca prisms PB1 
and PB2 (home-made) to remove the fundamental laser lines (see Fig.1). The 
beam was then enlarged by a factor of 6 using a telescope consisting of two 
plano convex lenses L1 (f, 50 mm), and L2 (f, 300 mm) and a pinhole, P. 
Via a beam splitter (model MUVBS45-FS-1D; Acton Research, USA) the 
laser light was projected onto a 20x (NA: 0.65) quartz objective (QO; Partec, 
Germany) and subsequently focused to a small spot inside a quartz flow cell. 
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The cell was placed on a motorized, vertically moving stage to avoid 
photodecomposition. The inner dimensions of the cell were 2 x 2 mm; the 
wall thickness was 1 mm. The optimization of the system was done using the 
standard calibration agent cyclohexane, which does not absorb the laser 
light. The beam was focused in the middle of the cell resulting in approx. 1 
mm pathlength. This alignment was not changed for the solutions; for 
strongly absorbing solutions the effective pathlength was shorter. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1 - Experimental set-up: PB (Pellin-Broca prism), L (lens), P 
(pinhole), BS (beam splitter), QO (quartz objective), DF (dielectric stack 
filter). 

The scattered light was then collected via the same objective (backscatter 
geometry). Removal of the laser line was achieved by using a dielectric stack 
filter DF (designed wavelengths: 231, 244, or 257 nm; Omega Optical, 
Brattleboro, VT, USA). The filters were angle-tuned to optimize the cut-off 
wavelength. The filter transmission characteristics were determined over the 
complete detection range. Spectra of a broadband xenon flash lamp (IBH 
model 5000 XeF, Glasgow, UK) were recorded with the filter (placed at the 
optimized angle) and in absence of the filter, as described earlier [11]. The 
ratios were calculated and then fitted with a first order exponential decay (R 
sq. ~ 0.998). The resulting correction factors were applied to all measured 
spectra. 

Finally, the scattered light was projected via a focusing lens (f, 100 mm) to a 
single-stage 0.5-m spectrograph (SpectraPro, Acton, MA, USA) with a 2400 
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grooves/mm grating. The entrance slit was parallel with the polarization of 
the excitation beam. Unless otherwise indicated, no polarisers were used for 
the measurements. The Raman spectra were recorded with a cooled (-40°C) 
Andor Technology Model DV420-OE CCD camera (Belfast, Northern 
Ireland) in vertical binning mode. In comparison with the instrument used in 
previous work [11], the current setup allowed the use of narrower slits, 
namely 30 µm for all excitation wavelengths. This resulted in a 
spectroscopic resolution (FWHM) of approx. 10 cm-1 for all excitation 
wavelengths. For Raman shift calibration the spectrum of cyclohexane was 
used, in accordance with the literature [17]. 

The flow cell was connected to an LKB model 2150 pump (Pharmacia, 
Uppsala, Sweden) with a six-port injection valve equipped with a 400 µL 
injection loop. Methanol or water was used as carrier stream at a flow rate of 
0.1 mL/min. These settings provided a recording window of approximately 4 
min. and ensured that no photodegradation of the analytes would occur. In 
the case of anthracene, a flow rate of 0.05 ml/min and longer integration 
times were used. For this compound excitation powers of 10 mW and lower 
were used; higher laser powers resulted in additional fluorescence 
background, which we attribute to an anthracene photodegradation product.  

In the case of AMP the volume of the injection loop was increased to 1mL 
and the flow rate was set to 0.05 mL/min in order to obtain a window of 
approx. 20 min, required for a high quality spectrum. Because of the poor 
extinction coefficient (see Fig. 3, note the differences in concentration) 
resonance enhancement is not very efficient for this compound. 

2.3 Calculations 

Theoretical calculations were performed using Gaussian 03 software. The 
Becke-Perdew exchange-correlation functional, dubbed BP86 [18,19], was 
used for ground-state structure optimization and frequency analysis (basis set 
6-311*). 
 
3. Results and discussion 
 
UV–RRS spectra of pyrene, at a concentration level of 2.5x10-3 M in 
methanol and excited at 229, 244 and 257 nm are depicted in Fig. 2. Very 
strong bands show up in the wavenumber range 1700 - 4000 cm-1. Even at 
higher frequencies up to 5000 cm-1 significant bands can be found. Most 
vibrational frequencies agree quite well with the spectra reported by Jones 
and Asher using a pulsed Nd:YAG-based laser system[15]. The relative 
intensities of these bands are strongly dependent on the excitation 
wavelength applied; they are most pronounced in Fig. 2A (λexc = 229 nm). 
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Fig.2 - RRS spectra of pyrene (2.5*10-3M in methanol) at three excitation 
wavelengths;   A) 229 nm, 6 mW, 120 sec; B) 244 nm, 40 mW, 100 sec; C) 
257 nm, 40 mW, 100 sec. *- solvent bands 
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The intensity ratios of the high-frequency bands versus the fundamental, 
low-frequency bands are not due to secondary absorption of the Raman 
scattered photons. This effect would be wavelength dependent and would 
favour the relative intensities of combination bands and overtones compared 
to the fundamental vibrations at high concentrations. Upon stepwise dilution 
of the sample from 2.5x10-3 M down to 5x10-6 M, the penetration depth and 
the solvent bands increased, but no significant changes in the relative 
intensities of the 1630 cm-1 band and its first overtone at 3258 cm-1 were 
observed. In a further control experiment, possible effects due to two-photon 
excitation and/or photodecomposition were ruled out: control experiments 
showed a common linear dependence upon varying the laser power at 229 
nm from 2 to 9 mW. In addition, we tried to record the overtones of the 
solvent blank, i.e. methanol. As expected these bands were extremely weak, 
i.e. about 500 fold weaker than the main band at 2940 cm-1 We also checked 
whether the observed relative intensities could be due to polarization effects. 
When adding a polarizer in front of the entrance slit of the spectrograph the 
non-resonance enhanced methanol peaks were mostly vertically polarized 
(as expected) and their horizontal component was very weak. In the case of 
the resonance-enhanced Raman peaks of pyrene, however, both the 
fundamental and overtone/combination bands showed very little polarization 
dependence in our backscatter geometry. From these results it is concluded 
that the relatively high intensities of the overtone and combination bands 
(strongest at 229 and 257 nm, and much weaker at 244 nm) in the UV-RRS 
spectra of pyrene are not due to experimental artefacts. 

As a first approximation we attempted to relate this wavelength dependence 
to the electronic absorption spectrum of pyrene. As indicated in Fig. 3 the 
excitation wavelength at 244 nm corresponds to an almost pure electronic 
transition (from the S0 to the S4-state according to the literature [2,15]); no 
changes in vibrational states are involved. This does not apply for the other 
wavelengths: 229 nm corresponds to a strong vibronic band of the same 
electronic transition, whereas 257 nm coincides with a vibronic band of the 
S0-S3 transition.  

To investigate whether the presence of strong overtones and combination 
bands is related to the excess of vibrational energy – as for the 229-nm and 
257-nm excitation of pyrene – UV–RRS spectra of anthracene were 
recorded. As is obvious from the anthracene absorption spectrum in Fig. 3, 
the same electronic state (S3) is excited at all three laser wavelengths. 
Excitation at 257 nm is at preresonance and close to the purely electronic 
transition (no excess vibrational energy). Excitation at 244 nm corresponds 
with a strong vibronic band, whereas at 229 nm the excess energy is still 
higher, but the corresponding extinction coefficient is very small. Fig. 4 
clearly shows that, indeed, hardly any overtones and combination bands are 
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observed at 257 nm. For anthracene the strongest overtones/combination 
bands are found in the 244 nm spectrum, as expected. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3 - Absorption spectra of anthracene (1.9*10-5M in methanol); pyrene 
(5*10-5M in methanol) and AMP(1.5*10-3M in ethanol/water = 50/50). The 
vertical lines show the excitation wavelengths examined in this work.  

Detailed analysis of the UV–RRS spectra of both pyrene and anthracene 
reveals that all bands observed at higher frequencies can be assigned to 
linear combinations of the fundamental frequencies. As a representative 
example, we will illustrate this for the 257-nm RRS spectrum of pyrene. In 
Table I the ten fundamental vibrations of Ag symmetry are listed; one B3g 
vibration (f9) was added since this band showed up with an unexpectedly 
high intensity in the 257-nm RRS spectrum. The experimental values are 
convincingly close to the calculated ones; the lowest frequency vibration 
around 407 cm-1 is too close to the laser line to be observable in our set-up, 
but has been reported by others [15,20]. In Fig. 5, part of the 
overtone/combination band region of the 257-nm RRS pyrene spectrum is 
depicted. Apart from the methanol solvent bands and some bands pertaining 
to third order combinations, all bands in the spectrum can be assigned to 
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binary combinations of fundamentals. These summed frequencies are 
indicated in the histogram projected on the experimental spectrum. The close 
agreement between calculated and experimental band frequencies in Fig. 5 
also indicates that vibrational anharmonicities are quite small. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 - RRS spectra of anthracene (in methanol, 2.5*10-3M) at three 
excitation wavelengths; A) 229 nm, 6 mW, 300 sec; B) 244 nm, 4 mW, 300 
sec; C) 257 nm, 5 mW, 900 sec; * - solvent bands. 



Strong overtones and combination bands in UV-RRS                      105 

 
 

1800 2000 2200 2400 2600 2800 3000 3200
0

1x104

2x104

3x104

4x104

In
te

n
s

ity
 (

co
u

n
ts

)

Ram an sh ift (cm -1)

*

*

×
×

×

×

1800 2000 2200 2400 2600 2800 3000 3200
0

1x104

2x104

3x104

4x104

In
te

n
s

ity
 (

co
u

n
ts

)

Ram an sh ift (cm -1)

*

*

×
×

×

×

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5 - Experimental (black) RRS spectrum of pyrene (257 nm exc) and 
predicted (red bars) line spectrum based on binary combinations of all 
observable fundamental peaks (see Table 1, multiplying their relative 
intensities). * - solvent bands; × - higher order combination bands. 

 

As a first approximation, the intensities assigned to the histogram in Fig. 5 
were obtained by multiplying the relative intensities of the fundamentals as 
listed in Table 1. It is fascinating to see that such a simple approach leads to 
an intensity distribution that fits the experimental results quite reasonably. 
When comparing the spectra in Figs 2A, 2B and 2C we note that different 
fundamental vibrations are enhanced at 229 and 244 nm in comparison with 
257-nm excitation (see for instance the relative intensities of the three bands 
at 1552, 1595 and 1630 cm-1). As a result, also the intensity distributions in 
the high-frequency range are completely different. In all cases the strongest 
overtones and combination bands are related to the strongest fundamental 
bands. 
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Table 1 - Calculated (Gaussian 03, BP86, basis set 6-311*) and 
experimental fundamental Raman bands of pyrene (257 nm exc.) and their 
relative intensities. F0 was not observed because of the filter transmission 
function 

For anthracene similar assignments can be done, leading to analogous results 
(not shown). Interestingly, both for anthracene and pyrene, the experimental 
region below 1000 cm-1 opens the possibility to indirectly observe 
fundamental vibrations that are beyond direct detection: This holds for the 
calculated 407 cm-1 breathing mode of pyrene (observed at exactly that 
frequency in the literature [15,20]); its first overtone can be observed at 804 
cm-1, as shown in the inset of Fig. 2C. The same is true for the calculated 
387 cm-1 breathing mode of anthracene (observed at 395 cm-1 by Shinohara 
et al.[20]); its overtone occurs at 786 cm-1 in the 244-nm anthracene RRS 
spectrum (see inset of Fig. 4B). Thus, also vibrations obscured by the filter 
transmission function can be detected. The same holds for analyte peaks that 
are normally difficult to observe because of overlap with solvent peaks. The 
off-resonance Raman bands of the solvent will not show strong overtones or 
combinations. Another advantage of using the high-frequency range is that 
closely spaced fundamental Raman peaks are more easily resolved in the 
overtone/combination bands range since the frequency difference will be 
doubled or tripled. 

We explored whether the peculiar effects described above are exceptional, 
perhaps exclusively observed for planar and rigid molecules of high 
symmetry like anthracene and pyrene. First, UV–RRS spectra were recorded 
at 229 nm excitation for a set of mono-substituted pyrenes: 1-fuoropyrene, 1-
chloropyrene and 1-bromopyrene. The absorption spectra for these 

Fundamental 
vibration 

Calculated 
frequency (cm-1) 

Experimental 
frequency (cm-1) 

Relative 
intensity (%) 

f0 407 N.A. N.A. 
f1 582 592 24 
f2 805 815 7 
f3 1067 1066 11 
f4 1149 1146 7 
f5 1250 1237 24 
f6 1385 1371 44 
f7 1401 1406 44 
f8 1550 1552 6 
f9 1576 1595 100 

f10 1617 1630 30 



Strong overtones and combination bands in UV-RRS                      107 

 

 

500 1000 1500 2000 2500 3000 3500

0

2x104

4x104

6x104

8x104

1x105

In
te

n
si

ty
 (

co
u

n
ts

)

Raman shift (cm -1)

N

NN

N

NH2

O

HOH

HH

HH

OP-O

O -

O

F1

F2

2xF1 F1+F2

2xF2

500 1000 1500 2000 2500 3000 3500

0

2x104

4x104

6x104

8x104

1x105

In
te

n
si

ty
 (

co
u

n
ts

)

Raman shift (cm -1)

N

NN

N

NH2

O

HOH

HH

HH

OP-O

O -

O

F1

F2

2xF1 F1+F2

2xF2

derivatives are not very different from that of the parent compound (suppl. 
material of ref. 11) Also for these molecules strong overtones and 
combination bands were obtained when exciting into a vibronic region. At 
244-nm no vibronic excitation is involved and the overtones were rather 
weak (not shown). Relevant from an analytical point of view, spectral 
differences between similar compounds were more pronounced in the 
combination band regions.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 - RRS spectrum of AMP; 257 nm, 40 mW, 20 min (2.5*10-3M in 
water) 

As a final example, the 244-nm RRS spectrum of AMP is depicted in Fig. 6. 
In the case of AMP the electronic absorption band is rather broad so that the 
excess vibronic energy is not readily determined (see Fig. 3). Due to the 
lower extinction coefficient and therefore poorer resonance enhancement, 
much longer accumulation times were needed. Nonetheless, also for this 
molecule strong overtones were observed. The strongest fundamental lines at 
1338 cm-1 (F1; strong C-N and C-C stretching and C-H bending of the 
pyrimidine base) and at 1482 cm-1 (F2; similar to F1 with an emphasis on the 
deformation of the small ring) showed overtones at 2669 cm-1 (2F1) and at 
2956 cm-1 (2F2) and a combination band at 2818 cm-1 (F1+F2). Other 
combinations were also present, although the resolution of the setup was not 
sufficient for their identification (see the shoulders of F1 and F2 and of the 
combination bands). 
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Finally, overtones were also observed for abietic acid, a natural resin-like 
molecule with a single conjugated double bond, which only shows a very 
simple RRS spectrum. The C=C stretch mode F at 1644 cm-1 has a first 
overtone 2F at 3286 cm-1 of almost equal intensity and a weaker band for 3F 
at 4929 cm-1 (not shown). 
 
4. Conclusions 
 
Very intense overtones and combination bands are observed in resonance 
Raman spectroscopy and the phenomenon is not limited to very small or 
highly symmetrical molecules. This is obvious from the results obtained for 
pyrene and anthracene on the one hand and for substituted pyrenes, AMP 
and abietic acid on the other. 

Comparison of the pyrene and anthracene spectra recorded at 229, 244 and 
257 nm excitation indicates that excess vibrational energy during excitation 
plays a critical role. Whereas for excitation into a purely electronic transition 
the overtone/combination bands are weak, they are strong when the laser 
wavelength overlaps with a vibronic band. 

The positions of the overtones/combination bands are linear combinations of 
the fundamental ground-state frequencies observed in the range up to 1700 
cm-1. No bands are observed that cannot be explained on the basis of 
these fundamental bands, which indicates that the symmetry of the 
electronic transition also determines which modes give rise to strong 
combinations. The frequencies of the overtone bands are very close to 
the double or triple value of the fundamental, which means that 
anharmonicity is very small. The relative intensities of the overtones and 
combination bands agree quite well with the product of the relative 
intensities of the fundamental bands involved.  

By varying the excitation wavelength, low-frequency overtone bands 
occurring in the fundamental range can be distinguished from 
fundamental bands. The interesting analytical consequence is that 
closely spaced Raman peaks are more easily resolved in the overtone 
range, and also vibrations obscured by the filter transmission function 
or by solvent peaks can be observed. The latter aspect can be quite 
useful in imaging applications, such as cryosections of biological 
materials. At high frequencies in the overtone range it will be easier to 
reject the signal from the matrix, since off-resonance excited 
compounds have only extremely weak overtones. Obviously, because 
of the strong excitation wavelength dependence of the RRS spectra, 
the availability of tunable UV laser sources will be crucial for further 
development. 
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Abstract 

A Raman instrument was assembled and tested that rejects typically 98-99% 
of background fluorescence. Use is made of short (ps) laser pulses and time-
gated detection, in order to record the Raman signals during the pulse while 
blocking most of the fluorescence. Our approach uses an ultrafast-gated 
intensified CCD camera, as a simple and straighforward alternative to ps 
Kerr gating. The fluorescence rejection efficiency depends mainly on the 
fluorescence lifetime and on the closing speed of the gate (which is about 80 
ps in our setup). A formula to calculate this rejection factor is presented. The 
gated intensifier can be operated at 80 MHz, so high repetition rates and low 
pulse energies can be used, thus minimizing photodegradation. For 
excitation we use a frequency-tripled or doubled Ti-sapphire laser with a 
pulse width of 3 ps; it should not be shorter in view of the required spectral 
resolution. Other critical aspects tested are: intensifier efficiency as a 
function of gate width, uniformity of the gate pulse across the spectrum, and 
spectral resolution in comparison with ungated detection. The total 
instrumental resolution is 7 cm-1 in the blue and 15 cm-1 in the UV region. 
The setup allows one to use resonance Raman spectroscopy (RRS) for extra 
sensitivity and selectivity, even in the case of strong background 
fluorescence. Excitation wavelengths in the visible or UV range no longer 
have to be avoided. The effectiveness of this setup is demonstrated on a test 
system: pyrene in the presence of toluene fluorescence (λexc = 257 nm). 
Furthermore, good time-gated RRS spectra are shown for a strongly 
fluorescent flavoprotein (λexc = 405 nm). Advantages and disadvantages of 
this approach for RRS are discussed.  

Key words: time-resolved Raman, gated detection, ICCD, Baeyer-Villiger 
monooxygenase 
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1. Introduction 
 

The objective of this work is to assemble a Raman setup that can be used 
over a broad range of UV and visible excitation wavelengths, and that can 
efficiently reject background fluorescence. In many Raman applications 
fluorescence interference is a major obstacle. It may originate from matrix 
components or solvent impurities, from the compound of interest itself, or 
from optical components. A standard approach to avoid fluorescence is the 
use of longer excitation wavelength such as 785 or 1064 nm. Of course, this 
is disadvantageous from a sensitivity point of view since the Raman signal is 
proportional to λ-4. 

In resonance Raman spectroscopy (RRS) the intensity of the Raman signal 
typically increases with several orders of magnitude. More importantly, 
selective excitation becomes possible, because the Raman signal from non-
resonantly excited matrix components (e.g., solvent, DNA or protein matrix) 
remains low. Unfortunately, fluorescence interference will become more 
severe, since RRS is based on excitation at or close to the absorption 
maximum of the molecule of interest. Consequently, the probability of 
fluorescence emission upon relaxation from the exited state increases 
substantially. Furthermore, when using visible or near-UV excitation 
sources, fluorescence from matrix components will also increase. Asher has 
shown that in RRS with excitation in the deep-UV (<250 nm) fluorescence 
interference is negligible [1]. Our group has successfully followed this 
approach by developing deep-UV RRS as a detection method in liquid 
chromatography [2] and capillary electrophoresis [3]. However, an inherent 
disadvantage of excitation in the deep-UV region is the decrease in 
selectivity of RRS, since most molecules absorb well in this region. For 
instance in the case of a flavoprotein it would be very advantageous to 
selectively excite the flavin moiety (which has specific absorption in the 
visible range) without complicating the Raman spectrum by other protein 
components. However, since flavins are also strongly fluorescent, recording 
good-quality RRS spectra is a major challenge. 

For these reasons, fluorescence rejection is crucial for the development of 
RRS in the visible/near-UV range. An overview of available options was 
compiled by Pelletier [4]. Chemometric approaches using second derivatives 
[5] or wavelength shifts [6] have been used in order to distinguish the sharp 
Raman lines from the broad fluorescence background. However, if possible 
one would prefer to reduce fluorescence interference as much as possible 
before detection, and have the chemometric option still available if 
necessary. Adding a fluorescence quencher to the sample may be an option 
in some cases, although of course this would imply a sample modification. 
The most promising option is to make use of time discrimination between 
instantaneous Raman photons and fluorescence that will occur after a few ns. 



Fluorescence rejection in RRS using gated CCD camera                 113 

 

 

In 1986 time-resolved detection was extensively tested by Everall and 
coworkers, using picosecond laser pulses and a gated diode array detector 
[7] or a time-to-amplitude converter to gate the photomultiplier detector [8]. 
The latter reference also provides an overview of the available technology 
for gated detection in those days. At the time, the improvement in signal-to-
background was limited by the ns time resolution of the detection system. A 
faster system based on streak camera technology was reported by Tahara and 
Hamaguchi in 1993 [9]. Researchers at the Rutherford Appleton 
Laboratories in the UK achieved a major breakthrough in this field by 
developing picosecond Kerr gated detection [10]. Several research groups 
have used that setup since to record Raman spectra of strongly fluorescent 
samples such as bone tissue [11] or paper pulp [12]. The latter paper also 
describes how certain chromophores can be selectively detected by choosing 
the appropriate RRS excitation wavelength. 

Here we describe an alternative approach using an ultrafast-gated intensified 
CCD camera (ICCD). Gated intensifiers with a time resolution of 200-300 ps 
have recently become available [13]. Martyshkin et al. combined it with NIR 
excitation (785 nm) and showed the suppression of fluorescence from 
hexabenzocoronene and of long-lived luminescence from a Nd3+ impurity. In 
the current paper, the performance of this time-gated approach will be tested 
more thoroughly, and theoretical and practical limitations will be evaluated. 
Critical aspects tested are: the uniformity of the gate pulse across the 
spectrum, the spectral resolution compared to an ungated setup, and the 
intensifier efficiency as a function of the gate width. 

Finally, the effectiveness of fluorescence rejection is demonstrated for two 
representative systems in the UV and in the blue range, respectively. A 
pyrene/toluene mixture is analyzed using 257 nm excitation as a case where 
the molecule of interest (pyrene) is present in a strongly fluorescent matrix 
(toluene). The other application concerns RRS at 405 nm of a sample of 
phenylacetone monooxygenase (PAMO), a prototype flavoprotein of the 
Baeyer-Villiger monooxygenase enzyme family, in which the chromophore 
flavin adenine dinucleotide (FAD) is strongly fluorescent and is therefore 
itself a major obstacle for RRS studies. 
 
2. Experimental 
 
2.1 Instrumentation 

The experimental set up is shown in Fig. 1. The excitation source is a Ti 
sapphire laser (Mira model 900P from Coherent, Santa Clara, CA, USA), 
producing 3 ps pulses at a repetition rate of 76 MHz. The available 
wavelength range is 690-980 nm, which can be frequency doubled or tripled 
using a second/third harmonic generator (model TP-2000B, from u-Oplaz, 
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Chatsworth, CA, USA). For pumping a 532 nm frequency-doubled YAG 
laser is used (Verdi V18 from Coherent; typically operated at 10-12 W).  

 

 

 

 

 

 

 

 

 

Fig.1 - Experimental setup for time-gated RRS; a detailed description is 
given in the text. 

A fraction of the fundamental line (also emitted from the doubler/tripler) is 
directed via a quartz plate (QP) towards a photodiode (PD), which in turn 
triggers the intensifier/gate element (I/G) for the next pulse. The frequency 
doubled/tripled output is projected on a quartz Pellin-Broca prism (PB) to 
remove the residual fundamental laser line. Using a pinhole (P) and 
telescope consisting of two plano-convex lenses L1 and L2 the beam is 
enlarged approximately 6 times. Via a beam splitter (BS, model MUVBS45-
FS-1D; Acton research) the light is projected onto a 20x (NA, 0.65) quartz 
objective (QO, Partec, Münster, Germany) and focused to a spot inside a 
0.5-mm i.d. quartz capillary. In order to reduce photodecomposition the 
capillary is attached to a stage providing lateral movement (2 cm) as well as 
spin (max 700 rpm). The scattered light is collected via the same objective 
(backscatter geometry). Removal of the laser line and Raleigh scattering is 
done by means of a dielectric stack filter (DF, Omega Optical, Brattleboro, 
VT, USA). The filters are designed for a specific wavelength but can be 
angle-tuned over several nm to optimize the cut-off wavelength for the 
specific excitation wavelength used. In this work no correction was made for 
the non-uniform transmission function [14]. 

Finally, the scattered Raman light is focused via lens L3 onto the 30-µm 
entrance slit of a 50-cm, single-stage spectrograph (SpectraPro, Acton, MA, 
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USA) with a 2400 grooves/mm grating. The spectra can be recorded using 
two detectors: the gateable ICCD system consists of an intensifier/gate 
element with a 2X demagnifiying telescope (I/G, LaVision HR Picostar, 
Göttingen, Germany), coupled to a CCD detector (LaVision Imager QE 
1376x1040 pixels; pixel width 6.45 µm, cooled to -11 oC). For comparison a 
conventional (ungated) CCD camera (CCD1, model DV420-OE, 1024x256 
pixels; pixel width 26 µm, cooled to -50 oC) from Andor Technology 
(Belfast, UK) is fitted to a second exit port of the same spectrograph. 
Vertical binning over the irradiated area is applied for both cameras. Further 
characterization of the performance of the gated system is given in the 
Results section. 

2.2 Samples 

Two test samples were selected to assess the performance of the system in 
the ultraviolet and visible range. A mixture of pyrene (Sigma-Aldrich) and 
toluene (Fluka), both 10-3 M in methanol (Fluka) was chosen as a model 
system. The S3 absorption band of pyrene was used for resonance 
enhancement. Toluene was deliberately added to the solution because it 
provides strong fluorescence emission in the 265-320 nm range, overlapping 
with the Stokes Raman spectrum when excitation is carried out at 257 nm. 
The fluorescence lifetime of toluene in methanol was 9.8 ns as determined 
by time-correlated single photon counting (see Stortelder et al.[15] for a 
description of the setup). 

Phenylacetone monooxygenase [16] was measured in aqueous buffer 
(40µM) in its oxidized state. The sample was kindly provided by Dr. M.W. 
Fraaije of Groningen University, the Netherlands. Contrary to the pyrene 
sample, which was very stable, for the enzyme sample it was essential to use 
a spinning sample capillary in order to minimize photodegradation. 
  
3. Results 
 
3.1 Characterization of the system 

The operational principle of gated detection is illustrated in Fig. 2A. The 
repetition rate of our laser source is 76 MHz, hence the 13.2-ns time span 
between the pulses. The laser pulse length (3 ps with our system) is 
significantly shorter than the time resolution of the detector gate. Its exact 
duration is not critical for the time-gated detection, but is important for the 
spectral resolution of the system as will be discussed below. The Raman 
effect is an instantaneous process and unless strongly scattering samples 
with a broad distribution in photon pathlengths are concerned [17] the 
Raman signal will have a similar time profile as the laser excitation pulse. 
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Fig.2 - (A) Operational principle of time-gated Raman detection. (B) 
Typical gate profiles recorded by monitoring the attenuated reflected laser 
line; λ=405 nm. 

Fluorescence (from the analyte or from the matrix) usually shows an 
exponential decay with lifetimes of the order of 1-50 ns; in Fig. 2A a typical 
mono-exponential decay with a lifetime t  of about 6 ns is sketched. In the 
ideal situation the ICCD gate should match the duration and profile of the 
laser pulse for maximum Raman signal intensity and minimum fluorescence 
interference. Unfortunately ICCD cameras that feature 1-10 ps gate times 
and that can operate at high repetition rates are not yet commercially 
available. The LaVision Picostar system with the Kentech intensifier that we 
tested in this work can offer gates down to the 200-ps range and is currently 
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among the fastest in the world. Experimentally determined gate profiles are 
shown in Figure 2B. The intensity of the attenuated laser light reflected from 
the beam splitter (no sample involved) was measured while changing the 
delay time with 25-ps steps. Note that in this way the left flank of the gate 
profile corresponds to the closing phase of the gate. The laser power was 
kept constant in order to compare the relative intensities. The intensity ratio 
decreased as 1 : 0.95 : 0.63 : 0.21 for gate widths of 1000, 500, 300 and 200 
ps, but the shortest gate would yield the best Raman/fluorescence ratios. In 
this work 300 ps was used as a compromise. 

A discussion on fast-gated intensifiers can be found on the website of the 
intensifier manufacturer (Kentech, Didcot, UK) [18]. There are several 
important parameters to be taken into account. Two potentials, denoted as 
average voltage (Vav) and clamping voltage (Vcl), are applied between the 
photocathode screen and the front side of the multichannel plate (MCP). A 
positive average voltage keeps the camera closed in between gate pulses; the 
clamp voltage relative to the average voltage determines the width and shape 
of the gates. The optimized settings for the 300-ps gate were 21 Vav and 9.1 
Vcl. The voltage applied over the MCP is directly responsible for the 
generation of the electron “avalanche” and thus for the amplification of the 
signal. It was kept at 850 V for all experiments in this work. Finally, there 
was 6 kV acceleration potential between the MCP and the P43 phosphor 
screen.  

Actually, more important than the gate width is the steepness of its closing 
slope. The best strategy is to position the laser pulse at the onset of the 
closing slope, as illustrated in Fig. 2A. A small fraction of fluorescence 
photons will still be detected during the closing phase. Therefore the steeper 
the slope, the better the rejection factor. The 300-ps gate of the LaVision 
system has a closing time of approx. 80 ps, as shown in Fig. 2B. 
Approximating this closing profile with a straight line (and the gate profile 
as a trapezoid) we calculated the theoretical effectiveness of fluorescence 
suppression for our system. We define the fluorescence rejection factor KFR 
as the ratio of the fluorescence intensity IF in ungated and gated mode, 
respectively: 

 

(1) 
gated

ungated

F

F
FR

I
I

K =  

 

For relatively short-living fluorescence (i.e., when the fluorescence intensity 
has decayed to negligible levels when the next pulse arrives after 13.2 ns) 
the fluorescence rejection factor is given by: 
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where t  is the fluorescence lifetime and t is the time, both in nanoseconds. 
For larger values of t  the fluorescence detected during subsequent gate 
pulses should also be taken into account and the following formula should be 
used: 
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Fig. 3 shows the behavior of KFR , calculated for lifetimes up to 50 ns and 
taking into account the possibility of a fluorescence photon being detected 
during the first hundred gate pulses. With the current system, the best 
possible rejection factor would be 79 for compounds with lifetimes around 
4-5 ns. For very long-lived fluorescence or phosphorescence background, 
KFR converges to a constant that reflects the duty cycle of the detector: the 
signal is collected during 0.3 ns per 13.2 ns period, which gives KFR ~ 44. 
Obviously, better rejection rates may be achievable in the future with steeper 
closing slopes (most important for short-lived fluorescence) or shorter gates 
(most important for long-lived luminescence). The calculations also show 
that in certain cases a quencher, able to decrease the fluorescent lifetime to 
about 4-5 ns would be beneficial. 

The actual measurements were carried out in 0.5-mm diameter capillaries in 
backscatter mode, which means that the maximum temporal difference 
between Raman photons scattering from the front and the back corresponds 
to about 5 ps. This is insignificant in light of the gate width of the ICCD 
camera, but the effect should be taken into account when diffusely scattering 
media with a depth of several mm are being measured [19]. 
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Fig.3 - Predicted fluorescence rejection factor KFR as a function of the 
fluorescence lifetime, calculated for a 300 ps gate width, 80 ps closing 
time, and 76 MHz repetition rate. Mono-exponential fluorescence decays 
are assumed. The insert illustrates the gate profile approximated with a 
trapezoid. 

In this work we chose not to reduce the laser repetition rate (for example to 4 
MHz by means of 1:20 pulse picking), although that would have helped to 
prevent fluorescence being detected by the next gate pulses. The dumping of 
19 out of 20 pulses and the typical power losses in such pulse pickers (in 
particular in combination with second or third harmonic generation) would 
not be compensated for by a higher rejection factor KFR. A cavity dumper 
operating in the MHz range would be an option to further improve the 
rejection factor in the case of a long-living fluorescence background. 

Detailed studies of the theoretical possibilities and limitations of time-gated 
fluorescence rejection were reported by Everall and coworkers [8,19]. It 
should be realized that the improvement in signal-to-noise will be smaller 
than the improvement in signal-to-background. 

An important feature of the intensifier/gate element is the spatial consistency 
of the gate profiles. Since the intensifier has a circular shape and opens and 
closes with finite speed from the edges inward, it is expected that at different 
positions of the intensifier the gate profiles may differ in shape, intensity, 
and/or timing. Therefore, gate profiles were measured following the 
procedure described above at three different pixel columns, corresponding to 
different parts of the intensifier. The results are shown in Fig. 4. Fortunately, 
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we observed only slight differences in the time profile: of the order of 50 ps 
between the center of the intensifier and areas closer to the edges. For many 
applications this will not play a significant role, but if precise quantitative 
measurements are needed or if the relative intensities of different bands are 
used to characterize the sample, this effect must be taken into account.  

 

 

 

 

 

 

 

 

 

 

Fig.4 -  Spatial consistency of the 500 ps gate profile, measured at three 
pixel columns corresponding to different positions on the intensifier. 

Apart from the effectiveness of fluorescence rejection, another crucial 
feature determining the performance of the overall system is the spectral 
resolution. Compared to conventional Raman setups the time-gated detection 
will have two additional sources of spectral broadening. First, pulsed 
excitation must be used and short laser pulses (in the pico- to femtosecond 
range) may have distinctly broader spectral linewidths than continuous wave 
systems. Secondly, the intensifier/gate element will introduce some extra 
broadening. 

In order to quantitate the separate contributions to the overall spectral 
resolution of the system, we measured (i) the linewidths for a hollow cathode 
calibration lamp (negligible linewidth, thus indicating the broadening from 
the spectrograph and the effect of the finite camera pixel size), (ii) the 
attenuated, reflected laser line (indicating the extra contribution from the 
linewidth of the laser) and (iii) the Raman linewidth of a cyclohexane 
solution (801 cm-1 peak) for the overall performance. This was done for both 
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cameras and at two different wavelengths, using either frequency tripling 
(257 nm) or frequency doubling (405 nm) of the Ti:sapphire laser system.  

The spectral bandwidths obtained (FWHM in cm-1) are shown in Table I. In 
the UV region the spectral resolution is of course worse, since a given 
spectral dispersion of the spectrograph (in nm units) corresponds to a larger 
peak width in wavenumber units. Furthermore, a predominant source of 
broadening is the intensifier/gate element. The peak widths observed with 
the ICCD camera are larger than with the regular CCD, and the extra 
broadening from the intensifier is somewhat worse in the UV range. 
Electrons are ejected from the photocathode in all directions and accelerated 
towards the MCP. The lateral “blurring” depends on the proximity of the 
MCP and the potential, but also on the kinetic energy of the ejected electrons 
and therefore on the energy of the Raman photons. Additional lateral 
blurring occurs in the intensifier chip (due the finite width of the intensifier 
pores) and between the intensifier and the phosphor screen. When comparing 
the ICCD with the CCD, the measured line width of the calibration lamp 
broadened from 0.044 nm to 0.072 nm in the visible and from 0.056 to 0.098 
nm in the UV.  

 

Table I - Peak widths (FWHM, in cm-1) as observed by the two detectors in 
the UV and in the visible range. A: calibration lamp (Hg line at 265.20 nm 
or Ar line at 430.01 nm). B: laser line (power 2mW at 257 nm and 10mW 
at 405 nm, attenuated). C: cyclohexane Raman peak at 801.3 cm-1. The 
detectors were mounted to two exit ports of the same spectrograph. 

We also note that the laser pulses tend to become broader in terms of 
frequency with the increase of the output power. Table II shows some typical 
laser linewidths when UV excitation is used. There are two possible reasons 
for this effect: (i) in order to increase the laser output power the slit between 
the tuning element and endcoupling mirror is opened, which results in a 
broader spectral distribution. (ii) there may be a decrease in the pulse 
duration, which results in a wider frequency distribution; the pulse shape is 
sharpened further during the second/third harmonic generation. With our 
Ti:sapphire laser system, a lower power offers the best spectral resolution, 
but of course there is a trade-off with the signal intensity. The effect also 
occurs under visible excitation, although it is less significant because lower 
powers in the NIR already give sufficient output after frequency doubling 
(data not shown). The spectral linewidth of the excitation source should be 
carefully monitored when carrying out time-gated RRS experiments. 

 CCD; UV ICCD; UV CCD; vis. ICCD; vis. 
A: Cal. Lamp 8 14 2.4 3.9 
B: Laser line 9 15 5.1 6.9 
C: Cyclohexane 12 17 6.8 8.0 
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Table II - Peak width of the Ti:sapphire laser line (FWHM, cm-1) as 
function of the output power at 257 nm. 

 

3.2 Fluorescence rejection 

Fig. 5 shows the experimental data obtained for the model system 
pyrene/toluene in the UV (257 nm). The excitation wavelength overlaps with 
a vibronic band of the S0-S3 transition of pyrene [21]. The resonance 
enhancement is strong and in the absence of fluorescent impurities one can 
record high-quality spectra without gated detection [1,14,20,21]. The 
fluorescence from pyrene itself occurs at much longer wavelength (> 372 
nm). However, the toluene added deliberately to this test mixture fluoresces 
intensely in the same wavelength region as the Stokes Raman signals under 
257-nm excitation. The raw spectrum (Frame 5A, upper curve) recorded by 
the ungated CCD is dominated by this fluorescence background and hardly 
any Raman features are detectable. After background subtraction only some 
major peaks of the pyrene Raman spectrum become visible (Frame 5A, 
lower curve). In contrast, when time-gated detection is used most of the 
fluorescence emission is blocked, and a good RRS spectrum of pyrene is 
obtained as shown in Frame 5B. Even some overtones and combination 
vibrations [20,21] are visible at 2022 and 2218 cm-1. Due to the discussed 
limitations of the system, the resolution of the spectrum is not fully optimal. 
For instance, the triplet between 1600 and 1650 cm-1 as well as the cluster of 
peaks around 1400 cm-1 are not entirely resolved (for high resolution pyrene 
spectra obtained under similar conditions with the ungated CCD camera, see 
our earlier paper [20]). The fluorescence rejection factor, estimated based on 
the intensity ratios between the 1601 cm-1 peak and the broad background, 
with and without gated detection, is about 50-60. The low level of remaining 
fluorescence precludes a more precise determination. Given the measured 
fluorescence lifetime of 9.8 ns (see Experimental section) this factor agrees 
quite well with the value of 66 predicted by Eq. 3 (see also Fig. 3).  

 

 

Laser power CCD ICCD 
1 mW 9 14 
2 mW 9 15 
4 mW 11 15 
6 mW 12 19 
10 mW 14 23 
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Fig.5 - RRS spectra of the pyrene/toluene test mixture, both concentrations 
10-3 M in methanol. (A) Ungated detection (CCD camera; before and after 
background subtraction). (B) Gated detection (ICCD; 300 ps gate). λexc = 
257 nm; power = 2 mW; acquisition time = 5 min. The asterisk indicates 
the 1031 cm-1 methanol band. Note that the intensity scales of the two 
cameras are different. 

The system was tested in the visible region using a solution of the 
flavoprotein phenylacetone monooxygenase [16]. PAMO is a typical 
member of the Baeyer-Villiger monooxygenases. These enzymes contain a 
FAD cofactor as tightly bound prosthetic group and catalyze a wide variety 
of oxidative reactions. Their enantio- and regioselectivity and relaxed 
substrate specificity makes them valuable biocatalysts for the synthesis of 
fine chemicals [22]. The 405-nm excitation wavelength provides resonance 
enhancement of the active site of the protein, and thus selectivity over the 
remainder of the protein and the solvent matrix. The chromophore is the 
isoalloxazine moiety of the cofactor flavin adenine dinucleotide (FAD). It is 
also mainly responsible for the fluorescence background. In the literature, 
Raman spectroscopy of flavoproteins either required a coherent anti-Stokes 
Raman scattering approach (CARS; with spatial filtering of the directional 
Raman signal over randomly emitted fluorescence) or quenching of the 
fluorescence by certain proteins such as riboflavin binding protein [23] or 
binding to a silver electrode [24] or silver colloid [25,26] in surface-
enhanced resonance Raman spectroscopy (SERRS). It should be noted that 
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there are some risks associated with SERRS and the use of such metals: the 
possibility of enzyme denaturing, and in some cases the chance of FAD 
detaching from the protein. Since FAD in solution can come closer to the 
SERRS active surface, a small fraction of free FAD might overwhelm the 
signal from protein-bound FAD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6 - RRS spectra of phenylacetone monooxygenase, an enzyme that 
gives a strong autofluorescence background. (A) Ungated detection (CCD 
camera) before and after subtraction of the broad background. (B) 
Detection with the ICCD in ungated (open) mode. (C) Gated detection with 
the ICCD (300 ps, no background subtraction). λexc = 405 nm; power = 10 
mW; acquisition time = 10 min. Note that the intensity scales of the two 
cameras are different. 
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RS would be much less sensitive to such artefacts, but in the absence of 
silver quenching the strong FAD fluorescence in PAMO must be dealt with. 
Fig. 6A depicts the spectrum obtained with the ungated CCD camera. As 
expected, only one weak vibrational band can be distinguished on top of the 
broad fluorescence. Background subtraction does not improve the quality of 
the spectrum. Frame 6B shows the result obtained with the ICCD in ungated 
(open) mode, whereas in Frame 6C time gated detection was applied. The 
degree of fluorescence rejection as a result of gated detection is remarkable; 
even for this strongly fluorescent sample a clear Raman spectrum could be 
obtained. A comparison between Frames 6A/B and 6C shows a significant 
improvement in signal-to-noise of at least an order of magnitude. The peak 
positions are in very good agreement with other studies [23,25,26], for 
instance the SERRS spectra of Liang et al.[25] show major peaks at 1629, 
1572, 1406 and 1347 cm-1, although of course the relatively intensities are 
different. The Raman bands of the gated spectrum (FWHM ca. 15 cm-1) are 
broader than the 8-cm-1 peak width obtained under comparable 
circumstances for cyclohexane (Table I), but very similar to the spectra 
reported in the literature [23-26]. Apparently, for such samples and with 
excitation in the visible range the spectral resolution of our setup is fully 
adequate, in spite of the broadening from the 3-ps laser and the intensified 
CCD detector (see Table I). We expect that many similar, strongly 
fluorescent systems can be studied successfully with this technique, whereas 
until recently SERRS was often the only option.  
 
4. Discussion and conclusions 
 
In this paper we have demonstrated that time-gated detection, based on ps 
laser pulses in combination with a fast ICCD detector, can be used to obtain 
good quality RRS spectra of strongly fluorescent samples. The signal 
intensity as a function of gatewidth, and the gate uniformity over the CCD 
chip were determined. Spectral broadening contributions from the laser 
linewidth and from the intensifier element were quantified. A formula to 
predict the effectiveness of fluorescence rejection as a function of 
fluorescence lifetime was derived. Typically, a 50-80 fold background 
reduction can be achieved with this setup. Optimal results are obtained in 
case of a fluorescence lifetime around 4-5 ns (KFR=79). For longer-living 
fluorescence still a 44-fold reduction is foreseen for the setup described here, 
which could probably be improved by reducing the repetition rate through 
cavity dumping.  

In comparison with the Kerr gating method developed by Matousek and 
coworkers [10], which is operated at 650 Hz and requires high-energy pulses 
from an optical parametric oscillator in order to drive the Kerr gate, the 
approach described here appears to be easier to implement. There are no 
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wavelength limitations, and the fact that low peak powers can be used in 
combination with high repetition rates will be beneficial in terms of sample 
degradation, especially under RRS conditions. Also, longer laser pulses can 
be used (in the 3-10 ps range), which is an advantage in terms of spectral 
resolution. On the other hand, the fluorescence rejection factor is limited by 
the 80-ps closing time of our intensifier, and therefore the maximum KFR of 
79 is lower than that obtainable with the 2-3 ps Kerr gate. It should be tested 
whether the somewhat longer detection gates of our setup could be an 
advantage in the case of time-resolved detection of Raman photons from 
strongly scattering media, where the temporal distribution of photons from a 
certain depth is typically also of the order of hundreds of picoseconds 
[17,19]. Also for time-resolved monitoring of transient species it will depend 
on the temporal characteristics which type of detector will be most suitable. 

From an instrument point of view, further improvements are possible along 
several lines. Better rejection rates may be achievable in the future with 
steeper closing slopes (most important for short-lived fluorescence) or 
shorter gates (most important for long-lived luminescence). Of course such 
systems should still provide high signal gain factors, and be compatible with 
the 76 MHz of current Ti-sapphire lasers. The high repetition rate is 
important to minimize photodegradation under resonance conditions. In that 
respect the use of flow systems and/or moving sample holders (as used in 
this work) is also important.  

Our time-gated setup, including the contributions from the intensifier and the 
short laser pulses, offers a total instrumental resolution of 7 cm-1 in the 
visible and 15 cm-1 in the UV region (see Table I). For many RRS 
experiments this is fully acceptable in comparison with the natural linewidth 
(see Fig. 6), but for certain samples (especially in the UV range) a better 
spectral resolution would be preferred. The pulse duration of the Ti:sapphire 
system could be increased to 5 ps by means of an extra mirror that increases 
the number of passes through the Gires-Tournois interferometer (GTI), 
which would help to reduce the spectral bandwidth of the laser. A 
monochromator with a higher linear dispersion or an intensifier with 
narrower MCP pores or shorter distances before and after the MCP would 
also lead to a better spectral resolution. These options will be explored in the 
near future. 

The performance of the instrument was first assessed in the UV range using 
a test solution of pyrene, deliberately contaminated with the strong 
fluorophore toluene. Without gating the Raman spectrum was dominated by 
fluorescence, but good RRS spectra could be obtained with the gated ICCD 
detector. The experiments in the visible range (405 nm) on a fluorescent 
flavoprotein demonstrated the usefulness of the approach for life sciences 
studies, where fluorescence from the analyte or the matrix is often a major 
problem. So far, Raman studies of flavoproteins could only be carried out in 
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the presence of quenchers, or by using SERRS or CARS techniques. With 
the current setup such samples can be studied in a much more 
straightforward manner.  

In conclusion, we expect that the availability of user-friendly 
instrumentation for fluorescence rejection will stimulate researchers to 
explore the 250-600 nm region for RRS excitation, and thus benefit from the 
possibility to add extra selectivity to their measurements. 
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Chapter VII  
 
Summary 
 
Chapter I contains the basic principles of the different modes of Raman 
spectroscopy – normal mode (RS), resonance mode (RRS), surface enhanced 
resonance mode (SERRS) and time-resolved resonance mode (TRRRS). 
After briefly discussing the theoretical and practical advantages and 
limitations of every mode, the scope of the thesis is given and the analytical 
challenges are set. As stated before, the main problems of RRS are the 
intrinsic weakness of the Raman scattering effect and the ever-present 
problem of fluorescence interference. Thus, the major challenges for the 
analytical application of RRS are (1) increase of sensitivity, (2) improvement 
of selectivity, (3) suppression of fluorescence background, and (4) increase 
of identification power. All scientific and technical approaches presented in 
this thesis (Chapter III – VI) aim to improve one or more of the above-
mentioned parameters. 
 
In Chapter II we give an extensive overview of the current state-of-the-art 
in RRS and its most important analytical achievements. The introduction 
provides a detailed description of RRS and compares it to the normal mode 
RS. Subsequently, recent advances in the following fields of research are 
presented. (1) The use of visible RRS for analyzing carotenoids in biological 
matrices, for pigments and dyes, and for characterizing carbon nanotubes. 
(2) The use of RRS in the deep UV (excitation below 260 nm) in the 
bioanalytical and life sciences fields, including nucleic acids, proteins and 
protein-drug interactions. Metalloproteins can be studied by visible RRS in 
resonance with their chromophoric absorption. (3) Progress in theoretical 
calculations of RRS excitation profiles and enhancement factors, which 
ultimately might facilitate analytical RRS. (4) Instrumental and 
methodological achievements including fibre-optic UV-RRS, coupling of 
RRS to liquid chromatography and capillary electrophoresis, tip-enhanced 
RRS and techniques based on time-gated detection. 
The chapter aims to provide a comprehensive framework for the results and 
approaches described in this thesis. Our efforts in tackling the analytical 
challenges of RRS are in line with the efforts of the scientific community in 
developing RRS into a highly sensitive, highly selective, easy-to-use 
analytical technique. Although the analytical potential of RRS is very high, 
the number of pure analytical chemistry studies and real-life applications is 
still relatively low. However, the majority of the problems of RRS have been 
successfully addressed during the last decade. 
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SERRS as an identification method for liquid separation techniques, more 
specifically, the at-line coupling of capillary electrophoresis (CE) with 
SERRS is the subject of Chapter III. Here, we make use of the surface 
enhanced Raman effect combined with resonance excitation to achieve low 
detection limits. This approach both improves sensitivity due to the additive 
signal enhancement effects and reduces fluorescence interference due to the 
increased probability of relaxation of the excited state of the analyte via 
intersystem crossing to the triplet state of the metal substrate instead of via 
emission of a fluorescence photon. The investigated compounds were 
negatively and positively charged dyes in aqueous solutions. The Raman 
spectra (λexc = 514.5 nm) were recorded following deposition of the 
electropherogram on a moving substrate. The Raman-active metal surface 
was introduced in the form of a metal colloidal solution. Three different 
types were evaluated: standard Lee-Meisel type (citrate), borate and gold-
coated silver. Two important practical problems were encountered. First, for 
successful separation/deposition the capillary outlet must be open while 
maintaining the electrical circuit closed. A new interface was developed 
using a stainless steel needle as (grounded) cathode to replace the previous 
interface where the end of the capillary was painted with conductive silver 
paint. Second, from the investigated dye solutions Basic Red 9 (BR9), Acid 
Orange 7 (AO7) and Food Yellow 3 (FY3), the first one is positively 
charged and the other two are negatively charged. The charge influences the 
proximity between the compound and the active metal substrate. Generally, 
silver colloids are negatively charged, which means that the molecules of 
BR9 are likely to be found closer to the colloidal micelles compared with 
AO7 and FY3. Since the SERS effect decreases with distance to the sixth 
power, BR9 exhibits much stronger Raman signal than the negatively 
charged dyes. As a result, if one wants to separate and identify a mixture of 
positively and negatively charged molecules even the slightest tailing effect 
could lead to complete masking of the spectrum of the negatively charged 
analytes. Separating and identifying components with the same charge is no 
problem. The detection limit of the Raman set-up is more than adequate. 
However, due to the uneven signal enhancement – a well-known issue of 
SERS – it should be used for identification and/or peak purity confirmation; 
for quantification in-line UV-VIS absorption detector (as used in this work) 
is preffered. 
 
Chapter IV focuses on two problems. First, attention is given to the 
discrimination power of deep-UV RRS (λexc = 244 nm). Although working 
in the deep-UV offers higher sensitivity due to the relation between Raman 
intensity and excitation wavelength (IR ~ 1/λ4) and reduces fluorescence 
interference, it comes with a price – a reduced information content of the 
collected spectra. The question is whether it is possible to discriminate 
pyrene derivatives based on their RRS spectra, where the hydrogen atom at 
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position 1 is replaced with a halogen atom. Secondly, we explored state-of-
the-art computational methods in an attempt to simulate RRS spectra and 
thus add identification power to the method.        

Calculating off-resonance Raman spectra - where geometry optimization is 
needed only for the molecular ground energy level - is straightforward 
enough and can be performed by a spectroscopist without deep knowledge of 
computational chemistry. Predicting the enhancement factors for the 
different vibrational modes under resonance excitation is not so easy. 
Different techniques have been successfully developed and it seems that 
different types of molecules require different computational approaches with 
varying degrees of complexity. In this work we use an advanced, yet 
relatively simple approach. Ground-state calculations were used to predict 
the Raman frequencies (BP86 exchange-correlation functional), whereas 
excited-state calculations have been carried out employing the “statistical 
averaging of (model) orbital potentials” (SAOP) potential within a linear-
response time-dependent density functional theory (TDDFT) framework in 
combination with the short-time approximation of resonance Raman 
intensities.  

The results are encouraging. Although the RRS spectra of pyrene and its 
derivatives are very similar, enough differences for discrimination were 
found. Moreover, there is a very good agreement between simulated and 
experimental spectra. The combined theoretical and experimental approach 
therefore yields more detailed insight than pure experimental RRS alone, 
since it becomes immediately clear which types of vibrations, i.e., which 
collective motions of the nuclei in the molecule are enhanced upon laser 
excitation. The ability to simulate RRS spectra for several excitation 
wavelengths corresponding to different excited states can be very valuable. 
In this study we used the same excitation wavelength for all compounds but 
for some of the compounds (1-chloro- and 1-bromopyrene) we calculated 
several close lying excited states to identify the state, which is most likely in 
resonance with the laser line and contributes most to the experimental 
spectra. Such calculations can be used “the other way around” – to predict 
which excited states might be most appropriate to obtain different 
enhancements for similar compounds, making discrimination between them 
much easier and thus improve selectivity. Of course, from an instrumental 
point of view this will require tunable deep-UV laser. High-repetition rate 
frequency multiplied-picosecond Ti:sapphire lasers may be appropriate for 
this purpose. 
 
In Chapter V we explore an unexpected phenomenon, which can be used in 
certain circumstances to provide additional spectral information and 
ultimately improve the identification power of RRS. The effect is the 
presence of strong overtones and combination bands of several PAH 
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(polyaromatic hydrocarbons), nucleotides and other molecules when excited 
in the deep-UV region. The theory of RRS predicts the occurrence of strong 
overtones and combination bands for small molecules only. Since their 
presence in larger molecules has sparsely been reported in the literature and 
so far there is no comprehensive theory to explain the effect, we set out to 
explore the phenomenon and evaluate its analytical potential. Resonance 
Raman spectra were collected at 229, 244, and 257 nm excitation 
wavelengths in order to characterize the overtones and combination bands. 
We show that the intensity of the overtones and combination bands depends 
critically upon the excitation wavelength. If λexc corresponds with purely 
electronic transitions (244 nm for pyrene and 257 nm for anthracene) mostly 
fundamental vibrations (up to 1700 cm-1) are observed. Overtones and 
combination bands are detected but are rather weak. However, if the laser 
overlaps with the vibronic regions as holds for 229- and 257-nm excitation 
for pyrene and 244-nm excitation for anthracenes, very strong bands are 
found in the region 1700-3400 cm-1 corresponding to first overtones and 
binary combinations. Significant bands can also be found in the region 3400-
5000 cm-1, corresponding with second overtones and ternary combinations. 
The frequencies of the overtone bands are very close to the double or triple 
value of the fundamentals, which means that anharmonicity is very small. 
We also show that under proper conditions all possible overtones and 
combination bands between the fundamental vibrations are observed. 
Moreover, their relative intensities can be predicted by multiplying the 
relative intensities of the fundamental bands that constitute them. The strong 
overtone/combination bands effect can be very valuable from an analytical 
point of view. It allows us to derive the frequencies and roughly the relative 
intensities of fundamental bands based on their overtone/combination bands. 
Closely spaced Raman peaks are more easily resolved in the overtone range, 
and vibrations obscured by the filter transmission function or by solvent 
peaks can be observed. In addition, if real-life complex biological samples 
are investigated at high frequencies in the overtone range, it will be easier to 
distinguish the signal of the molecules of interest from the matrix, since off-
resonance excited compounds have only extremely weak overtones. Tunable 
UV laser sources would be necessary to carry out further research in this 
direction.  
 
Chapter VI deals with the most straightforward, yet one of the most 
technologically challenging way to suppress the fluorescence interference, 
namely time-gated RRS. It relies on the time discrimination between the 
instantaneous Raman scatter and fluorescence that will spread over a few 
nanoseconds. Over the years it has become clear that one of the most useful 
techniques for investigating complex real-life systems would be RRS with 
excitation wavelengths in the visible light region (400 - 700 nm). Most 
proteins, DNA and other biological macromolecules contain functional 
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groups or radicals that can be specifically excited with visible light in order 
to achieve the resonance Raman enhancement, thus increasing their signal 
compared to the rest of the molecule and the surroundings. However, 
fluorescence interference is a major obstacle; in such complex systems there 
will always be a component from the matrix or impurity that will fluoresce 
strongly and drown the Raman signal. The only available alternatives are the 
use of the SERS effect in combination with resonance enhancement 
(SERRS), introducing a fluorescence quencher in the system, or by using the 
Coherent anti-Stokes Raman scattering (CARS) technique. Over the years a 
number of time-resolved approaches was applied – from streak cameras to 
picosecond Kerr-gate detection. Here we make use of a time-gated 
intensified CCD camera (ICCD) with a time resolution in the region of 200 – 
300 ps. The source is a frequency doubled/tripled pulsed Ti:sapphire laser 
(76 MHz repetition rate, 3 ps pulse width). The fluorescence rejection 
efficiency depends mainly on the fluorescence lifetime and on the closing 
speed of the gate (approx. 80 ps). We demonstrate a 98–99% reduction of 
background fluorescence for two representative systems in the UV and in the 
blue visible range - pyrene in the presence of toluene fluorescence (λexc = 
257 nm) and a strongly fluorescent flavoprotein (λexc = 405 nm). We also 
evaluate the performance of the system with emphasis on the interaction 
between several critical parameters - intensifier efficiency as a function of 
gate width, uniformity of the gate pulse across the spectrum, and spectral 
resolution in comparison with non-gated detection. The spectral broadening 
for instance is larger than that of continuous-wave, non-gated systems (7 cm-

1 in the visible region and 15 cm-1 in the UV region) due to additional effects 
of the short laser pulses and the way the intensifier/gate operates. For many 
experiments this is adequate, but for certain samples (especially in the UV 
range) a better spectral resolution would be preferred and suggestions for 
improvement have been discussed. The overall fluorescence rejection rates 
can be further increased with steeper gate closing slopes (most important for 
short-lived fluorescence) or shorter gates (most important for long-lived 
luminescence). In conclusion, we think that such relatively simple, easy-to-
use systems have great potential in the bio-analytical field, where researches 
could utilize the RRS enhanced selectivity and improved sensitivity and at 
the same time almost completely eliminate the fluorescence interference.  
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In conclusion we can state that our expectations of the applicability, the 
advantages and disadvantages of the different types of RRS were satisfied. 
The updated Table 1 from Chapter I now looks like this: 

Approaches \ Criteria Increase 
sensitivity 

Improvement 
selectivity 

Suppression of 
fluorescence 

Identification  
power 

SER(R)S +   +   
Deep-UV RRS +   +   

Calculation RRS   +   + 
Strong overtones       + 
Time-gated RRS + + +   

Resonance excitation provided increased sensitivity and the suppression of 
the fluorescence was effective using the SERRS, deep-UV RRS and time-
gated RRS approaches. The problem with the loss of spectral information in 
RRS is alleviated by the use of advanced computational methods and the 
additional spectral information of overtones and combination bands.  







Chapter VIII  
 
Samenvatting 
 

Dit proefschrift ‘Ontwikkelingen in Analytische Resonantie-versterkte 
Raman Spectroscopie’ beschrijft een aantal nieuwe methoden, die de 
toepasbaarheid van Raman spectroscopie voor analytische toepassingen op 
een hoger vlak brengen. In Hoofdstuk I worden de basisprincipes 
beschreven van de verschillende vormen van Raman Spectroscopie - 
standaard (RS), resonantie-versterkt (RRS), oppervlakte- en resonantie-
versterkt (SERRS) en tijdsopgeloste resonantie-versterkte (TRRRS) Raman 
spectroscopie. Na een korte introductie van de theoretische en praktische 
voordelen en beperkingen van ieder van deze vormen van Raman 
spectroscopie, volgt een overzicht van dit proefschrift en worden de 
analytische uitdagingen toegelicht. De belangrijkste problemen van RRS zijn 
de intrinsiek beperkte sterkte van het Raman effect en de onvermijdbare 
interferentie door fluorescentie. Daarom zijn de belangrijkste uitdagingen:  
(i) verhogen van de gevoeligheid, (ii) verbeteren van de selectiviteit, (iii) 
onderdrukken van de achtergrond fluorescentie, en (iv) het verbeteren van 
het identificatie vermogen. Alle methodiek zoals beschreven in dit 
proefschrift (Hoofdstuk III-VI), heeft tot doel één of meer van de 
bovenstaande parameters te verbeteren. 

In Hoofdstuk II wordt een uitgebreid overzicht gegeven van de huidige 
stand-van-zaken rond RRS en de belangrijkste analytische prestaties met 
deze aanpak. De inleiding geeft een gedetailleerde beschrijving van RRS en 
een vergelijking met standaard Raman spectroscopie. Vervolgens worden de 
recente vooruitgangen in de volgende onderzoeksrichtingen gepresenteerd: 
(1) het gebruik van RRS (excitatie met zichtbaar licht) voor de analyse van 
carotenoiden in een biologische matrix, voor de analyse van pigmenten en 
kleurstoffen en voor het karakteriseren van nanobuisjes; (2) de toepassing 
van RRS in het diep-UV gebied (excitatiegolflengte onder de 260 nm) in 
bio-analyse en bio-medische vraagstukken, waaronder de studie aan 
nucleinezuren, eiwitten en eiwit-medicijn interacties. Metaal-houdende 
eiwitten kunnen zelfs met zichtbaar licht bestudeerd worden door middel van 
RRS waarbij de excitatiefrequentie in resonantie is met de 
absorptiefrequentie van de chromofoor; (3) vooruitgang in de berekening 
van de RRS excitatie spectra en versterkingsfactoren, die uiteindelijk de 
analytische toepassing vereenvoudigen; (4) instrumentele en  
methodologische verbeteringen inclusief fiber-optische UV-RRS, koppeling 
van RRS met vloeistofchromatografie en capillaire electroforese, nabij-veld 
versterkte RRS en tijds-opgeloste technieken. 
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Dit hoofdstuk heeft tot doel een volledige beschrijving te geven van de 
resultaten en benaderingen zoals beschreven in dit proefschrift. Onze 
inspanningen om de analytische uitdagingen van RRS aan te pakken, zijn 
overeenkomstig de benadering van de wetenschappelijke gemeenschap - 
gericht op het ontwikkelen van RRS tot een analytische techniek met hoge 
gevoeligheid, hoge selectiviteit,  en eenvoudige implementatie. Alhoewel de 
analytische potentie van RRS zeer hoog is, is het aantal zuivere analytisch-
chemische studies en praktisch-toepasbare applicaties nog beperkt. Toch kan 
gesteld worden dat het merendeel van de problemen van RRS succesvol zijn 
opgelost in het laatste decennium. 

SERRS als identificatietechniek voor scheidingsmethoden, specifiek de 
combinatie van capillaire electroforese (CE) en SERRS, is het onderwerp 
van Hoofdstuk III. Door het oppervlakte-versterkte Raman effect te 
combineren met resonante excitatie kunnen lage detectie limieten worden 
bewerkstelligd. Deze aanpak verbetert zowel de gevoeligheid door de 
additionele signaalversterking en vermindert tegelijkertijd de fluorescentie 
interferentie door de verhoogde relaxatiewaarschijnlijkheid van de 
aangeslagen toestand van het molecuul via de triplet toestand van het metaal 
substraat – ten koste van relaxatie door de uitzending van fotonen. De 
onderzochte verbindingen zijn positief- en negatief- geladen kleurstoffen in 
waterige oplossingen. Raman spectra zijn opgenomen na depositie van het 
electroferogram op een bewegend substraat .  Het Raman-actieve 
metaaloppervlak werd geintroduceerd in de vorm van een metaal colloïdale 
oplossing. Drie verschillende type metaaloppervlakken zijn geëvalueerd: het 
standaard Lee-Meisel type (citraat), boraat en goud-bedekt zilver. Twee 
belangrijke praktische problemen werden onderkend. In de eerste plaats 
moet voor een geslaagde scheiding/depositie de capillaire uitgang open zijn, 
terwijl de het elektrische circuit gesloten moet blijven. Een nieuwe 
koppeling is ontwikkeld waarbij gebruik wordt gemaakt van een roestvrij 
stalen naald als de geaarde kathode in plaats van geleidend zilververf aan het 
eind van het scheidingscapillair. Ten tweede is van de onderzochte 
oplossingen met de kleurstoffen Basic Red 9 (BR9), Acid Orange (AO7) en 
Food Yellow 3 (FY3), de eerst genoemde positief geladen en zijn de andere 
twee negatief geladen. De lading beïnvloedt de nabijheid tussen de 
onderzochte verbinding en het actieve metaal-substraat. In het algemeen zijn 
zilver colloïden negatief geladen, wat betekent dat de BR9 moleculen zich 
waarschijnlijk dichter bij de colloïdale micellen bevinden dan de AO7 en 
FY3 moleculen. Omdat het SERS effect afneemt met de afstand tot de zesde 
macht, geeft BR9 een veel sterker Raman signaal dan de negatief geladen 
kleurstoffen. Dit betekent dat als men een combinatie van positief en 
negatief geladen moleculen wil scheiden of identificeren, een zeer klein 
afstandsverschil (staart-effect) tot volledige maskering kan leiden van het 
signaal afkomstig van de negatief geladen moleculen.  De scheiding en 
identificatie van verbindingen met een gelijke lading leidt niet tot dergelijke 



Samenvatting                                                                                          141 
 

 

problemen. De detectie limiet is van de Raman opstelling is meer dan 
voldoende. Door de ongelijke signaalversterking - een bekend verschijnsel 
bij SERSS - dient de techniek echter met name voor identificatie en/of 
bevestiging van zuiverheid; voor kwantitatieve analyse heeft in-lijn UV-VIS 
absorptie detectie (ook gebruikt in deze studie) de voorkeur. 

Hoofdstuk IV spitst zich toe op twee problemen. In de eerste plaats wordt 
aandacht besteed aan het onderscheidend vermogen van diep-UV RRS 
(λexc=244nm). Het gebruik van diep-UV geeft een hogere gevoeligheid 
door de relatie tussen Raman intensiteit en excitatie golflengte (IR ~ 1/λ4). 
Daarnaast is de interferentie door fluorescentie lager. Deze voordelen 
hebben hun prijs, namelijk een afname in de hoeveelheid informatie in de 
verkregen spectra. De vraag is of het nog mogelijk is moleculen afgeleid van 
pyreen, waarbij  een waterstof atoom op positie 1 is vervangen door een 
halogeen atoom, te onderscheiden aan de hand van RRS spectra.  

Ten tweede worden moderne rekenkundige methodes ge-evalueerd op hun 
vermogen RRS spectra te simuleren om via die route de identificatiekracht te 
vergroten. 

Het berekenen van niet-resonante Raman spectra - waarbij alleen de 
geometrie optimalisatie van de grondtoestand vereist is - is relatief 
eenvoudig en kan door iemand met kennis van spectroscopie uitgevoerd 
worden zonder dat een fundamentele kennis van theoretische chemie vereist 
is. Het voorspellen van de versterkingsfactoren voor de verschillende 
vibraties bij resonante excitatie is minder eenvoudig.  Diverse succesvolle 
technieken zijn inmiddels ontwikkeld, maar het blijkt dat verschillende 
soorten moleculen het best worden beschreven met steeds verschillende 
technieken met uiteenlopende complexiteit. In dit proefschrift wordt een 
geavanceerde, maar transparante methode gebruikt. Berekeningen van de 
grondtoestand worden gebruikt om de Raman frequenties te voorspellen 
(BP86 exchange-correlation functional), terwijl de berekening van 
aangeslagen toestanden uitgevoerd worden met "statistische middeling van 
model bindingspotentialen" (SAOP) binnen de lineaire-respons 
tijdsafhankelijke dichtheidsfunctionaaltheorie (TDDFT), gecombineerd met 
de korte-tijd benadering van resonante Raman intensiteiten. 

De resultaten zijn bemoedigend. Hoewel de RRS spectra van pyreen en 
diens afgeleiden zeer verwant zijn, konden er voldoende verschillen 
gevonden worden om deze moleculen van elkaar te onderscheiden. 
Daarnaast is er goede overeenstemming tussen de gesimuleerde en de 
experimentele spectra. De gecombineerde theoretische en experimentele 
aanpak verschaft daarom een gedetailleerder inzicht dan puur experimentele 
RRS. Het wordt namelijk onmiddellijk duidelijk welk type vibraties, welke 
collectieve bewegingen van de atoomkernen binnen het molecuul, worden 
versterkt door de laser excitatie. Het vermogen om RRS spectra te simuleren 
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voor verschillende excitatiegolflengtes die corresponderen met verschillende 
aangeslagen toestanden kan van grote waarde zijn. In dit onderzoek is 
dezelfde excitatiegolflengte voor alle onderzochte moleculen gebruikt. Voor 
enkele moleculen (1-chloor- en 1-broom-pyreen) zijn aangeslagen 
toestanden berekend die dicht bij elkaar liggen om vast te stellen welke 
waarschijnlijk in resonantie zijn met de laser frequentie (en dus de grootste 
bijdrage leveren aan het experimentele spectrum). Deze berekeningen 
kunnen ook "andersom" gebruikt worden – om te voorspellen welke 
aangeslagen toestanden in vergelijkbare moleculen in aanmerking komen om 
onderscheidend vermogen te optimaliseren en de selectiviteit te verhogen.. 
Vanzelfsprekend vereist dit vanuit het perspectief van instrumenteel ontwerp 
de toepassing van een verstembare diep-UV laser. Frequentie 
ver(drie)dubbelde picoseconde Titanium-Safier lasers zijn mogelijk geschikt 
voor dit doel. 

In Hoofdstuk V wordt een onverwachte fenomeen nader bestudeerd, dat in 
sommige gevallen gebruikt kan worden om extra spectrale informatie te 
verkrijgen en uiteindelijk de identificatie kracht van RRS kan verbeteren. 
Het effect is de aanwezigheid van een sterke overtoon en combinatiebanden 
van verscheidene PAH (polycyclische aromatische koolwaterstoffen), 
nucleotides en andere moleculen by excitatie in het diep-UV deel van het 
spectrum. De theorie van RRS voorspelt alleen de aanwezigheid van sterke 
overtonen en combinatiebanden in kleine moleculen. Omdat de 
aanwezigheid in grotere moleculen slechts zelden wordt vermeld in de 
literatuur en omdat er tot dusver geen theorie is die dit verschijnsel volledig 
verklaart, wordt in deze studie het verschijnsel nader bestudeerd en het 
analytische potentieel geevalueerd. Resonante Raman spectra zijn 
opgenomen met een excitatiegolflengte van 229, 244 en 257 nm om de 
overtonen en combinatiebanden te karakteriseren. Het blijkt dat de intensiteit 
van de overtonen en combinatiebanden sterk afhangt van de 
excitatiegolflengte. Als λexc overeenkomt met een zuiver electronische 
overgang (244 nm voor pyreen en 257 nm voor antraceen) worden met name 
fundamentele vibraties (tot 1700 cm-1) waargenomen. Er worden weliswaar 
overtonen en combinatiebanden gedetecteerd, maar deze zijn zeer zwak. 
Zodra de laser frequentie overeenkomt met een vibronische overgang zoals 
bij 229- en 257-nm excitatie van pyreen en bij 244-nm excitatie voor 
antraceen, worden sterke banden waargenomen in het gebied tussen 1700 en 
3400 cm-1, overeenkomstig met de eerste overtonen en binaire 
combinatiebanden. Daarnaast kunnen sterke banden gevonden worden in het 
gebied tussen 3400 en 5000 cm-1, overeenkomstig met de tweede overtonen 
en ternaire combinatiebanden. De frequenties van de overtoonbanden liggen 
dichtbij de dubbele en driedubbele waarden van de fundamentele band, 
hetgeen betekent dat de anharmoniciteit laag is. Onder de juiste condities 
blijken alle mogelijke overtonen en combinatiebanden  van de fundamentele 
vibraties gedetecteerd te kunnen worden.Tevens wordt aangetoond dat de 
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relatieve intensiteiten voorspeld kunnen worden door de relatieve 
intensiteiten van de corresponderende fundamentele vibraties met elkaar te 
vermenigvuldigen. Het sterke overtoon/combinatiebanden effect kan een 
grote waarde hebben vanuit analytisch oogpunt. Het biedt de mogelijkheid 
om de frequenties en bij benadering de relatieve intensiteiten van de 
fundamentele overgangen at te leiden op grond van  hun 
overtoon/combinatiebanden. Dicht bij elkaar liggende Raman banden 
kunnen relatief eenvoudig onderscheiden worden in het gebied van de 
overtonen, en vibraties die verhuld worden door beperkte transmissie van 
optische filters of absorptie van het oplosmiddel kunnen zichtbaar gemaakt 
worden. Tenslotte, wanneer complexe biologische monsters worden 
onderzocht bij hoge frequenties in het overtoon bereik, is het eenvoudiger 
om deze moleculen te onderscheiden van de biologische matrix, aangezien 
niet-resonant aangeslagen verbindingen slechts zwakke overtonen vertonen. 
Verstembare UV lasers zijn vereist voor verder onderzoek in deze richting. 

Hoofdstuk VI behandelt de meest voor de hand liggende, maar ook de 
meest technologische uitdagende mogelijkheden om fluorescentie 
interferentie te onderdrukken: tijdsopgeloste RRS. De basis hiervoor ligt in 
het feit dat Raman verstrooiing instntaan is, terwijl het fluorescentie zich 
uitspreidt over een tijdspanne van enkele nanoseconden. In de afgelopen 
jaren is gebleken dat RRS een van de meest effectieve technieken zou 
kunnen zijn om complexe biologische systemen te onderzoeken, als de 
excitatie golflengte in het zichtbare gebied (400-700 nm) gekozen kan 
worden. De meeste eiwitten, DNA en andere biologische macromoleculen 
bevatten functionele groepen of radicalen die specifiek geëxciteerd kunnen 
worden met zichtbaar licht om zo de resonante Raman versterking te 
bewerkstelligen. Hierdoor is het mogelijk om hun signaal te versterken ten 
opzichte van dat van de rest van het molecuul en de omgeving. Fluorescentie 
interferentie is hierbij een serieus obstakel. In dergelijke complexe systemen 
is altijd een verontreiniging of een component in de matrix aanwezig die 
sterk fluoresceert en het RRS signaal overstraalt. De enige beschikbare 
alternatieven zijn het gebruik van het SERS effect in combinatie met 
resonantie versterking (SERSS), toevoeging van een fluorescentie 
onderdrukker, of toepassing van coherente anti-Stokes Raman verstrooiing 
(CARS). In de afgelopen jaren zijn er een aantal tijdsopgeloste technieken 
toegepast - van streak camera tot picoseconde Kerr-poort detectie. In deze 
studie wordt gebruik gemaakt van een snelle beeldversterkte CCD camera 
(ICCD) met een tijdsresolutie van 200-300 ps. De excitatie bron is een 
frequentie-ver(drie)dubbelde pulserende Titaan Saffier laser (76 MHz 
herhalingsfrequentie, 3 ps pulsbreedte). De efficientie van de fluorescentie 
onderdrukking hangt grotendeels af van de fluorescentie levensduur en van 
de snelheid waarmee de camera afkapt (ongeveer 80ps). Een 98-99% 
reductie van het fluorescentie achtergrondsignaal blijkt mogelijk voor twee 
representatieve systemen in het UV en in het blauwe zichtbare deel van het 



144                                                                                      Chapter VIII 

 

spectrum - pyreen in de aanwezigheid van  tolueen fluorescentie 
(λexc=257nm) en in de aanwezigheid van een sterk fluorescerend 
flavoproteine (λ=405nm). Daarnaast is de prestatie van het systeem 
geëvalueerd met de nadruk op de interactie tussen verschillende kritische 
parameters - efficiëntie van de beeldversterking als een functie van de 
sluitertijd van de camera, uniformiteit van de sluiterwerking binnen het 
spectrum, en de spectrale resolutie in vergelijking met niet-tijdsopgeloste 
detectie. De spectrale verbreding is bijvoorbeeld groter dan bij het gebruik 
van een continue laser en een gewone CCD (7 cm-1 in het zichtbare gebied 
en 15 cm-1 in het UV gebied) door de additionele effecten van de korte 
pulsduur van de laser en de wijze waarop de beeldversterker/sluiter werkt. 
Voor veel experimenten is dit voldoende, maar voor bepaalde monsters (met 
name in het UV gebied) is een betere spectrale resolutie gewenst en 
suggesties voor verbeteringen worden toegelicht. De fluorescentie kan nog 
verder onderdrukt worden door een steilere flank van de sluiterpuls (bij 
kortlevende fluorescentie) of kortere sluitertijden (bij langlevende 
luminescentie). 

Samenvattend is het beeld dat zulke relatief eenvoudige en gemakkelijk te 
bedienen systemen veel potentieel hebben binnen het bio-analytische veld, 
waar onderzoekers gebruik zouden kunnen maken van door RRS verhoogde 
selectiviteit en verbeterde gevoeligheid en waarbij tegelijkertijd de 
fluorescentie interferentie bijna volledig wordt onderdrukt. 

Tenslotte kan gesteld worden dat aan de verwachtingen van de 
toepasbaarheid en de voor- en nadelen van de diverse vormen van RRS is 
voldaan. Een aangepaste versie van tabel 1 in Hoofdstuk I ziet er nu als 
volgt uit:  

 

Aanpak\ criterium verhoogde 
gevoeligheid 

verbeterde 
slectiviteit 

onderdrukking 
fluorescentie 

identificatie  
kracht 

SER(R)S +   +   
Diep-UV RRS +   +   

Berekening RRS   +   + 
Sterke overtonen       + 

Tijdsopgeloste RRS  + + +   
 
Resonante excitatie heeft geleid tot een verhoogde gevoeligheid, terwijl het 
gebruik van SERRS, diep-UV RRS en tijdsopgeloste RRS tot effectieve 
onderdrukking van fluorescentie heeft geleid. Het probleem met de 
verminderde hoeveelheid spectrale informatie in RRS wordt gedeeltelijk 
gecompenseerd door rekenmodellen en de additionele spectrale informatie 
afkomstig van overtonen en combinatiebanden. 
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