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EDITORIAL 

This issue of the Journal of the Serbian Chemical Society is dedicated to the 
celebration of the 110th anniversary of Physical Chemistry teaching at the Uni-
versity of Belgrade. Dean of the Faculty of Physical Chemistry – University of 
Belgrade and Guest Editor of the issue, together with the Editor in Chief of the 
Journal, invited some of their distinguished colleagues from different institu-
tions, most of which are located outside of Serbia, to contribute to the issue in 
their respective scientific areas. The invited authors, including several young 
scientists from the Faculty of Physical Chemistry, are former students of the Uni-
versity of Belgrade. Through the papers contributed to this special issue, the 
influence of Physical Chemistry on the development of the University of Bel-
grade could be recognized. 

The selected papers by invited authors cover a variety of contemporary 
research topics. The issue includes a Preface, 3 review papers, 8 research papers 
and 1 short communication. 

The Guest Editor of this special issue of the Journal would sincerely like to 
thank all authors who accepted the invitation to submit their valuable contribu-
tions for this issue and to the expert reviewers for their efforts and valuable and 
important contributions to the evaluation process. The Guest Editor also wishes 
to express his profound gratitude to the Editor in Chief Branislav Nikolić and to 
the Technical Editors of the Journal of the Serbian Chemical Society for their 
support in the process of compiling this special issue devoted to the celebration 
of the of the 110 th anniversary of Physical Chemistry teaching at the University 
of Belgrade. 

Slobodan K. Milonjić 
Guest Editor 
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PREFACE 
110 years of Physical Chemistry at the University of Belgrade 

This issue of the Journal of the Serbian Chemical 
Society is dedicated to the celebration of the 110 years of 
Physical Chemistry at the University of Belgrade. To 
commemorate this special occasion, we have asked some 
of our distinguished colleagues to contribute to this issue 
in their respective subfields of Physical Chemistry. We 
attempted to ensure that these contributions spanned a 
range of different institutions, most of which are situated 

outside of Serbia. The contributions were submitted by former students of the 
University of Belgrade. A portion of the space in this issue was reserved for 
contributions from several young authors from the Faculty of Physical Chemis-
try. I take this opportunity to thank sincerely all the contributors on behalf of the 
Faculty of Physical Chemistry.  

As a discipline, Physical Chemistry started to mature in the second half of 
the 19th century. In fact, Physical Chemistry was first mentioned in 1752 in 
Lomonosov’s lectures to the students of St. Petersburg University entitled “A 
Course in True Physical Chemistry” («Курс истинной физической химии» 
in Russian), but its modern concepts date back to the second half of the 19th cen-
tury, when the first articles on chemical kinetics and thermodynamics com-
menced appearing in scientific journals. Around the same time, some of the 
classical terms in Physical Chemistry, such as chemical potential and phase rule, 
were introduced. Key researchers in the area at that time were J. W Gibbs, K. K. 
Onnes, S. A. Arrenius, J. H van’t Hoff and W. Ostwald. In 1887, Ostwald 
founded the first scientific journal in the area of Physical Chemistry, Zeitschrift 
für physikalische Chemie. This early history of Physical Chemistry should also 
include the studies that contributed to the discovery of radioactivity – initiated in 
France by H. Becquerel in 1896 and later followed by Pierre and Marie Curie. 
Some authors would argue that these contributions would better fit into the his-
tory of nuclear chemistry, but at the University of Belgrade, nuclear chemistry 
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1636 PREFACE 

was traditionally considered a part of Physical Chemistry – in fact, as its most 
important component during several decades. 

Physical Chemistry is a science whose unique conception combines know-
ledge of chemistry, physics, and mathematics, with the overarching goal of ans-
wering some of the very basic questions of chemistry: how and why do chemical 
reactions occur, or what is the structure of matter. 

Belgrade’s Great School, as the University of Belgrade was called until 
1905, included enough visionaries to realize the importance of this young scien-
tific discipline, and Physical Chemistry was included in the Curriculum as early 
as 1903. In 1903, Dr. Miloje Stojiljković, who obtained his doctorate at the 
University of Geneva, was elected as a Docent of Physical Chemistry in the 
Section for Natural Sciences and Mathematics of the Faculty of Philosophy at 
Belgrade’s Great School. Since then, instruction and research in Physical Che-
mistry have continued uninterrupted to the present day. Initially, the home for 
physical chemists was the Faculty of Philosophy, then the Faculty of Natural 
Sciences and Mathematics, and finally, since 1990, the Faculty of Physical Che-
mistry as the home institution. During the academic year 1925/26, the Section for 
Technology of the Technical Faculty (today the Faculty of Technology and 
Metallurgy) elected Panta S. Tutundžić to be a Docent of Physical Chemistry and 
Electrochemistry. In1926, he founded the Laboratory of Physical Chemistry and 
Electrochemistry, which still exists today. A significant contribution to the ins-
truction in Physical Chemistry has also been provided by the Faculty of Phar-
macy. Since 1939, Pavle Savić taught physical chemistry at what was then the 
Section of Pharmacy of the Faculty of Medicine. The University of Belgrade also 
constituted a nucleus for the development of physical chemistry at other univer-
sities in Serbia and Yugoslavia. 

   
Prof. Miloje Stojiljković Academician Pavle Savić Academician Panta Tutundžić 
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Many of us best know Mihajlo Pupin for his invention of the so-called Pupin 
solenoid, which allowed improved transmission of telephone signals. Much less 
known is the fact that he was the first physical chemist from the Balkans; in 
1889, he defended his doctoral dissertation in Physical Chemistry on the topic of 
osmotic pressure in Berlin under the supervision of Herman von Helmholz. 

One of the key figures in the development of Physical Chemistry, especially 
in the period after World War II, was certainly Prof. Pavle Savić. In the 1930s, 
working in Paris with Irène Joliot-Curie, who by then was already a Nobel Lau-
reate, he made a key contribution to one of the most significant scientific disco-
veries in history – nuclear fission. He taught Physical Chemistry (at the Faculty 
of Medicine before World War II, and at the Faculty of Natural Sciences and 
Mathematics after it), he founded the Vinča Institute of Nuclear Sciences, and 
acted as the president of the Serbian Academy of Sciences and Arts (SASA) 
between 1971 and 1981. As Physical Chemistry was traditionally oriented towards 
fundamental research, a number of physical chemists were always members of 
SASA at any given time in its history. In addition to Pavle Savić, whose focus in 
teaching and research was nuclear chemistry, Professors Milenko Šušić (electro-
chemistry and general physical chemistry) and Slobodan Ribnikar (chemistry of 
isotopes and spectrochemistry) from the Faculty of Physical Chemistry were also 
Academy members. Furthermore, Professors Panta Tutundžić, Aleksandar 
Despić and Dragutin Dražić, all from the Faculty of Technology and Metallurgy, 
also worked on and made significant contributions to Physical Chemistry, with 
particular focus on electrochemistry. Professor Aleksandar Despić was also the 
president of SASA between 1994 and 1998. The establishment and development 
of individual subfields of physical chemistry owes much also to Professors 
Slobodan Ristić (spectrochemistry) and Slobodanka Veljković (chemical kinetics 

   
Academician Milenko 

Šušić 
Academician Aleksandar 

Despić 
Academician Slobodan 

Ribnikar 
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1638 PREFACE 

and reaction mechanisms). Outstanding contributions are also made by Professor 
Ivan Draganić, whose work in the field of radiation chemistry at the Vinča Ins-
titute of Nuclear Sciences resulted in very significant contributions to the 
radiation chemistry of water. 

During the past decades, Physical Chemistry at the University of Belgrade 
has developed in parallel under the auspices of several institutions. The Faculty 
of Physical Chemistry is the main teaching venue and is active in research 
spanning the fields of electrochemistry, nuclear chemistry, quantum chemistry, 
chemical kinetics, thermodynamics, spectrochemistry, biophysical chemistry, 
environmental physical chemistry, etc. The traditional strengths of the Faculty of 
Technology and Metallurgy are the fields of electrochemistry and the physical 
chemistry of materials (especially macromolecules). For more than six decades, 
the Vinča Institute of Nuclear Sciences has been developing physical chemistry 
through research in the fields of isotope chemistry, spectrochemistry, mass 
spectrometry, radiochemistry, radiation chemistry, chemistry and analysis of nuc-
lear materials, surface chemistry, energy conversion, etc. Significant contribu-
tions to the teaching and science of Physical Chemistry are also being made at 
the Faculty of Pharmacy, mainly in the areas of interest to pharmaceutical stu-
dies, and most directly through the work at the Center for Physical Chemistry and 
Instrumental Methods.  

The mission of the Faculty of Physical Chemistry, University of Belgrade, is 
to provide the highest possible quality of instruction for its students at BSc, MSc 
and PhD levels, including training in the specialized areas of forensic science, 
radioecology, instrumental analysis, biosystems and radiation. Our goal is to 
create graduates whose quality is globally recognized. We are delighted to see 
the success of this strategy as graduates from the Faculty of Physical Chemistry, 
University of Belgrade, can be found in the most established world laboratories 
at the Universities of Oxford, Bonn, Heidelberg, Berlin, Eindhoven, Moscow 
State University, UC Berkeley, UC Santa Barbara, Argonne National Laboratory, 
University of Dnjepropetrovsk, CWRU Cleveland, Brookhaven National Labora-
tory, Mayo Clinic, Karolinska Institute, École Central Paris, as well as numerous 
other institutions in the USA, Germany, France, Russia, Spain, Portugal, Brazil, 
and around the world. 

What is our vision for the future? To ensure that the instruction in Physical 
Chemistry follows the modern trends of increased use of new technologies in the 
analyses of processes, chemical composition, and the structure of matter. Further-
more, there is also a tendency to combine several disciplines – chemistry, phy-
sics, mathematics, geology, biology, astronomy, hydrology – in an attempt to 
provide the best possible understanding of natural phenomena. Quick adoption 
and development of new knowledge is facilitated by new information techno-
logies. In the future, Faculty of Physical Chemistry must follow and contribute to 
these tendencies, while keeping their importance in context – as new graduates  
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Prof. Ivan Draganić Prof. Slobodan Ristić 

  
Prof. Slobodanka Veljković Academician Dragutin Dražić 

should be able to not only adopt and apply modern technological discoveries, but 
also to develop them within our own local environment. The planning of teaching 
curricula will continue to learn from positive experiences in other countries, and 
following these worldwide trends will be facilitated by nurturing the contacts 
established with numerous physical chemists around the world. Their contri-
butions to this issue of JSCS are an excellent illustration of this practice. 

ŠĆEPAN S. MILJANIĆ, Dean 
Faculty of Physical Chemistry 

University of Belgrade 
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NMR microscopy of tissue in organic and mixed solvents 

SLOBODAN MACURA1*, PRASANNA K. MISHRA1, JEFFREY D. GAMEZ2 
and ISTVAN PIRKO2 

1Department of Biochemistry and Molecular Biology and 2Department of Neurology, 
Mayo Clinic, Rochester, Minnesota, 55905, USA 

(Received 8 October 2013) 

Abstract: The use organic and mixed solvents for nuclear magnetic resonance 
microscopy of fixed tissue is proposed as a means for improving image infor-
mation content. NMR properties of some standard solvents (methanol, acetone 
or DMSO) and solvents in use for tissue processing in pathology (xylenes, 
paraffin, “Clearify”) have been measured, reviewed and analyzed. It was found 
that DMSO and paraffin are very useful solvents that provide images of better 
quality than those obtained in water (neutralized formalin buffer). This is illus-
trated on formalin-fixed mouse brain sections imaged at 16.4 T (700 MHz). 

Keywords: NMR, MRI, MRM, nuclear magnetic resonance, NMR imaging, 
NMR microscopy, magnetization transfer, cross-relaxation. 

INTRODUCTION 
Nuclear magnetic resonance (NMR) imaging,1,2 in clinical settings known as 

magnetic resonance imaging (MRI),3 is an indispensable tool in medicine pro-
viding non-invasively a detailed picture of tissues and organs in the human body. 
When performed on small samples with high spatial resolution, NMR imaging is 
frequently referred to as NMR microscopy.4 

Proton (nucleus of hydrogen, 1H) is most widely used nucleus in imaging 
because of its sensitivity and because of its abundance in tissue (water, carbo-
hydrates, lipids and proteins). In most NMR images, only protons from water are 
observed since the human body is comprised of ≈60 % water. This translates into 
a water proton concentration of ≈65 M, whereas the concentration of any other 
proton (except fat) is below 1 M. In addition, protons built into macromolecules 
(proteins and carbohydrates) are not detectable under routine imaging conditions. 
Besides water, a strong proton signal can be detected from the aliphatic part of 
lipid chains (fat) but this can easily be suppressed (when needed) so that almost 
all clinical images are based on the detection of protons from tissue water. 
                                                                                                                    

* Corresponding author. E-mail: macura@mayo.edu 
doi: 10.2298/JSC131108108M 
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1642 MACURA et al. 

Source of contrast in MRI 
Compared to other imaging modalities (X-ray, ultrasound, positron emission, 

etc.), NMR has an extensive assortment of contrasting means, most of which are 
based on the molecular properties of water and their sensitivity to fine changes in 
molecular environment. For example, the T1 relaxation rate of water is very sen-
sitive to the presence of natural (deoxyhemoglobin) or artificial (paramagnetic 
ions, Gd3+, Mn2+ and stable free radicals) paramagnetic centers. Paramagnetism 
of deoxyhemoglobin is the principal source of contrast in functional NMR imag-
ing (fMRI), whereas the paramagnetism of different ions (Gd3+ and Mn2+) repre-
sents the basis for the development of various contrast agents.5 Similarly, the 
water T2 relaxation depends on molecular mobility and the T2* relaxation on the 
local magnetic susceptibility gradients. This dependence of water properties on 
local physicochemical environment led to the creation of dozens of NMR imag-
ing methods that emphasize selected properties. The main purpose of developing 
new ways of imaging contrast is to discriminate different tissues (e.g., gray mat-
ter vs. white matter in the brain) or normal from diseased tissue (cancer, necrosis, 
plaques, etc.) in a unique and unambiguous way. However, the main problem is 
that under certain experimental conditions, contrast depends on several different 
properties simultaneously, which makes it difficult to attribute it to a single disease 
condition. Thus, it is desirable to understand the source of NMR contrast at the 
molecular level, which, due to interplay among numerous water/tissue interac-
tions, is rather difficult. 

Although the most important aspect of MRI is its application in vivo, NMR 
imaging of tissue or organs ex vivo is also of great value. The most obvious 
advantage of ex vivo imaging, compared to in vivo, is that it can be performed in 
more details due to the absence of motion and time restriction (typically less than 
an hour in human subject imaging). Imaging ex vivo could be performed with 
higher resolution and better contrast, and most importantly, could be correlated 
with other types of tissue analysis (histology) and thus could serve as a guide for 
interpreting in vivo images. Ex vivo imaging is performed on either fresh tissue 
(surgical specimens), or thawed tissue earlier preserved by deep freezing, or 
formalin-fixed (FF) tissue. In all cases, protons are detected from tissue water 
and thus, most of the ambiguities present in vivo are still present in ex vivo imag-
ing. For example, spin echo attenuation of water protons depends simultaneously 
on water diffusion, chemical exchange with labile protons from tissue (proteins, 
polysaccharides or small metabolites), the presence of paramagnetic species etc., 
and individual contributions of various effects can be deduced only after a series 
of experiments.  

Formalin-fixed (FF) tissue most frequently is subsequently embedded in par-
affin for further histology (optical microscopy) analysis. In this process, tissue is 
exposed to a series of organic solvents (most frequently ethanol, xylenes) until it 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 NMR MICROSCOPY IN ORGANIC SOLVENTS 1643 

is completely dehydrated. In clinical settings this is realized on almost every sur-
gical specimen requiring histology analysis; thus, having tissue in an organic 
solvent is not a rarity. In this work, whether imaging tissue in an organic solvent 
has any advantages over imaging in water was investigated. The main expecta-
tion was that interactions of organic solvents with FF tissue are much simpler and 
that they could be influenced by the solvent composition. This could help to 
understand better the contribution of tissue water to contrast in different expe-
riments. In addition, it is conceivable that suitable solvents or their mixture could 
selectively emphasize various tissue properties. 

Water/tissue interactions 
By interacting in various ways with structures and components of living sys-

tems, water acts as a solvent, reactant, lubricant, adhesive, transporter, etc. Thus, 
it is not surprising that the interaction of water with tissue was one of the first 
applications of NMR in biological systems.6 For MRI and magnetic resonance 
spectroscopy (MRM), only fast interactions that affect the properties of bulk 
water are of interest. Then, the observed macroscopic property, Robs (chemical 
shift, relaxation rates, diffusion rate, etc.), is an ensemble average of the pro-
perties of individual components, free Rf, and bound, Rb: 
  obs f f b b  j

j
R f R f R  (1) 

where ff and fb represent free and bound fractions, respectively, and  
  f b 1  j

j
f f  

The summation goes over all species that represent water molecules in assumed 
bound states. For example, based on relaxation dispersion studies,7 at least four 
different waters in proteins, i.e., surface, cavity, cleft, and metal water, could be 
identified. Water in each site may have its own mobility (rotational or transla-
tional) and may exchange protons within the site, among different sites, with bulk 
water or labile protein protons. Due to rapid exchange with bulk water,8 all these 
sites and processes mediate properties of the observable bulk phase.9 Thus, it is 
rather difficult to explain, on a molecular level, the principal sources of contrast 
in imaging experiments. For example, transverse relaxation of water in tissue can 
be equivalently described by two physically different models. One emphasizes 
the role of diffusion in a weak gradient of the magnetic field, and the other a 
chemical exchange between two proton sites in slightly different fields.10 As 
both processes are likely to occur in water, it is hard to determine their individual 
contributions in any given case. However, the processes could be easily deli-
neated if one could be quenched, which is feasible when water is replaced by a 
solvent without labile protons. 
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1644 MACURA et al. 

Organic solvent–tissue interaction 
Tissue in an organic solvent is encountered quite frequently in research and 

clinical settings. Namely, for long-term preservation, tissue is treated with for-
malin and for pathology analysis treated with a series of solvents until it is finally 
embedded in paraffin. One reason for the present study was the wide availability 
of tissue in organic solvents. The other, perhaps more interesting, was the possib-
ility of interpreting solvent tissue interactions on a molecular level. Most organic 
solvents neither dissociate nor react with tissue (after the tissue has been fixed), 
which significantly reduces the number of possible interactions. In addition, 
scanning the same specimen in different solvents could help better characterize 
NMR tissue properties relevant for imaging contrast.  

Organic solvent–tissue interactions most likely depend on both the type of 
tissue and the solvent. A non-polar solvent may not interact with a tissue at all, 
whereas a polar solvent may interact preferentially with a polar fragment of 
tissue (polar protein side chains, polysaccharides, hydrophilic part of lipids, etc.), 
potentially distinguishing different types of tissue in a specimen. 

Mixed solvent–tissue interaction 
Preferential solvation, frequently observed in mixed solvent systems, is the 

preferential accumulation of one solvent component around a specific solute. 
Obviously, the degrees of solvation depend on all components involved. In the 
case of tissue imaging, preferential solvation could potentially serve as an addi-
tional means of contrasting: water could accumulate in hydrophilic regions 
whereas organic components could preferentially solvate the hydrophobic regions. 
In general, preferential solvation occurs on the molecular scale (one or more 
molecular layers) but in a highly packed tissue matrix, it is possible that it occur 
on a larger scale amenable to MRM. Moreover, mixed solvents could be useful 
for monitoring tissue–solvent interactions via the interligand nuclear Overhauser 
effect (ILOE).11 The ILOE is observed if two ligands (in the present case solvent 
molecules) reside on the macromolecular surface (in the present case tissue) in 
close proximity longer than one nanosecond (for a process to be within the spin- 
-diffusion limit12). 

Solvent influence on the signal to noise ratio in MRM 
The best image is the one that reveals a specimens microstructure without 

artifacts and maximal contrast and sensitivity. Besides the applied external mag-
netic field strength, B0, hardware and method design, the quality of NMR images 
strongly depends on the chemical environment of the observed spins. Here, the 
properties of the imaging medium that could affect the image parameters are of 
most interest.  
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The signal to noise ratio (SNR) is proportional to the spin concentration N, 
and depends on the transverse relaxation time of the solvent, T2*, and the ima-
ginary part of the dielectric permittivity, ε″ as follows:13 

 2 *TSNR N





 (2) 

The SNR also depends on the real part of the dielectric permittivity, ε΄, but in 
a more complex way, with the general rule that the smaller the permittivity, the 
better is the SNR.13 Thus, for a given tissue specimen, the SNR could be 
improved by selecting the solvent with the highest spin density, the longest T2* 
relaxation time and smallest dielectric permittivity. 

Similarly, an estimate of the experimental time, tT, as a function of the 
desired signal to noise ratio SNRD, and T1 and T2* relaxation times of the imag-
ing medium can be obtained from the following equation:14 

 2 1
D

2 *
T

Tt SNR
T

 (3) 

Thus, the experimental time is proportional to the ratio of the longitudinal T1 
and the effective transverse relaxation time T2* of the imaging medium within 
the tissue. With all other conditions the same, an image with a desired signal to 
noise ratio could be obtained faster if T1 is shorter and T2* is longer. 

Heterogeneity of tissue samples induces large random intrinsic magnetic 
field gradients,15 which directly affects the effective transverse relaxation time 
and consequently, both the SNR and resolution.15,16 The influence of the intrinsic 
field gradient can be expressed over the susceptibility gradient across the voxel 
Δχ ( loc solvtis     ) as γB0Δχ where γ is the gyromagnetic ratio and B0 the 
external magnetic field. Then, the effective transverse relaxation rate is the sum 
of the intrinsic transverse relaxation rate 1/T2 (signal dephasing due to homo-
geneous line broadening) and the signal dephasing caused by the susceptibility 
gradients:  

 0*2 2

1 1 B
T T

     (4) 

The additional relaxation rate term represents signal broadening across the 
voxel due to the differences in the magnetic susceptibilities between the tissue 
and the solvent and is equivalent to inhomogeneous broadening of the spectral 
line. The phase of the signal from individual spins varies with the spin location 
within a voxel, which leads to partial signal cancellation. Obviously, on the mic-
roscopic level, the magnetic susceptibilities of various tissue components are 
different and it is conceivable that diverse solvents with their own susceptibility 
could selectively modulate Δχ across the specimen. 
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Diffusion of spins within the susceptibility induced magnetic field gradient 
produces additional effects which depend on the diffusion rate17 but which are of 
concern only at a resolution below 10 µm pixel–1.4 Here, the effects of a linear 
field gradient, G, applied during the imaging sequences are of more interest. 
Random motion (diffusion) of the spin in this gradient leads to spin dephasing 
which ultimately can be expressed with an additional term in the transverse 
relaxation rate:3 

 2
* *2diff 2

1 1 kG D
T T

   (5) 

where D is the diffusion coefficient of the medium and k is a constant that 
encompasses the parameters of the specific method used to measure the relax-
ation (gradient echo vs. spin echo vs. CPMG). Combining expressions (2)–(5), an 
estimate can be obtained of the influence of the solvent properties (T1, T2, D and 
ε″) on the sensitivity per unit time in a spin echo type of experiment: 

 
3/2

2
1/2 21 2

1
1t

T

SNR TSNR N
t T kG DT

 
   

  
 (6) 

Thus, the best imaging solvent is the one with the highest spin concentration 
(number of equivalent spins per unit volume) N, the longest T2, the shortest T1 
( 1 2T T ), smallest diffusion coefficient D, and the smallest imaginary part of the 
dielectric permittivity, ε″. 

EXPERIMENTAL METHODS 
Mouse brain tissue preparation 

Throughout this work, formalin-fixed paraffin-embedded (FFPE) mouse brain, prepared 
earlier in a standard manner was used. Briefly, mice were perfused via intracardiac puncture 
with 50 mL of 10 % neutral-buffered formalin (NBF). The brains were removed and post 
fixed for 24–48 h in 10 % NBF. Uniform 1 mm coronal cuts of the brain were made using 
brain matrix, resulting in 6 pieces that were embedded in paraffin. Mid-section (A3) was 
removed from the paraffin block by melting the paraffin away. The sections were deparaf-
finized with xylenes or Clearify (both from Electron Microscopy Sciences, Hatfield, PA) by 
dipping them twice into a 50 fold larger volume of the deparaffinization solvent for an hour at 
60 °C. Deparaffinized specimens were similarly treated with fresh solvent and subsequently 
transferred into custom-made rectangular glass cuvettes, 10 mm×8 mm×1.5 mm suitable for 
mounting on a surface coil. For DMSO, the specimens were allowed to swell in the solvent 
overnight before the scanning. Solvents at hand were used: methanol, acetone and DMSO (all 
from Sigma) and solvents used for tissue processing for histology paraffin, xylenes and 
“Clearify” (all from Electron Microscopy Sciences, Hatfield, PA). The xylenes used were an 
o-, m- and p-xylene mixture, which showed two distinct groups of lines at ≈2.2 ppm (methyls) 
and 7 ppm (aromatics) in high-resolution 1H-NMR spectra. Separation of ≈5 ppm is enough to 
excite selectively only one group, in this study, the methyls. Clearify is a mixture of aliphatic 
hydrocarbons that is used for tissue deparafinnization. In the 1H-NMR spectra, three distinct 
groups of lines corresponding to CHs, CH2s and CH3s at ≈0.9, 1.3 and 1.5 ppm are visible. 
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Thus, the “Clearify” point spread function could be approximated with a Gaussian distribution 
with an intrinsic width of ≈0.6 ppm, i.e., 420 Hz at 16.4 T. In solution, the paraffin 1H-NMR 
spectrum consists of 2 sharp singlets, CH3s at ≈0.9 ppm and CH2s at 1.3 ppm with the ratio 
1:6, which corresponds to the linear aliphatic chain CH3–(CH2)24–CH3. Although the paraffin 
point spread function seems to have an intrinsic width of ≈0.4 ppm, i.e., 280 Hz at 16.4 T, due 
to the overwhelming CH2 signal, it behaves like a real delta function (width below 10 Hz). For 
reference, the brain slices were also scanned while in 10 % neutral buffered formalin (NBF), 
which is routinely used for tissue preservation.  
Magnetic resonance microscopy 

A 16.4 T vertical bore spectrometer (Avance III, Bruker-Biospin, Billerica, MA) equip-
ped with micro-imaging accessories and a temperature controlled probe head with a 10 mm 
surface coil was employed. The experiments were performed with a gradient coil core tem-
perature of 21 °C, except for the paraffin studies. In the paraffin experiments, the specimen 
temperature was maintained at 70 °C by a stream of hot air using a temperature controller 
built into the spectrometer and driven by the manufacturer’s software (TopSpin 2.0). The 
mouse brain specimens were 1–2 mm thick and were scanned with a spin–echo method using 
parameters optimized separately for each experiment (given in the captions of presented 
figures), providing 3D images with isotropic resolution of 25–64 µm pixel-1 for a total 
scanning time of 4 to 16 h.  

Parametric images, T1 and T2, were reconstructed from a series of single slice 2D RARE 
scans, recorded with variable repetition and echo times, respectively. Image reconstruction 
was performed by curve fitting (pixel by pixel) of a respective series of images using the same 
software package as for the data collection (ParaVision 5.1, Bruker-Biospin). 

RESULTS AND DISCUSSION  

The relevant properties of the solvents used in this work are listed in Table I. 
The bulk solvent values were measured from the region of interest (ROI) placed 
into the solvent, whereas the tissue values are average values across the tissue. 
The solvents are listed by their polarity. Notable are the extremely low dielectric 
losses (ε″) in non-polar solvents, which are especially important at higher fields 
as dielectric losses scale with the cubic power of the resonance frequency.13 For 
example, dielectric losses in water increase ten-fold on going from 500 to 950 
MHz.13 Thus, finding a suitable solvent would be of great value for high field 
MRM. From this point of view, the most promising solvents are hydrocarbons 
(paraffin, “Clearify” and xylenes) and, to some extent, acetone. 

Diffusion coefficients are apparently unrelated to dielectric properties, as can 
be seen in Table I. The slowest diffusion was in the paraffin melt, “Clearify” and 
DMSO. The water signal attenuation due to diffusion is appreciable when the 
imaging resolution approaches 50 µm pixel–1. According to Eq. (6), the signal 
attenuation (reciprocal of SNRt) scales with the third power of the gradient, thus 
it rapidly increases with increasing resolution. As it also scales with D3/2, slow-
ing the diffusion at a given resolution could appreciably reduce the attenuation. 
For example, substituting water with DMSO could reduce the attenuation five 
times and with paraffin, almost twenty times, Eq. (6). Thus, paraffin and DMSO 
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are expected to give stronger signal than water at the highest possible resolution 
(25 µm pixel–1 in the present case). 

TABLE I. NMR properties of some organic solvents 

Solvent Polarity ε′a ε″a D / 109 m2 s-1 T1 / ms 
neat/tissueb 

T2 / ms 
neat/tissue 

Nc 
mol L-1 

Paraffind Apolar 2e (1.9)f 0.001 0.32 1210/1210 220/35 128 
“Clearify” Apolar 2e 0.001 0.71 1180/1200 73/25 na 
Xylenes Apolar na (2.4)f na 2.3 4230/2000 40/15 49 
Acetone Polar aprotic 2 0.03 4.6 > 6000/na na/na 81 
CH3OH Polar protic 31 0.38 2.2 4930/2600 54/22 74 
DMSO Polar aprotic 47 0.24 0.73 2240/1500 160/20 85 
NBF (H2O) Polar protic 79 0.2 2.3 2450/1500 16/12 111 
aAt 930 MHz13; bat 16.4 T (700 MHz); cproton spin concentration (mol/L) of neat solvent; dmelt at 70 °C; ethe 
n-hexane value; fCRC Handbook of Chemistry and Physics 

Table I shows that all solvents have T1 relaxation times within a factor 2 of 
the water (in NBF) value except for acetone, for which T1 is impractically long. 
Paraffin and “Clearify” relax twice as fast as water, while DMSO has a very 
similar relaxation time to water; hence, from this point of view, all three solvents 
are good candidates.  

It is well known that the water relaxation is highly accelerated by internal 
water chemical exchange and it is not surprising that all solvents have longer T2 
relaxation times than water. Notable is the ten-fold longer T2 relaxation time of 
DMSO and the even longer one of paraffin, which puts these solvents ahead of 
others in terms of relative sensitivity per unit time, Eq. (6). 

Finally, the last column in Table I shows molarity of equivalent spins in neat 
solvents. Only paraffin has somewhat higher proton concentration than water. In 
other solvents, concentrations are lower partly because of the lower densities of 
the solvents (apart from DMSO) and partly because of the much lower proton 
contribution to molecular mass.  

The apparent superior properties of paraffin compared to water (significantly 
lower dielectric losses, slower diffusion, longer T2, shorter T1 and higher proton 
spin concentration) do not guarantee that it would be a better imaging solvent. 
Increased SNR, as provided by such properties, is unrelated to the image contrast 
that is essential for high quality images. NMR contrast originates from the local 
variability of NMR parameters, which in turn is caused by the tissue–solvent 
interaction. A simple way to estimate the strength of interactions is to compare 
NMR properties of neat solvents and the solvent within tissue. Such a compa-
rison is made in Table I for the T1 and T2 relaxation times. Equality of the paraf-
fin and “Clearify” T1 relaxation times in bulk and tissue indicates the absence of 
an interaction between the tissue and these aliphatic solvents. Thus, T1 contrast is 
negligible in these cases. However, in xylenes and methanol, the T1 relaxation 
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times in tissue are half of the values in bulk solvents. Shortening of T1 was 
observed also in water and DMSO, although somewhat smaller. Any reduction of 
the relaxation time indicates solvent–tissue interaction, which in the framework 
of Eq. (1) points to the presence of one or more new solvent fractions. Similarly, 
shortening of T2 relaxation times, observed in all cases, points to the existence of 
local field fluctuation that could range from real solvent–tissue interaction (spin 
exchange or molecular binding) to unrestricted motion of the solvent spins in the 
local field gradient. In any case, the change in the relaxation time is an indicator 
of potential contrasting.  

Representative slices from 3D T2-weighted images in various solvents are 
shown in Fig. 1. The imaging conditions were different mostly because attempts 
were made to optimize the parameters for each solvent independently. Panel A 
shows a single slice of the mouse brain in water (NBF) with 32 µm pixel–1 
isotropic resolution. Clearly visible are the dorsal hippocampus, thalamus, hypo-
thalamus and cortex. The mice used in this study were infected with the Theiler 
murine encephalitis virus (TMEV), a murine multiple sclerosis (MS) model. 
Intracerebral TMEV infection results in chronic-progressive demyelination in 
susceptible mouse strains. The dark areas above the hippocampus (and below on 
the right) are from hemorrhages from intracerebral injections. 

 
Fig. 1. Slices from 3D RARE (spin echo) scans of mouse brain in different solvents. A) H2O 
(NBF): TEeff 26, EncMTX 333×176×78, FOV 12.8×8×3.2, MTX 400×256×100, RareFactor 

4, TR 2100, ScanTime 12 h, SpatResol 32 µm pixel-1 (isotropic); B) CH3OH: TEeff 26, 
EncMTX 166×88×50, FOV 12.8×8×3.2, MTX 200×128×64, RareFactor 4, TR 2200, 

ScanTime 4 h, SpatResol 64×63×50 µm pixel-1; C) DMSO: TEeff 11, EncMTX 333×176×78, 
FOV 12.8×8×3.2, MTX 400×256×100, RareFactor 1, TR 3000, ScanTime 11.5 h, SpatResol 

32 µm pixel-1 (isotropic); D) “Clearify”: TEeff 26, EncMTX 333×176×100, FOV 
10.2×6.4×3.2, MTX 400×256×128, RareFactor 4, TR 2200, ScanTime 16 h, SpatResol 

25 µm pixel-1 (isotropic); E) paraffin: TEeff 26, EncMTX 333×176×100, FOV 10.2×6.4×3.2, 
MTX 400×256×128, RareFactor 4, TR 2200, ScanTime 16 h, SpatResol 25 µm pixel-1 

(isotropic); F) xylenes: TEeff 31, EncMTX 426×220×100, FOV 12.8×8×3.2, MTX 
512×320×128, RareFactor 4, TR 2400, ScanTime 14.7 h, SpatResol 25 µm pixel-1 (isotropic). 

The brightness was adjusted for each panel separately. 
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The methanol image, panel B, shows much better contrast but, although 
recorded with half the resolution, has a much lower SNR (owing to the longer T1) 
than the water image. On the other hand the DMSO image, panel C, exhibits a 
much better SNR and contrast than the water image, most likely due to the slower 
diffusion and shorter T1. 

The aliphatic hydrocarbon images (D – “Clearify”, E – paraffin) show supe-
rior sensitivity and contrast compared to the polar solvent images, mostly because 
of their much longer T2 values. In addition, their lower diffusion coefficients 
enabled scanning at the even higher resolution of 25 µm pixel–1. A moderate 
blurring in the Clearify image caused by a relatively poor point spread function 
should be noted. With effective spectral width of 50–100 kHz and readout size of 
400 points, the Clearify signal spreads over a few pixels introducing noticeable 
blurring compared to the paraffin image. The xylenes image, panel F also exhi-
bits excellent contrast, but due to long T1 suffers from a poor SNR. The acetone 
image (not shown) was of rather poor quality partly because of an extremely long 
T1 (very low SNR) and partly because of the volatility of the solvent (artifacts 
caused by the change of the sample volume (solvent is lost due to the evapo-
ration)).  

Figure 2 shows T1 parametric images of the mouse brain slices in the indi-
cated solvents. In polar solvents (A – water, B – methanol, C – DMSO) there is 
noticeable variation of T1 within the tissue and between tissue and the solvent, 

 
Fig. 2. Parametric T1 images of the mouse brain slice in different solvents. A) H2O (NFB), 
B) CH3OH, C) DMSO, D) “Clearify”, E) paraffin and F) optical image (1.25×) of a 5 µm 

slice taken from a formalin-fixed, paraffin-embedded mouse brain slice. The observed 
contrast depends on the tissue–solvent interaction. Notable is the complete absence of an 
interaction (uniform T1 parametric image) between tissue and paraffin, panel E. The brain 
contour is visible because the specimen was mounted “ dry” on the surface coil; otherwise, 

due to T1s in tissue and bulk solvent being the same (lack of contrast), the slice would 
completely merge with the solvent background signal. In all other cases, 

the solvent T1 was longer than the tissue T1. 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 NMR MICROSCOPY IN ORGANIC SOLVENTS 1651 

but in aliphatic hydrocarbon solvents these variations are either minimal (D – 
“Clearify”) or nonexistent (E – paraffin). There is no background in panel E 
because the specimen was mounted “dry” on the surface coil. Otherwise, when 
immersed in paraffin, the tissue signal fuses completely with the surrounding 
solvents signal. This uniformity of T1 clearly indicates that paraffin molecules do 
not interact with any of the tissue components, which actually could help in the 
interpretation of the T2 relaxation of the paraffin in tissue (vide infra). 
Interestingly, the xylenes T1 parametric image (not shown) is uniform within the 
tissue, like the paraffin image, but has an intensity distinctly different from that 
of the surrounding solvent. 

For reference, Fig. 2F shows an optical image of a 5 µm thick paraffin-
embedded slice. The NMR images can hardly match the optical ones in reso-
lution and contrast but they are obtained from the intact paraffin block while the 
slice must be physically cut for optical microscopy. This opens an interesting 
prospect for MRM of paraffin-embedded tissue as NMR images could be used to 
guide sectioning of ROIs for subsequent specimen cutting for histological analysis.  

Mouse brain T2 parametric images in various solvents are shown in Fig. 3. 
Notable are the differences between the tissue and solvent signal in all cases. 
Again, the background signal in the paraffin image, panel E, is absent because 
the specimen was mounted “dry” on the surface coil. However, traces of bulk 
solvent are visible as very bright spots in the specimen cracks. Large differences 
in signal intensity between the solvent and tissue for hydrocarbon solvents (D – 
–“Clearify”, E – paraffin, F – xylenes) mean that the major source of contrast is 
the local field gradients. For polar solvents, in addition to local gradients, other 

 
Fig. 3. Parametric T2 images of the mouse brain slice in different solvents. A) H2O (NFB), 

B) CH3OH, C) DMSO, D) “Clearify”, E) paraffin and F) xylene. Notable are the 
differences between the tissue solvent and bulk solvent intensities. In panel E, the 

background is black because the specimen was mounted ‘dry’; neat solvent is visible 
only in the tissue pockets (white areas). 
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interactions may exist, such as chemical exchange with tissue labile protons 
(water, methanol) or binding (adsorption, absorption and intercalation) of solvent 
molecules in the tissue matrix (water, methanol and DMSO).  

One way to test the existence of an interaction between the solvent and tissue 
is to monitor magnetization exchange between the two components of the solvent 
mixture. In high resolution spectroscopy this experiment is known as ILOE11 and 
in NMR imaging as magnetization transfer (MT).18 Both experiments are based 
on incoherent magnetization exchange (chemical exchange and cross-relax-
ation12,19,20), the only difference being whether the transferred magnetization is 
used to modulate the image or high resolution spectrum. Briefly, while a reso-
nance line at one frequency is observed, the other frequency or frequency band is 
irradiated. Irradiation saturates the lines at the selected resonances. In the pre-
sence of magnetization exchange, this saturation is transferred to exchanging 
partners causing a signal decrease at the observed line. Intermolecular chemical 
exchange involves labile protons and is not of concern here. More interesting is 
cross-relaxation which depends on both the geometry and mobility of the inter-
acting nuclei.12 At the spin-diffusion limit ( 0 1,c    0 – resonance frequency, 
τc – correlation time), the cross-relaxation rate is proportional to the correlation 
time: the longer the correlation time, the higher the rate. At the other limit, 
extreme narrowing ( 0 1,c   ) results in cross-relaxation being significantly 
lower and of the opposite sign.12 Thus, strong intermolecular cross-relaxation 
indicates that the observed spin pair is in the spin diffusion regime, which at 700 
MHz would mean that the two spins are in close proximity for longer than 0.3 ns. 
This time interval is about three orders of magnitude longer than the correlation 
time in free liquids (≈1 ps). In other words, observation of strong intermolecular 
magnetization transfer between small molecules indicates their binding on a 
common substrate. In the present case, observation of MT in a mixed solvent 
would indicate solvent–tissue interaction. To test for solvent–tissue interaction, a 
mixture of water and DMSO was selected. From the 1H-NMR spectrum of DMSO 
around the tissue (not shown), it was found that the solvent contained ≈20 % 
water (the water signal was ≈15 % of the total magnetization and ≈900 Hz 
downfield from the DMSO signal); thus the original DMSO specimen without 
any changes was used as a mixed solvent system. 

The Z-spectrum obtained by systematic irradiation of the 8 kHz range 
around the DMSO resonance, in increments of 200 Hz, is shown in Fig. 4. A 
single slice FLASH image was generated by selective excitation and detection of 
the DMSO line was conducted where, in a series of experiments, the irradiation 
frequency was systematically changed from one experiment to another. Three 
ROIs were selected: within the tissue (thalamus), within the solvent (bulk) and 
outside tissue and solvent (the noise floor). The frequency offset was counted 
from the DMSO resonance that was solely detected. In the bulk solvent, only 
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direct saturation around zero offset exists: the observed resonance line is hit 
directly by the saturating field that resulted in a massive signal reduction. Thus, 
in neat mixed solvent, no MT was detected. However, within the tissue manifest 
MT between water and DMSO was observed. A minimum at ≈1 kHz (water 
resonance) showed that the DMSO signal is significantly reduced when the water 
line is saturated, indicating strong cross-relaxation between the water and DMSO 
proton spins. Strong cross-relaxation could be observed only if both molecules 
reside within the tissue for longer than 0.3 ns, which could be interpreted as 
solvent binding. In the present case, the MT effect was uniform across the tissue 
and besides binding no new information was added. However, it is conceivable 
that in different solvent mixtures and in a different tissue, the ILOE could exhibit 
regional selectivity, which could be an additional useful contrasting tool. 

 

Fig. 4. The Z-spectrum of the DMSO–water 
system. Magnetization transfer was performed in a 
series of 41 2D FLASH experiments with MT 
offsets from –5000 to +3000 Hz (in 200 Hz incre-
ments). The offset was measured from the DMSO 
resonance that was selectively detected and used to 
generate the images. In a single experiment, satu-
ration was performed with a series of 20 Gaussian 
pulses, 10 ms with MT time 200 ms and 1 µT 
amplitude, which kept a saturation bandwidth of 
275 Hz. The points represent the signal integral 
from the indicated region of interest at a given offset. 

CONCLUSIONS 

It was shown that the MRM of tissue in organic and mixed solvents is a 
promising approach for improvement of image quality and for a better under-
standing of tissue–solvent interactions. The employment of organic solvents for 
MRM at high fields is particularly promising because aliphatic solvents eliminate 
some of the problems encountered in standard imaging using water. The pro-
perties of an ideal MRM solvent were briefly discussed and a few available in the 
lab were tested experimentally. It was found that the most promising of these 
were paraffin (at 70 °C) and DMSO, but, with certainty, there are some further 
options that could be even better. In addition, the use of mixed solvents was 
proposed, and experimentally demonstrated, as a means to test the residence time 
of solvent molecules on the tissue surface.  
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И З В О Д  

NMR СЛИКАЊЕ ТКИВА У ОРГАНСКИМ И МЕШОВИТИМ РАСТВАРАЧИМА  
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1
, JEFFREY D. GAMEZ

2
 и ISTVAN PIRKO

2
 

1Department of Biochemistry and Molecular Biology и 2Department of Neurology, Mayo Clinic, 
Rochester, Minnesota, 55905, USA 

У овом раду разматрана је употреба органских и мешовитих растварача за нукле-
арно-магнетно-резонантну микроскопију фиксираних ткива, као средства за побољшање 
информационог садржаја NMR слике. NMR својства неких стандардних растварача (ме-
танол, ацетон и диметил-сулфоксид (DMSO)) и растварача који се користе за обраду 
ткива у патологији (ксилен, парафин и „Clearify“) измерени су, прегледани и анали-
зирани. Утврђено је да су DMSO и парафин веома корисни растварачи који пружају 
слике бољег квалитета од оних добијених у води (неутралном формалинском пуферу). 
Ово је илустровано на узорцима формалином фиксираног мишјег мозга сликаног на 
16,4 Т (700 MHz). 

(Примљено 8. октобра 2013) 
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Halothane binds to druggable sites in the [Ca2+]4-calmodulin 
(CaM) complex, but does not inhibit [Ca2+]4-CaM 

activation of kinase 
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Abstract: The mechanism(s) of volatile anesthetics (VAs) are poorly under-
stood. High-resolution NMR spectroscopy was used to determine the structure 
of the halothane–[Ca2+]4-calmodulin ([Ca2+]4-CaM) complex, and it was found 
that halothane molecules bind in the druggable sites. Then it was examined 
whether VAs binding to druggable sites in calmodulin would affect the 
[Ca2+]4-CaM dependent activity of myosin light chain kinase. Fluorescence 
assays were used to determine that VA mediate [Ca2+]4-CaM activation of 
smooth-muscle-myosin-light-chain-kinase (smMLCK), but do not alter signi-
ficantly the Kd of [Ca2+]4-CaM binding to skeletal-myosin-light-chain-kinase-
peptide recognition sequence (skMLCKp). The results suggested that VAs do 
not alter [Ca2+]4-CaM dependent MLCK activity via direct interactions with 
[Ca2+]4-CaM.  

Keywords: volatile anesthetic, calmodulin, halothane, drugs, protein structure. 

INTRODUCTION 

Volatile anesthetic (VA) drugs are used extensively with little knowledge of 
their cellular targets or mechanisms. The targets likely include proteins because 
anesthetic effects ultimately manifest as changes in protein function. This is 
further supported by the observation that the bioluminescent protein luciferase is 
inhibited in vitro by direct interaction with a variety of anesthetic agents.1  

Calmodulin (CaM) is a ubiquitous Ca2+ second messenger that regulates 
many anesthetic sensitive systems. CaM has two EF hands, Ca2+-binding domains 
that can bind up to 2 Ca2+ ions each. The EF hands are located at the N- and 
C- termini and are separated by a flexible central helix. The main difference 
between calcium-free CaM (apoCaM) and [Ca2+]4-CaM is the interhelical angle 
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between the Ca2+ binding domains, which increases upon Ca2+ binding and 
exposes large hydrophobic pockets in each termini to the aqueous environment.2 
These hydrophobic pockets are critical for the interaction of [Ca2+]4-CaM with 
many proteins and hence the regulation of numerous enzymatic pathways. The 
Ca2+ dissociation constant (Kd) of [Ca2+]4-CaM is decreased by ligands, pep-
tides, and proteins to the extent that they reduce the effective hydrophobic sur-
face of [Ca2+]4-CaM exposed to an aqueous environment.3 In other words, Ca2+ 
signaling through CaM is partially tuned by the target. 

[Ca2+]4-CaM antagonists bind in the hydrophobic pockets of [Ca2+]4-CaM,4 
with a concomitant decrease in the Ca2+ Kd of [Ca2+]4-CaM,5 and inhibition of 
[Ca2+]4-CaM activation of enzyme activity.6 Short chain n-alcohols also bind to 
the hydrophobic pockets of [Ca2+]4-CaM,7 and decrease the Ca2+ Kd of [Ca2+]4- 
-CaM.8  

It was found and verified that the VAs halothane and isoflurane decrease the 
Ca2+ Kd of [Ca2+]4-CaM.9,10 It was shown that VAs bind to [Ca2+]4-CaM, but 
not to apoCaM.10 This suggests that VAs bind to sites in [Ca2+]4-CaM that are 
either not present or not accessible in apoCaM. Together, these finding suggest 
that VAs bind to the hydrophobic pockets of [Ca2+]4-CaM. This was supported 
by docking studies that indicated that the VAs halothane, isoflurane, and sevo-
flurane bind within the hydrophobic pockets in both the N- and C-termini.10,11 
Thus, it was posited that VAs, as alcohols, would inhibit [Ca2+]4-CaM dependent 
enzymes and might directly antagonize [Ca2+]4-CaM. 

The objective of this work was to verify that VAs bind to the hydrophobic 
pockets in [Ca2+]4-CaM and determine whether they antagonize the [Ca2+]4- 
-CaM-dependent myosin light chain kinase (smMLCK) activity. This work is 
significant because it will test whether the effects of VAs on protein function 
could arise from low affinity ligand binding to druggable sites. 

EXPERIMENTAL 
Proteins and peptides 

Human calmodulin cDNA was sub-cloned into the pET-15b expression vector (Novagen, 
San Diego, CA) using standard cloning techniques. CaM was overexpressed in BL21(DE3)-
pLysS strain of Escherichia coli (Single Shot, Novagen, San Diego, CA). Uniform 13C, 15N 
enrichment was achieved by growing cells in Luria–Bertani medium and then inducing in 
minimal media containing 13C-glucose and 15NH4Cl following established protocols.12 Iso-
topically labeled and unlabeled CaM were purified using a slight modification to an existing 
procedure.13 Thus, 5 mM CaCl2 was added to the cleared cell lysate, which was loaded onto a 
phenyl-sepharose CL-4B column (Sigma, St. Louis, MO), and the CaM was eluted with 1 mM 
ethylene glycol tetraacetic acid (EGTA). The CaM fractions were further purified using a 
HiTrap Q column (Amersham Biosciences, Uppsala, Sweden) and a 0–1 M NaCl gradient. 
CaM was greater than 95 % pure, judging by SDS-gel electrophoresis with Coomassie Bril-
liant Blue staining. The identity of the CaM was confirmed by N-terminal sequencing as well 
as by LC–MS analysis of tryptic digests of labeled and unlabeled CaM. The molecular weight 
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and labeling efficiency (96 %) were verified by ESI-MS by direct infusion. Smooth muscle 
myosin light chain kinase (smMLCK) isoform 5 was prepared as previously described.14 

Human MLC cDNA was sub-cloned into pET-15b expression vector (Novagen, San 
Diego, CA) using standard cloning techniques. MLC was overexpressed in BL21(DE3)-pLysS 
strain of E. coli (Single Shot, Novagen, San Diego, CA). The regulatory light chain (AL050318) 
was amplified from dT-primed cDNA derived from human lens epithelial cells using Fusion 
polymerase from New England Bio Labs. The primers used for amplification were Nde1 
forward gccatatgtccagcaagcgggccaa and Spe1 reverse gaactagtctagtcgtctttatccttggcgcc. The 
amplified cDNA was cloned into a pET 15 B vector containing an N-terminal his tag linear-
ized with Nde1 and Spe1 using standard cloning techniques. Recombinant clones were sequ-
ence verified. Protein expression was performed using Magic Media (Invitrogen). Briefly, an 
isolated clone was grown overnight in 50 ml Magic Media. The cells were pelleted by centri-
fugation at 5000g and lysed in Bug Buster media (Novagen). The inclusion bodies were col-
lected by centrifugation and resuspended in 50 mM Tris–HCl (pH 8), 7 M urea, 250 mM 
NaCl, and 1 mM 2-mercaptoethanol. The solution was passed over a Ni-NTA column equilib-
rated in the same buffer. The protein was refolded on the column using a urea gradient (8 to 0 
M) flowing at 0.2 ml min-1 for 16 h. The protein was eluted using a buffer containing 50 % 
glycerol, 50 mM Tris–HCl (pH 8), 250 mM imidazole, and 1 mM 2-mercaptoethanol. The 
MLC was judged greater than 90 % pure by SDS-PAGE with Coomassie Brilliant Blue 
staining. 

The skeletal myosin light chain kinase peptide recognition sequence (skMLCKp) (biotin-
CAAARWKKNFIAVSAANRFKKIS) was synthesized by Genetech, inc. (San Antonio, TX).  

Lactate dehydrogenase, pyruvate kinase, phosphoenolpyruvate (PEP), NADH, and ATP 
were purchased from Sigma (St. Louis, MO).  
NMR spectroscopy 

Samples of 2mM [13C,15N]CaM, or 2mM [15N]CaM, in aqueous solvent (95 % H2O, 5 % 
D2O), containing 100 mM KCl, 50 mM 3-morpholinopropane-1-sulfonic acid (MOPS, pH 
7.2), 20 mM CaCl2, 5 mM MgCl, 1 mM EDTA, were equilibrated with halothane to various 
mole ratios. It was possible to achieve up to about 1:70 CaM:halothane ratio, as determined by 
proton NMR. For structure determination the samples with 1:10 CaM:halothane ratio were 
used. Preparation of samples in the oriented media, for measurements of residual dipolar 
coupling (RDC), failed because of interference with halothane. It was found that the phage 
media coagulated upon halothane addition, and gel media gave a prohibitory fast relaxation in 
the presence of halothane. NMR experiments were performed at 25 °C on a 700 MHz spec-
trometer (Bruker Avance 700) equipped with a cryo-probe. Backbone and side-chain assign-
ments were obtained using a combination of standard triple resonance experiments.15 2D 
HNHA, 3D HNCO, HNCA, HN(CO)CA, HNCACB and CBCA(CO)NH were used for the 
1H, 15N and 13C assignments of the protein backbone. Side-chains 1H and 13C assignments of 
the non-aromatic side chains were obtained using 3D HAHB(CO)NH, (H)CC(CO)NH, 
HCCH-COSY and HCCH-TOCSY spectra. Assignments were crosschecked for consistency 
with 3D 15N-edited and 13C-edited [1H, 1H]-NOESY spectra. The 1H and 13C spin systems of 
the aromatic side-chains where identified using 3D HCCH-COSY and HCCH-TOCSY 
spectra, while the sequential assignment was based on NOE connectivity in the 13C-edited 
[1H, 1H]-NOESY spectrum. Methionine methyl-group 1H and 13C assignment was achieved 
using methionine-methyl 13Cε-filtered [1H–13C]-HSQC spectrum and 13Cγ,ε-filtered [1H–13C]- 
-HMBC spectrum.15 NOESY spectra for structural constraints were recorded at mixing times 
of 50 ms, 100 ms and 150 ms. Quantitative J-correlation HNHA experiment15 was used for 
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measurement of 3J(HNHα) couplings. The 1H–15N heteronuclear NOEs16 were recorded using 
a 500 MHz spectrometer (Bruker Avance 500). The multidimensional spectra were processed 
and analyzed in FELIX (Felix NMR, 2007). All analyses performed after peak picking 
(assignments and structural parameter calculations) were realized using custom programs in 
MATLAB (The MathWorks, 2007). About 1600 NOE distances (including 19 halothane–
protein distances) where extracted (see Table I in Results) and applied with error limits 
deduced from values obtained at three mixing times. The backbone NOE contacts and 
3J(HNHα) couplings were in agreement with NMR solution structure of [Ca2+]4-CaM (1J7O & 
1J7P17). Therefore, backbone dihedral angles of the free [Ca2+]4-CaM were used as 
constraints with an error limit of ±10, except in few regions of missing experimental 
couplings or a larger chemical shift difference at the backbone between free and complexed 
CaM. In these regions (residues: 19–21, 38–43, 54–57, 63–67, 70–76, 92– 
–95, 104–108, 144–147) error limits were increased to ±30. All H-bonds of free [Ca2+]4-CaM 
were also enforced by the distance constraints. Additional distance constraints were defined to 
maintain coordination geometry around Ca2+. 
Structure calculations 

The initial conformation of the [Ca2+]4-CaM N-terminus lobe (residues 1–76) or C-ter-
minus lobe (82–148) was set to the most representative conformer of the reported NMR 
solution structure of [Ca2+]4-CaM, 1J7O.pdb or 1J7P.pdb, respectively.17 Halothane was 
positioned ≈5 Å above the hydrophobic pocket of each terminus. QUANTA/XPLOR18 was 
used for structure calculations: standard simulated annealing schedule, refinement by cooling 
and energy minimization with distance and dihedral restraints. The final structures were not 
sensitive to the initial positioning of halothane. Of the 50 structures produced (for each lobe), 
about 15 were within 10 % of the lowest energy structure. These low-energy structures were 
subjected to a short (100 steps steepest descend) energy minimization in the CHARMm22 
force-field (Molecular Simulations Inc., 1994), without any restraints except that Ca2+ coor-
dination geometry was kept fixed. Five structures (for each lobe) that fully complied with the 
constraints were selected in the final set. 
Data deposition 

The NMR constraints and atomic coordinates for the conformers were deposited at 
Protein Data Bank (PDB entries 2kug and 2kuh for N- and C- terminus lobes, respectively). 
[Ca2+]4-CaM-skMLCKp binding 

Binding was determined from the change in emission of the tryptophan residue in the 
skMLCKp peptide measured in a stirred narrow channel 1 cm fluorescence cuvette (Helman) 
using a Fluoromax-3 instrument (Jobin-Yvon-Spex). The excitation wavelength was 280 nm, 
the emission wavelength was 333 nm, the excitation and emission slit widths were 5 nm, and 
the integrated emission intensity was averaged from thirty 1 s scans. The assay buffer was 50 
mM MOPS (pH 7.3), 100 mM KCl, 1 mM MgCl2 and 0.1 mM CaCl2. The solutions were 
filtered and centrifuged to remove light scattering interferants. A set of titration data were 
collected in the following order: the background emission from the buffer was measured first. 
Then 2.7 nM skMLCKp was added into the cuvette and the emission was remeasured. This 
solution was discarded and a fresh volume of buffer was added to a clean cuvette and the 
emission measured. Then [Ca2+]4-CaM was added to a concentration of 1.3 nM and the 
emission recorded. Finally, skMLCKp peptide was added to a concentration of 2.7 nM and the 
emission was recorded. The solution was discarded and the series of measurements was 
repeated for 2.7, 4.0, 8.0, and 16.0 nM concentrations of [Ca2+]4-CaM. There was minimal 
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variation in the baseline emission intensities between the samples. The emission intensity 
from the skMLCKp at each [Ca2+]4-CaM concentration was determined by subtracting the 
emission intensity of the sample of [Ca2+]4-CaM and buffer from the corresponding sample of 
[Ca2+]4-CaM, skMLCKp and buffer. The skMLCKp emission intensity was plotted as a 
function of [Ca2+]4-CaM concentration with error bars that represent the standard deviation of 
the thirty intensity values collected at 1 s intervals. Three sets of [Ca2+]4-CaM–skMLCKp 
titration data were collected and each was fitted with the following equation:  

    
2

d d
min max

4
2

CaM skMLCK K CaM skMLCK K CaM skMLCK
F F F

skMLCK

 
      

  
 
  

 

where Fmin is the emission intensity from 2.7 nM skMLCKp in the absence of [Ca2+]4-CaM, 
Fmax is the emission intensity from 2.7 nM skMLCKp bound to [Ca2+]4-CaM, CaM is the 
concentration of [Ca2+]4-CaM, skMLCKp is the concentration of skMLCKp (fixed at 2.7 nM), 
and Kd is the dissociation constant. 

The data fitting was realized using Origin 7.5 (OriginLab) and the parameters are 
reported as mean ± sd of the fits to the three-titration data sets.  
[Ca2+]4-CaM-smMLCK activity 

The [Ca2+]4-CaM-dependence of the smMLCK activity was measured using a spectro-
scopic method coupled to pyruvate kinase and lactate dehydrogenase,19 which was modified 
to work in a 96-well format fluorescence plate reader. Briefly, when smMLCK transfers a 
phosphate group from ATP to MLC, it produces a molecule of ADP. Pyruvate kinase (PK) 
acts on ADP and phosphoenolpyruvate (PEP) to produce ATP and pyruvate. Lactate dehyd-
rogenase (LDH) acts on pyruvate and NADH to produce NAD+ and lactate. Thus, for each 
MLC phosphorylated, one molecule of the fluorescent NADH is converted to the non-fluores-
cent NAD+. The specific activity of smMLCK was determined by recording the kinetics of 
NADH disappearance using a Fluostar Optima Fluorescence plate reader (BMG) with 350 and 
460 nm excitation and emission filters, respectively. The kinetic assays were performed in 
triplicate on 200 μl samples. A typical well contained 20 mM MOPS (pH 7.5), 100 mM KCl, 
0.1 mM EGTA, 1.5 mM dithiothreitol (DTT), 1.2 mM PEP, 10 μM NADH, 4.3 units of 
LDH/PK, 20 μM regulatory light chain (RLC), 100 ηg MLCK, and various amounts of 
[Ca2+]4-CaM. The maximum fluorescence intensity of the NADH in the wells was recorded 
prior to initiating the assay by automatically injecting 10 μl of a solution containing 6 mM 
ATP, 40 mM MgCl2, and 10 mM CaCl2, which dilute to a final concentration of 0.3 mM ATP, 
2 mM MgCl2, and 0.5 mM CaCl2 in the wells. The time dependent decrease in NADH 
fluorescence was recorded at 30 s intervals for approximately 10 min, after which the reaction 
was stopped by automatically injecting 10 l of 400 M ADP (20 M final concentration) 
into each well. The baseline fluorescence intensity of the NADH-depleted samples was then 
recorded. 

RESULTS 

Solution structure of [Ca2+]4-CaM–halothane complex 

The aim was to determine the structure of the [Ca2+]4-CaM–halothane com-
plex at low halothane concentrations, because physiological concentrations of a 
VA in anesthesia are rather low. The titration with halothane was followed by 
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NMR (Supplementary material to this paper) and saturation of the [Ca2+]4-CaM 
chemical shifts was established at about 1:30 CaM:halothane mole ratio. Signi-
ficant changes were observed already at a 1:10 mole ratio, which was eventually 
selected as concentration at which the physiologically relevant CaM/halothane 
complex might be discernible.  

Chemical shifts of the protein backbone in [Ca2+]4-CaM–halothane complex 
(at 1:10 mole ratio) differ in several regions from those of [Ca2+]4-CaM, 
measured in the absence of halothane (Fig. 1, bottom). The most pronounced dif-
ferences were in the N-terminus. There were no significant differences in the region 
of the central linker (residues 77–82). The regional mobility of the complex, as 
probed by backbone {1H-15N}-NOE (Fig. 1, top), indicates that the central linker 
was mobile when halothane was bound. These findings signify that low-halo-
thane complex of [Ca2+]4-CaM probably retains a flexible and distant disposition 
of the two Ca2+ binding domains, as was found in the NMR solution structure of 
[Ca2+]4-CaM.17 

 
Fig. 1. Top: sequential values (open circles) of the backbone {1H-15N}-NOE; error bars are 

shown only when larger than the size of the open circles. Bottom: comparison of the CaM 

backbone chemical shift difference (Δ1H = |δ1Hcomplex–δ1Hfree|, Δ
15N = |δ15Ncomplex–δ15Nfree|) 

between [Ca2+]4-CaM alone (free) and complexed with halothane. 

A number of inter-molecular, [Ca2+]4-CaM to halothane NOE contacts were 
observed in each Ca2+ binding domain. All of them were between the single 
halothane proton and methyl-groups of CaM residues: Leu-32, Val-35, Met-36, 
Leu-39, Met-51, Val-55, Met-71, Met-72 and Met-76 in the N-terminus lobe, and 
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Leu-105, Val-108, Met-109, Leu-112, Met-124, Ala-128, Met-144 and Met-145 
in the C-terminus lobe. The best quality NOE contacts were seen for the methyl 
groups of methionines because of their favorable relaxation properties (Fig. 2). 
Numerous intra-calmodulin NOE contacts (≈800 per lobe) were all in support of 
the lobe structures as found in the NMR solution structure of [Ca2+]4-CaM.17 

 
Fig. 2. Methyl-methionine 13C-filtered 3D NOESY (200 ms mixing time) spectrum of 

[Ca2+]4-CaM–halothane complex. A) Diagonal peaks region (1H region 1.5–2.1 ppm) of the 
spectrum. Peaks are labeled by sequential numbers of the methionines. The corresponding 

positions in halothane free [Ca2+]4-CaM20 are marked by crosses. B) Halothane cross-peaks 
region (1H region: 6.2–6.4 ppm) of the spectrum displayed peaks having centers at 6.3 ppm. 

Calculated methyl–halothane distances are shown. 

The structure of the complex was solved under the assumption that halothane 
binding has a minor effect on the protein fold, which was justified by the 
similarity of the chemical shifts in [Ca2+]4-CaM determined with and without 
halothane, by the NOE contacts, and the 3J(HNHα) couplings. Thus, the protein 
dihedral angles (ψ, φ and χ1) were constrained to those of free [Ca2+]4-CaM 
except in the regions of more pronounced (> 0.5 ppm) chemical shift differences 
(Fig. 1, bottom). Due to the flexible disposition of the two CaM lobes, the NMR 
solution structure was solved separately for the N-terminus and for the C-ter-
minus lobes. The final structures were similar to the uncomplexed [Ca2+]4-CaM 
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structure17 having an average deviation between the backbone or side-chains of 
≈2 Å and ≈3 Å, respectively. The structural statistics are given in Table I. 

The obtained structures (Fig. 3) show halothane binding in the region of the 
hydrophobic pockets, which are binding targets for many other ligands.21 The 
N-terminus lobe structural models show a deeper imbedding of halothane than in 
the C-terminus, as could have been expected from the induced chemical shift 
changes of CaM (see above, Fig. 1, bottom). The orientation of the halothane 
varies considerably in the models, because there are no empirical constraints on 
the trifluoromethyl half of the molecule. An attempt was made to obtain addi-
tional constraints by measuring the 1H–19F dipolar couplings in oriented media, 
but halothane was found to disrupt the properties of the orientation media, i.e., 
phage and co-solvents. 

TABLE I. Summary of conformational restraints and structural statistics for 5 energy-refined 
conformers of [Ca2+]4-CaM in complex with halothane 
 Parameter N-terminus C-terminus 

NOE distance restraints 
 Intraresidual (|i–j| = 0) 314 337 
 Sequential (|i–j| = 1) 157 188 
 Medium range (1 <|i–j| <5) 131 137 
 Long range (|i–j| 5) 128+9a 137+10a 
 Total NOE 735 808 
Dihedral angle restraintsb (1) 220 195 
H-bond restraintsb 37 23 
RMSD over all distance constraint violations, Å 0.1 0.1 
RMSD over all dihedral angle restraints violations, deg. 2.5 3.2 

CHARMm energiesc, kcal mol-1) 
 Total –2270±90 –1913±90 
 van der Waals –316±9 –230±10 
 Electrostatic –2285±90 –1970±100 

Ramachandran plot statistics, % 
 Residues in most favored region 90.3 95.7 
 Residues in additionally allowed regions 9.7 4.3 
 Residues in generously allowed regions 0 0 
 Residues in disallowed regions 0 0 

Average RMSD from mean coordinates, Å 
 All atoms 0.75 0.64 
aProtein-halothane NOE; btarget values are same as in [Ca2+]4-CaM structure (1J70 & 1P7O); ccharged protein 
without Ca2+ counter-ions contribution 

skMLCKp [Ca2+]4-CaM binding 

The emission spectrum of the skMLCKp peptide excited at 280 nm was 
measured and it was found that the peak increased in intensity and was blue-
shifted upon binding to [Ca2+]4-CaM (Fig. 4, top panel). This result is consistent 
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with previous.22 The most significant difference between the spectra of the 
bound and unbound peptide was observed at 333 nm. The emission of the peptide 
at 333 nm at various [Ca2+]4-CaM concentrations up to 16 nM was measured 
(Fig. 4, bottom panel). The binding curves yielded a mean Kd of 1.3±0.4 nM, 
which agrees with the Kd value of 4 nM determined previously using surface 
plasmon resonance.23 Moreover, 10 mM isoflurane did not significantly affect 
the fluorescence intensity of skMLCKp in the presence of 2.7 nM [Ca2+]4-CaM. 

 
Fig. 3. Models of five conformers for N-terminus (to the left, 2KUG.pdb) and C-terminus (to 

the right, 2KUH.pdb) lobes of the [Ca2+]4-CaM–halothane complex. Halothane is given in 
cyan color, protein in magenda. The atomic stick-plot is overlain with protein cartoon 

(helices are denoted by letters). 

smMLCK activity 
The specific activity of smMLCK was determined using an ADP/NADH 

coupled assay. Representative spectra recorded in the presence of various con-
centrations of [Ca2+]4-CaM up to 300 nM illustrate the assay (Fig. 5, top panel). 
The initial plateau is the maximal emission from NADH, determined prior to 
initiating the assay. The drop in intensity (≈10 %) that occurred when a solution 
of ATP, MgCl2, and CaCl2 was automatically injected to start the reaction was 
due to minor ADP contamination. This was followed by a steady decrease in 
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NADH fluorescence that was dependent on the [Ca2+]4-CaM concentration. The 
rate of fluorescence decrease was directly proportional to the phosphorylation of 
the myosin light chain. The final steep drop occurred when an ADP solution was 
automatically injected, which consumes the remaining NADH. The end plateau 
was the signal from the sample without NADH. The difference between the 
plateaus at the beginning and end of the assay was used to calibrate the instru-
ment response to the amount of NADH present. 

 

Fig. 4. Top: Change in tryptophan 
emission spectrum (at 280 nm) from 
skMLCKp upon binding to [Ca2+]4- 
-CaM. Bottom [Ca2+]4-CaM concentra-
tion dependence of tryptophan emis-
sion (at 333 nm) from 2.7 nM skMLCKp. 
The titrations were repeated in trip-
licate (circles, squares and triangles). 
The error bars represent the standard 
deviation in the mean of thirty, 1 s 
fluorescence measurements. The solid 
line was generated using the mean 
parameters from the curve fits to the 
three sets of titration data. It was found 
that 10 mM isoflurane did not signi-
ficantly affect the fluorescence inten-
sity of skMLCKp in the presence of 
2.7 nM [Ca2+]4-CaM (closed stars). 

The specific activities of the smMLCK, calculated from the slopes are plot-
ted as a function of [Ca2+]4-CaM concentration in Fig. 5, bottom panel. The maxi-
mum activity of smMLCK in the presence of [Ca2+]4-CaM was found to be appro-
ximately 12 μmol min–1 mg MLCK–1, which is consistent with previous results.19 
The effect of various concentrations of halothane on the activity of MLCK alone 
and in the presence of [Ca2+]4-CaM at concentrations that produce half-maximal 
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(2 nM) and maximal (100 nM) activation was measured. Halothane was found to 
inhibit the MLCK activity, but it was not [Ca2+]4-CaM dependent (Fig. 6). 

 

Fig. 5. Top: raw fluorescence data 
for assay of CaM-dependent MLCK 
activity. From top to bottom trace, 
CaM concentration was 0, 1, 3, 10, 
30, and 100 nM. Bottom: [Ca2+]4- 
-CaM dependence of MLCK 
specific activity. 

 

Fig. 6. Effect of halothane on MLCK acti-
vity. The activities were measured in the 
presence of 0, 2 and 100 nM concentrations 
of [Ca2+]4-CaM, indicated by the triangle, 
circle and square symbols, respectively. The 
activities are normalized to the specific acti-
vity of MLCK measured in the presence of 
100 nM [Ca2+]4-CaM without halothane. 
Increasing concentrations of halothane inhi-
bited MLCK, independent of the [Ca2+]4- 
-CaM concentration. 
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DISCUSSION 

Halothane binding site 
The NMR solution structure of the [Ca2+]4-CaM–halothane complex appears 

to retain an open structure with a flexible central-linker, which is consistent with 
free [Ca2+]4-CaM. Therefore, halothane binding does not seem to induce a global 
conformational change in the [Ca2+]4-CaM structure. To gain insight into the 
structural features of halothane binding, its binding is compared in Fig. 7 with 
that of a potent CaM-peptide binding antagonist N-(6-aminohexyl)-5-chloro-1-
naphthalenesulfonamide (W-7).24 Halothane does not penetrate as deep into the 
hydrophobic pockets in the termini of [Ca2+]4-CaM as does W-7. Halothane mainly 

 
Fig. 7. Top: partial structure of the binding sites of N-(6-aminohexyl)-5-chloro-1-naph-
thalenesulfonamide (W-7) to [Ca2+]4-CaM (taken from 1mux.pdb, first NMR structure). 
Shown are the side-chain groups of [Ca2+]4-CaM binding sites in contact with the W-7 

aromatic ring. Bottom: analogous view of the binding site in the [Ca2+]4-CaM–halothane 
structure. The structure of the conformer with a deepest imbedding of halothane is shown. 

Atoms are represented by solid spheres at 50 % of the van der Walls radii. Colors are by atom 
nature: H (white-gray), C (light green), N (blue), O (red), F (deep-green), 

S (yellow), Cl (deep-green), Br (magenta). 
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interacts with methyl groups, primarily from methionine residues, whereas W-7 
also interacts with complementary aromatic groups at the base of the pockets. 
This preferential interaction with methyl groups is likely supported by their high 
concentration at the pockets entry. In a more dominant aromatic environment, 
halothane could also engage aromatic groups.25 The lack of halothane penetra-
tion into the C-terminal pocket is particularly significant because that is where the 
tryptophan side chains (i.e., Trp-4 of the CaM-binding peptide from the MLCK,24 
or Trp-8 of the CaM-binding peptide26,27) anchor the peptide to [Ca2+]4-CaM. 

To substantiate further this finding, comparison of the ligand penetration 
depth into the hydrophobic pockets of [Ca2+]4-CaM by triangulation to three 
residues at the bottom of the pockets that are iso-topical in the N- and C-termi-
nuses was made (Scheme 1 and Table II). The data in the last two columns of 
Table II verify that ligand penetration depth into the C-terminus hydrophobic 
pocket is crucial for the onset of antagonist behavior. 

 
Scheme 1. Ligand penetration into the hydrophobic 
pockets of [Ca2+]4-CaM. 

TABLE II. Ligand penetration-depths into hydrophobic pockets of Ligand/CaM (Li-
gand/#pdb) structures obtained by triangulation to three residues at the bottom of the 
hydrophobic pockets. Distances (Å ) were calculated between the backbone Cα atom of the 
three residues and the closest heavy atom of the ligand; TFP: 10-[3-(4-methyl-piperazin-1-yl)- 
-propyl]-2-trifluoromethyl-10H-phenothiazine 
Ligand/#pdb Phe19 Leu32 Phe68 Mean Phe92 Leu105 Phe141 Mean Antagonist 
EtOH C1: C1: C2: – Any Any Any – – 
/1cll 8.1 7.5 5.9 5.6 >15 >15 >15 >15 No 
Halothane Br: Cl2: Br: – C1: Cl2: F2: – – 
/2kug, 2kuh 11.5 8.2 7.6 9.1 13.1 7.3 8.3 9.6 No 
W-7 C3: C4: C3: – C3: C3: Cl1: – – 
/1mxu 6.4 6.6 7.2 6.7 6.1 6.4 6.4 6.3 Yes 
TFP C3: C3: C2: – C9: C9: C10: – – 
/1ctr 13.6 17.3 15.2 15.4 7.6 5.8 6.5 6.6 Yes 
MLCK 10CB: 14CD1: 17CD2: – 8O1: 8O1: 4CZ2: – – 
/1qs7 7.0 6.9 7.4 7.1 5.3 5.7 5.5 5.5 Yes 
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The finding that halothane interacts with methyl groups in [Ca2+]4-CaM is 
consistent with previous observations that VAs contact primarily aliphatic 
residues in serum albumin28 and interact solely with the choline methyl groups in 
dipalmitoylphosphatidylcholine vesicles.29 This appears to be a general feature 
of VAs–protein interactions, which were used as criteria to identify amphiphilic 
pockets in protein structures where VAs bind.10,11 This finding is consistent with 
the possibility that protein methyl groups act as weak hydrogen bond donors to 
the methyl halogens, namely fluorine, found in VAs.30 However, this is only 
speculation because data necessary for the determination of the orientation of 
halothane relative to the methyl groups of [Ca2+]4-CaM is lacking. 

Isoflurane does not affect steady-state [Ca2+]4-CaM–skMLCKp binding 

The steady state fluorescence assay indicated that even high concentrations 
of isoflurane and, by extension, probably other VAs, do not significantly alter the 
amount of [Ca2+]4-CaM–skMLCKp formed in the presence of 2.7 nM [Ca2+]4- 
-CaM. Isoflurane was used because it does not quench fluorescence unlike halo-
thane, which would complicate the interpretation of this assay, and skMLCKp 
was employed because its affinity for [Ca2+]4-CaM is not too high to quantify.23 
Thus VAs do not behave like the [Ca2+]4-CaM antagonist W-7, which reduces 
the amount of [Ca2+]4-CaM–MLCK peptide formed without significantly alte-
ring the Kd value.31 This was unexpected since halothane was shown to reduce 
the amount of synaptic PDZ domain-mediated protein interactions with NMDA 
receptor and nNOS without significantly altering the Kd value.32 It is possible 
that VAs behave like the [Ca2+]4-CaM antagonist TFP and alter the on-rate of the 
MLCK peptide, but not the steady state amount of complex formed.31 However, 
a reduction in the on-rate would increase the steady state Kd and right-shift the 
binding curve. This was not the case since isoflurane had no effect on the inten-
sity observed near the half-maximal [Ca2+]4-CaM. These results indicate that VAs 
do not significantly antagonize the interaction of [Ca2+]4-CaM with skMLCKp.  

Halothane inhibits smMLCK activity 
The kinetic fluorescence assay indicated that the MLCK activity is inhibited 

in a concentration-dependent manner by halothane. Fluorescence quenching by 
halothane does not present a problem for this assay because the instrument res-
ponse is calibrated using the NADH fluorescence from each sample condition. It 
was found that MLCK is inhibited by VAs in the absence of [Ca2+]4-CaM and in 
the presence of sub-maximal and maximal concentrations of [Ca2+]4-CaM. This 
indicates that the mechanism by which halothane inhibits MLCK is independent 
of [Ca2+]4-CaM, which is consistent with the finding that isoflurane does not 
inhibit [Ca2+]4-CaM binding to skMLCKp. 
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CONCLUSIONS 

The obtained results indicate that VAs bind to antagonist sites in [Ca2+]4- 
-CaM, yet inhibit MLCK activity only via unspecified interactions with the 
enzyme. The inability of VAs to act as potent CaM-peptide binding antagonists 
can be traced to the ligand-penetration-depth into the C-terminus hydrophobic 
pockets. The result is significant because it shows, at least in the case of calmo-
dulin-dependent smMLCK activity, that effect of VAs on enzyme function do not 
arise from the low affinity of VA binding to the druggable sites of the protein.  

Since mechanism of general anesthesia remains unsolved,33 structural stu-
dies at an atomic resolution level, such as those presented herein, could help 
understand modalities of anesthetic–biomacromolecule interactions. 

SUPPLEMENTARY MATERIAL 
Two figures presenting halothane/CaM NMR titration data are available electronically at 

http://www.shd.org.rs/JSCS/ or at: https://www.researchgate.net/profile/Nenad_Juranic/pub-
lications/?pubType=dataset&ev=prf_pubs_dat 
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И З В О Д  

ХАЛОТАН СЕ ВЕЗУЈЕ ЗА АКТИВНА МЕСТА [Cа2+]4-КАЛМОДУЛИН, АЛИ НЕ ИНХБИРА 
[Cа2+]4-КАЛМОДУЛИН-ЗАВИСНУ АКТИВАЦИЈУ КИНАЗЕ 

NENAD O. JURANIĆ
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1
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2
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2
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Механизам деловања испарљивих анестетика је слабо познат. Применом NMR 
спектроскопије виосоке резолуције ми смо решили структуру комплекса којег испар-
љиви анестетик халотан чини са калцијум-везујућим протеином калмодулином ([Cа2+]4- 
-CаМ). Утврдили смо да се халотан везује за калмодулин на местима која су позната као 
примарна места везивања разних лиганада, и сматрају се примарним циљем за примену 
лекова у системима зависним о сигнализирању калцијума. То је указивало на могућност 
дејства анестетика путем модулације сигнализирања калцијум-кадмодулина. Зато смо 
испитали да ли везивање испарљивих анестетика (VА) утиче на калцијум-кадмодулин 
зависну активност ензима миозин-киназе (myosin light chain kinase, МLCК). Применом 
флуорeсцентне анализе утврдили смо да VА утичу на активацију МLCК, али да не мења 
константу везивања калцијум-калмодулина за моделну регију ензима (skМLCКp). Овај 
резултат сугерише да анестетик (VА) не утиче директно путем сигнализирања калцијум- 
-кадмодулина. 

(Примљено 23. маја 2013) 
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Fig. S-1. Backbone amide 1H-15N peaks positions determined from 3D HNCO titration 

spectra. 
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Fig. S-2. Titration curves for the prominent residues from each CaM lobe. Red arrow indicates 

mole ratio at which NMR structure determination of CaM/halothane complex is done. 
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REVIEW 
Super-resolution fluorescence imaging and correlation 
spectroscopy: principles and examples of application 
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1Department of Molecular Medicine, Beckman Research Institute of the City of Hope 
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Abstract: Self-organization of cell-surface receptors in structurally distinct 
domains in the plasma membrane is of vital importance for correct cellular 
signaling. However, this dynamic process is difficult to study in cells with suf-
ficiently high temporal and spatial resolution. Herein, two quantitative high-
resolution methods with single-molecule sensitivity are presented, i.e., fluores-
cence correlation spectroscopy (FCS) and pair-correlation photo-activated 
localization microscopy (pcPALM), which enable the non-destructive study of 
receptor diffusion and lateral organization at the nanoscale level. The methods 
are introduced and their application in studies of lateral organization of G 
protein-coupled receptors (GPCRs) is reviewed. Examples from studies on the 
lateral organization of opioid receptors are presented in order to illustrate the 
most recent advances in the field.  

Keywords: fluorescence correlation spectroscopy, super-resolution fluores-
cence imaging, sub-diffraction limit, photo-activated localization microscopy, 
G protein-coupled receptors, lipid rafts. 

CONTENTS 
1. INTRODUCTION  
2. FLUORESCENCE CORRELATION SPECTROSCOPY (FCS) 

2.1. FCS measurements and data analysis 
2.2. Probing the lateral organization in the plasma membrane at the nanoscale level by 

varying spatial scales FCS 
2.3. Limitations of FCS 

3. PHOTO-ACTIVATED LOCALIZATION MICROSCOPY (PALM) AND PAIR- 
-CORRELATION PALM (PCPALM) 
3.1. Limitations of PALM and pcPALM 
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4. GPCR LATERAL ORGANIZATION INVESTIGATED BY FCS AND PALM 
5. CONCLUSIONS 

1. INTRODUCTION 

Lateral diffusion of cell surface receptors and receptor sorting into specific 
compartments in the plasma membrane play an essential role in cell signal trans-
duction.1–7 Plasma membrane compartmentalization arises spontaneously, due to 
the natural tendency of lipids to separate into distinct liquid-ordered (Lo) or 
liquid-disordered (Ld) phases, forming submicroscopic domains where certain 
lipids (such as cholesterol and sphingolipids) and proteins can be concentrated 
while others can be excluded. The thus formed Lo submicroscopic domains, fre-
quently referred to as lipid rafts, are believed to participate in a number of vital 
cellular functions.1–7 In spite of intense research that followed the original pro-
position of these domains,1 in vivo existence of lipid rafts and their biological 
role remained difficult to confirm for many years. The main obstacle was the 
limitation of experimental techniques that were available for quantitative charac-
terization of these dynamic structures under non-destructive (living cells) or 
minimally invasive (fixed cells) conditions.  

To date, fluorescence microscopy imaging and spectroscopy techniques have 
provided compelling evidence for the existence of lateral heterogeneity of protein 
and lipid organization in intact cell membranes.8–22 The aim of this paper is to 
present two quantitative methods with single-molecule sensitivity, fluorescence 
correlation spectroscopy (FCS) and pair-correlation photo-activated localization 
microscopy (pcPALM), and review their application for the study of lateral 
organization of G protein-coupled receptors (GPCRs). Examples from studies on 
opioid receptors are used to illustrate how concomitant application of these spe-
cialized techniques enables the quantitative characterization of the surface 
density, lateral diffusion in living cells and heterogeneous distribution in intact 
plasma membranes of opioid receptors at the nanoscale level.  

2. FLUORESCENCE CORRELATION SPECTROSCOPY (FCS) 
FCS is a quantitative method with single molecule-sensitivity that uses sta-

tistical analysis of fluorescence intensity fluctuations recorded over time to 
obtain information about molecular numbers and their transporting properties 
and/or molecular brightness distribution.23–25 The principles of FCS were for-
mulated about thirty years ago,26–30 and the method was successfully applied for 
in solution studies of molecular diffusion and kinetics in the founding labora-
tories. More widespread application in biological systems became possible only 
after confocal optical arrangement and ultra-sensitive avalanche photodiode 
(APD) detectors were implemented.31,32 Application of these innovations signi-
ficantly improved the signal-to-noise ratio, enabling single-molecule detection sen-
sitivity, low excitation intensities and short measurement times. Building on these 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 FCS AND pcPALM FOR THE STUDY OF GPCR LATERAL ORGANIZATION AT THE NANOSCALE LEVEL 1673 

innovations, second and third generations of versatile instruments that combined 
FCS with confocal laser scanning microscopy (CLSM) were developed,33,34 
which paved the way for a more widespread use of FCS in biomedical research. 
FCS measurements on live PC12 cells stably transformed to express mu-opioid 
receptors fused with the enhanced Green Fluorescent Protein (MOPeGFP) are 
shown as an example (Fig. 1 B). A schematic presentation of a typical FCS– 
–CLSM setup is given in Fig. 1A. To induce fluorescence, the sample is illumi-
nated by incident light delivered by a continuous wave laser. The laser beam is 
reflected by a dichroic mirror and sharply focused by the objective to form a mini- 

 
Fig. 1. FCS measurements and data analysis. A. Schematic drawing of a typical FCS/CLSM 

setup. B. Confocal image of a single PC12 cell stably expressing MOPeGFP (green), acquired 
using APD. Scale bar: 5 µm. C. Fluorescence intensity distribution across a single PC12 cell 
expressing MOPeGFP determined by a linear scan in the axial direction (z-scan). The first and 
second maximums indicate the position of the basal and apical plasma membrane, respecti-

vely, as schematically depicted in the panel above. D and E. Fluorescence intensity fluc-
tuations (top) and corresponding autocorrelation curves (bottom) recorded in a standard 

solution of rhodamine 6G (Rho6G) in water (D) and on the apical plasma membrane 
of a single PC12 cell expressing MOPeGFP (E). 
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ature volume element, the size of which is determined by the diffraction of light. 
The volume from which fluorescence is detected is further reduced by a pinhole 
(confocal aperture) in the image plane, rejecting stray and out of focus light and 
keeping the Raman scattered light to a minimum. In this way, fluorescence is 
detected from a minute observation volume element that is about 2×10–19 m3. 
This enables a submicrometer resolution and specific detection at defined loci, as 
well as quantitative and background-free analysis. The light emitted by fluo-
rescing molecules passing through the confocal volume element is separated 
from the exciting radiation and the scattered light by a dichroic mirror and barrier 
filter, and transmitted to the single-photon avalanche photodiode (APD) detector, 
which responds with an electrical pulse to each detected photon. The number of 
pulses originating from the detected photons, recorded during a specific time 
interval, corresponds to the measured light intensity. Thus, in one FCS experi-
ment, changes in fluorescence intensity in time are registered. The eGFP fluores-
cence was exited using the 488 nm line of an Ar/ArKr laser. The main dichroic 
beam splitter HFT KP 700/488 was used to separate the incident and emitted 
light. The emitted light was further spectrally selected using a band pass filter BP 
505–530 nm in front of the APD detector (Fig. 1B). Autocorrelation analysis 
showed that the average number of Rho6G molecules in the observation volume 
element was 2.3 (meaning that one typically observes 2 (67 % of the time) or 3 
(33 % of the time) Rh6G molecules simultaneously, Fig. 1D and E), whereas 
the average number of observed MOPeGFP molecules is 9.2. The number of 
detected photons per molecule and second in Rh6G aqueous solution was 
CPMRho6G = 41.9 kHz, yielding a virtually noise-less autocorrelation curve 
(black in Fig. 1C and D) that is well fitted with the autocorrelation function for 
free 3D diffusion and singlet/triplet transition of a single component (red in Fig. 
1D and E). In contrast, the eGFP brightness is an order of magnitude lower, 
CPMMOPeGFP = 3.8 kHz. The experimental autocorrelation curve is complex, 
showing several characteristic times (black in Fig. 1D and E), and could be well 
fitted using an autocorrelation function for free 2D diffusion and singlet/triplet 
transition of two components (red curve, see Eq. (2)). 

2.1. FCS measurements and data analysis 
In studies of protein lateral organization in plasma membranes by FCS, live 

cells genetically modified to express the receptor of interest fused with a fluores-
cent protein marker are typically used.18,19,35,36 This is somewhat disadvanta-
geous for FCS because the quantum yield of fluorescent proteins is typically 
smaller than those of organic fluorophores or quantum dots, which necessitates 
longer measurement times. However, an obvious advantage of genetic labeling is 
that it obviates artifacts associated with covalent protein labeling and/or protein 
organization disruption due to multiple crosslinking with antibodies.  
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Before an FCS measurement can be initiated, confocal imaging is used to 
identify cells suitable for FCS analysis. For example, a confocal image of PC12 
cells stably transformed to express the mu-opioid receptor fused with an 
enhanced green fluorescent protein (MOPeGFP) is shown in Fig. 1B. When a 
suitable cell has been identified, which does not have another cell on top of it and 
is not too bright (overexpression of proteins can introduce artifacts in their lateral 
organization), fluorescence intensity scanning is performed in the axial direction 
(a so-called z-scan) to localize the apical plasma membrane of the cell (schema-
tically depicted above Fig. 1C). A fluorescence intensity profile generated in this 
way is shown in Fig. 1C. Thereafter, continuous wave laser light is delivered to a 
small area in the plasma membrane, and fluctuations in fluorescence intensity are 
recorded as a function of time (Fig. 1 D and E, top). 

To evaluate the gathered data, i.e., to analyze time series sampled during one 
run, statistical methods are applied to detect non-randomness in the data. Typi-
cally, this is realized by temporal autocorrelation analysis, but other methods 
such as higher order autocorrelation functions,37,38 fluorescence intensity distri-
bution analysis (FIDA),39,40 photon-counting histograms (PCH),41,42 fluores-
cence cumulant analysis (FCA),43 and time-integrated fluorescence cumulant 
analysis (TIFCA)44,45 can be also applied. However, the temporal autocorre-
lation analysis of fluorescence intensity fluctuations is still the most frequently 
used method in FCS applications. 

In temporal autocorrelation analysis, the normalized autocorrelation function 
G() is first derived: 

 2
δ ( )δ ( )

( ) 1
( )





 

I t I t
G

I t
 (1) 

that relates the fluctuation in fluorescence intensity measured at a certain time 
point t, δ ( ) ( ) ( ) ,I t I t I t  which is given as the difference in fluorescence 
intensity I(t) and the mean fluorescence intensity over the recorded time-series 
 ( ) ,I t  and its intensity measured at a later time, δ ( ) ( ) ( ) .I t I t I t      
For further analysis, G(τ) is plotted as a function of different lag times τ, also 
called autocorrelation times, to construct the corresponding autocorrelation curve 
(Fig. 1D and E, bottom). In molecular systems undergoing stochastic fluctu-
ations, random variations of G(τ) around the value G(τ) = 1 would be observed. 
For processes that are not random, an autocorrelation curve builds up with a 
maximal limiting value of G(τ) as τ  0, decreasing to the value of G(τ) = 1 at 
long times, indicating that correlation between the initial and the current property 
value has been lost. For simple systems, with only one chemical species and one 
process that underlie the fluorescence intensity fluctuations, autocorrelation 
curves with only one characteristic time are observed (Fig. 1D, bottom). In com-
plex systems, where more than one process underlies the fluorescence intensity 
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fluctuations, or chemical species with different diffusion times exist, more than 
one characteristic time could be observed if the processes are sufficiently well 
separated in time (Fig. 1E, bottom).  

To obtain information about the average number of molecules observed, the 
so-called non-uniform part of the normalized autocorrelation function is used, 
g(τ) = G(τ) – 1. In this case, one observes a maximal limiting value of g(τ) as τ  0 
is observed that decreases to the value of g(τ) = 0 at long times. The limiting 
value of g(τ), as τ  0 is then inversely proportional to the absolute concentration 
of the fluorescing molecules. Both the normalized autocorrelation function G() 
and its non-uniform part g(τ) are independent of the properties of the experimen-
tal setup, such as the laser intensity, fluorescence quantum yield and detection 
efficiency.23 A comprehensive description of autocorrelation analysis and the 
derivation of the autocorrelation function for the simplest case, free three-dimen-
sional (3D) diffusion in an isotropic medium, can be found at http://www.bio-
tec.tu-dresden.de/cms/index.php?id=151.46 Here, only the most relevant results 
for lateral diffusion (two-dimensional (2D) diffusion in a plane) are given. 

To extract the information about molecular numbers (N) and lateral diffusion 
times (D), the experimental autocorrelation curves are fitted using autocorre-
lation functions derived for the appropriate model system.23 For measurements 
performed at a plasma membrane, a model for free 2D diffusion with triplet con-
tribution is typically used: 

 
 D

1( ) 1 1 exp
1 1




  

   
            

 i

i Ti

x TG
N T

 (2) 

In Eq. (2), T is the average equilibrium fraction of molecules in the triplet 
state, T is the relaxation time of the triplet state, i is the number of components, 
Di is the diffusion time of the i-th component and xi is its relative amplitude 
(xi = 1). The diffusion times, Di, of the investigated components are deter-
mined from the autocorrelation function (2) that best matches the actual, experi-
mentally determined autocorrelation curve. 

The diffusion time, D, is related to the translation diffusion coefficient, D, 
through the relationship: 

 
2

D 4
xyw
D

   (3) 

where wxy is the so-called lateral radius, i.e., the radial distance of the focused 
laser beam at which the collected fluorescence intensity has dropped by a factor 
of e2 compared to its peak value in the center. This parameter is derived in 
calibration measurements, using standard aqueous solutions of fluorescent mole-
cules the diffusion coefficients of which are known. For this purpose, the fluores-
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cent properties of the standard dye need to match the properties of the fluorescent 
protein, and identical optical settings have to be applied for FCS measurements 
(Fig. 1D and E). Diffusion coefficients of organic fluorophores typically used as 
reference standards in FCS can be found at http://www.picoquant.com/tech-
notes/appnote_diffusion_coefficients.pdf.47 The lateral radius wxy depends on the 
instrumental setting, but the theoretical limit for a diffraction-limited spot size 
gives a range from 200–270 nm for typically used excitation wavelengths 488– 
–633 nm. 

Thus, FCS examines a small area ((wxy)2) in the plasma membrane that is 
limited in size by the diffraction of light and the quality of the optics. It provides 
quantitative information about the local density of cell surface receptors and the 
lateral diffusion in the observed area in living cells. Even though the spatial reso-
lution of FCS is limited by light diffraction, FCS can give information about the 
structural organization at the nanoscale level, i.e., beyond the spatial resolution 
limit that is imposed by diffraction of light, as will be shown later.  

2.2. Probing the lateral organization in the plasma membrane at the nanoscale 
level by varying spatial scales FCS 

Lateral heterogeneity and the presence of microdomains affect the diffusion 
behavior of molecules composing the plasma membrane. However, long-range 
diffusion measurements, such as fluorescence recovery after photobleaching 
(FRAP), which is the most widely used technique for measuring molecular diffu-
sion in cellular membranes, have largely failed to recognize such differences. 
The main reason for this is that FRAP measurements are typically conducted on 
an ensemble of molecules, such that individual behavior of molecules cannot be 
distinguished. Owing to the high temporal resolution and single molecule sensi-
tivity of FCS, it was recently shown that FCS measurements performed at vary-
ing spatial scales can provide information about local differences in the diffusion 
properties of cell-surface receptors in the plasma membrane.48–52 Using this 
method, three models of diffusion could be distinguished by plotting the lateral 
diffusion time (D) as a function of the observation area size, which is pro-
portional to (wxy)2, and determining the intercept for a vanishingly small obser-
vation area (Fig. 2A). A positive intercept was associated with partitioning in 
domains as the predominant mode of lateral organization, free diffusion yielded a 
zero intercept, and a negative intercept reflected receptor confinement by the 
cytoskeletal meshwork.48–52 

To corroborate this remarkable observation, single nanometric apertures of 
different sizes were combined with FCS to reduce the size of the observation area 
from which photons are collected and thus achieve the high spatial resolution that 
is necessary to characterize the underlying structures at the nanoscale level.53 
This approach verified the previous observations that FCS can give information 
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about structures that are smaller in size than the spatial resolution limit that is 
imposed by light diffraction.48–52 FCS at varying spatial scales was also shown 
to be superior to single particle tracking (SPT) because of the high temporal reso-
lution, high sampling and the robust autocorrelation analysis that is much simpler 
than the tedious analysis of large numbers of individual trajectories, which is 
necessary for the accurate interpretation of SPT results. 

The experimentally derived dependence of the autocorrelation time for 
MOPeGFP as a function of the size of the observation area is shown in Fig. 2B. 
The positive intercept suggests that opioid receptors partition between micro-
domains and the surrounding lipid bilayer. 

 
Fig. 2. Probing the lateral organization in the plasma membrane at the nanoscale level by 

varying spatial scales FCS. A. Lateral diffusion time as a function of the size of the 
observation area for different types of lateral organization in the plasma membrane: a network 

of barriers defining contiguous corrals (green), free diffusion (blue) and isolated domains 
(red), derived by numerical simulations according to the so-called FCS diffusion law.48-53 The 

shaded region indicates observation areas that are smaller in size than the area defined by 
diffraction of light. Direct FCS measurements in this domain cannot be performed by classical 
FCS, but the behavior can be inferred by extrapolation (dashed line) of the data set collected 

for areas that are larger in size than the diffraction limited area (solid line). B. Experimentally 
measured dependence of the lateral diffusion time of opioid receptors in live cells as a 
function of the observation area size. The size of the observation volume element was 
changed by changing the pinhole size (ph) in front of the detector. The observed area, 

expressed as (ph)2, is proportional to the actual observation area. 

2.3. Limitations of FCS 
Endogenous non-fluorescent protein molecules, protein constructs with irre-

versibly photobleached fluorophores or with fluorophores residing in dark states, 
and proteins associated with large immobile structures will all be invisible for 
FCS and will lead to an underestimation of the receptor surface density. Irrever-
sible photobleaching of fluorophores may also induce errors in the measurements 
of the lateral diffusion time, yielding shorter values of D, and hence larger 
diffusion coefficients. To avoid artifacts due to photobleaching, the incident laser 
intensity used for FCS measurements needs to be as low as possible. The appro-
priate laser intensity is usually selected so that the detected number of photons 
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per molecule and second, so-called count per molecule, is not lower than 1 kHz 
(to ensure that the measured signal is coming from the fluorophore, rather than 
from autofluorescent molecules abundant in the cell), and the lateral diffusion 
time does not increase when the laser intensity is reduced. 

FCS gives a dynamic readout, yielding characteristic times of processes 
underlying fluorescence intensity fluctuations. However, its localization preci-
sion is poor – FCS can localize the receptor in the plasma membrane with an 
uncertainty that is limited by the diffraction of light, which is about 200 nm at 
best. To visualize a receptor and determine its localization with greater precision, 
super-resolution fluorescence imaging techniques are required.  

3. PHOTO-ACTIVATED LOCALIZATION MICROSCOPY (PALM) AND 
PAIR-CORRELATION PALM (pcPALM) 

Reconstruction based super-resolution fluorescence microscopy imaging 
techniques such as photo-activated localization microscopy (PALM),54 stochastic 
optical reconstruction microscopy (STORM)55 and fluorescence photo-activation 
localization microscopy (fPALM)56 use repetitive activation and imaging of 
single fluorophores. This process is reiterated over several minutes (tens of thou-
sands of frames are typically acquired) allowing single fluorophores to be gene-
rally positioned with respect to one another at distances greater than the diffrac-
tion limit in any particular frame. The centers of the peaks are mathematically 
calculated for each frame based on the photon distribution from single fluoro-
phores, and all frames are added together. This approach yields pointillistic ima-
ges, where individual molecules can be localized with a high precision, typically 
15–40 nm.21,22,54–61 The principles of reconstruction based super-resolution 
fluorescence microscopy imaging techniques were primarily defined in the semi-
nal works of Michalet et al.,57 Thompson et al.,58 Yildiz et al.59 and Betzig et 
al.,54 in which it was shown that the fluorescence intensity, i.e., the number of 
detected photons, determines the precision by which a single molecule can be 
localized. By showing that the accuracy of single molecule localization depends 
on the width of the point spread function (PSF) and the square root of the col-
lected number of photons (n): 

 


 
xy

n
 (4) 

they showed that if n = 10000 photons, for a single fluorescing molecule could be 
detected, λ = 500 nm (ωxy  250 nm), the molecule could be localized with a 
precision of 1.3 nm. 

In order to acquire a sufficient number of photons from a single molecule, 
which are required for achieving the high localization precision in accordance 
with Eq. (4), these super-resolution techniques rely on switchable fluorescence 
reporters, which can cycle to/from a metastable dark state many times, in the case 
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of photo-activatable fluorophores, or from one color to another in the case of 
photoconvertible fluorophores. By stochastically activating, localizing, and then 
photobleaching (in PALM) the switchable fluorescence reporters, a sufficient 
number of photons can be collected from single molecules, enabling their locali-
zation with a high precision. 

In order to detect optimally the relatively faint emission from single mole-
cules localized in the plasma membrane, pointillistic imaging techniques use total 
internal reflection fluorescence (TIRF) to generate an evanescent excitation wave 
that penetrates 100–200 nm into the specimen, leading to extreme rejection of the 
background fluorescence (Fig. 3A). The sequence of events for determining the 
precise location of a single set of photo-activated fluorescent probes, for example 
the photo-activatable GFP (paGFP)62 is as follows. Initially all molecules in the 
specimen are inactive (native non-emissive state; dark circles). A violet 405 nm 
laser is used to photo-activate a subset of molecules in the specimen. The number 
of activated paGFP molecules can be maintained low by ensuring the laser 
intensity is sufficiently weak at the focal plane. Photo-activation of the molecules 
occurs stochastically, where the probability of activation is proportional to the 
intensity of the activation laser. After photo-activation, the 488 nm laser is used 
to detect and record the position of the photo-activated molecules within the illu-

 
Fig. 3. PALM imaging. A. In order to optimally detect the relatively faint emission from 

single molecules, PALM uses total internal reflection fluorescence (TIRF) to suppress the 
background fluorescence. In TIRF, the sample is illuminated at an angle that causes total 
internal reflection of the incident light at the boundary of the two media. In this way, an 

evanescent excitation wave is generated that propagates across the boundary surface, 
penetrating approximately 150 nm into the specimen. TIRF enables the simultaneous imaging 

of the complete basal plasma membrane, as schematically depicted. B. PALM image of the 
basal plasma membrane of a Cos7 cell expressing MOPpaGFP, showing the localization of 
individual receptor molecules. Super-resolution images were generated by analyzing the 

datasets using standard PALM analysis.54 The identified peaks were fitted using a  
cylindrically symmetric Gaussian point spread function, with the amplitude being proportional 

to the number of photons collected, and the standard deviation () depending on the 
localization precision. Peaks were grouped using maximum dark time due to blinking of 10 s 
for paGFP and group radius of 2.5 (98.8 % confidence level). The figures are rendered and 
show the probability to observe a molecule, with white color representing the highest value. 

Scale bar: 5 µm. C. Magnified PALM image showing a detail  
from the image in B. Scale bar: 200 nm. 
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minated area. During readout, the photo-activated molecules spontaneously 
photobleach, eventually reducing the number of active molecules in the speci-
men. A new set of molecules is photo-activated to repeat the sequence, which is 
reiterated until all molecules in the specimen have been exhausted. 

Typically, 103–105 diffraction-limited digital TIRF images are acquired to 
yield one super-resolution image; data analysis is performed to identify single 
molecules over the background noise, calculate the PSFs for the identified single 
molecules, and determine their centers and localization precision. 

Quantitative super-resolution imaging techniques can provide information 
about nanoscale spatial organization and help delineate mechanisms of various 
biological processes.63–69 For this purpose, statistical methods for spatial anal-
ysis, such as the Ripley K-function, the Getis and Francklin L-function or pair 
correlation function (PCF) are typically used to derive various cluster para-
meters.70,71 Recently developed, pair-correlation PALM (pcPALM) utilizes 
autocorrelation analysis to separate contributions from a) stochastic clustering 
(single fluorophores often appear in multiple frames and not sequentially due to 
variable intervals of fluorescent blinking) and b) protein clustering to provide 
quantitative information about lateral protein organization. Typically, 2–5 μm 
wide square regions of interest (ROIs) are selected. The size of the ROI depends 
on the size of the continuous plasma membrane region of the cell. Generally, a 
larger ROI and higher number of localized molecules per m2 lead to better 
statistical analyses. The spatial dispersion of identified molecules in the selected 
ROI is quantified in order to determine whether the investigated molecules are 
randomly distributed or clustered. For regions that indicate clustering, protein 
autocorrelation contribution is fit to an exponential function, and pcPALM anal-
ysis yields important clustering parameters: cluster size, number of detected pro-
teins in the cluster and increased local density in clusters. 

PALM has advantages over FCS because it enables the study of cell surface 
protein organization with nanoscopic (15–40 nm) precision across the complete 
basal plasma membrane, rather than in a very small area. For example, the lateral 
distribution of MOPpaGFP in transiently transformed Cos7 cells is shown in Figs. 
3B and C. Furthermore, pcPALM21,22 enables the quantitative characterization 
of the lateral organization of proteins in the plasma membrane in terms of extent 
of protein clustering, protein density per cluster, and cluster size distributions. 
Pair-correlation analysis of MOPpaGFP PALM datasets in transiently transformed 
Cos7 cells is currently under way in our lab. Preliminary results suggest that 
opioid receptors largely reside in clusters that are smaller than 100 nm in size, 
characterized by a MOPpaGFP surface density that is several times larger than in 
the surrounding lipid bilayer. Thus, PALM and pcPALM suggest that MOPpaGFP 
partitions in domains, which is in line with the FCS results (Fig. 2B). 
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3.1. Limitations of PALM and pcPALM 
Quantitative pointillistic microscopy techniques provide precise information 

about molecule localization and quantitatively characterize their patterning in the 
plasma membrane, which yields information about cluster size and protein den-
sity per cluster distributions. However, they do not give any information about 
the molecular dynamics in the plasma membrane. A recently developed tech-
nique, single-particle tracking PALM (sptPALM), can be used for dynamics stu-
dies in live cells.72 In sptPALM, raw data are acquired under continuous acti-
vation/excitation while the cells are maintained under physiological conditions. 
The image of each molecule is fit with a Gaussian to yield nanometric locali-
zation precision; molecular positions in consecutive frames are then associated 
with trajectories based on their proximity, and diffusion parameters are extracted. 
Points-accumulation-for-imaging-in-nanoscale-topography (PAINT), an earlier 
method that unifies diffusion with tracking, also provides both high localization 
precision and dynamic information.73  

As in FCS, endogenous non-fluorescent protein molecules and protein cons-
tructs with irreversibly photobleached fluorophores will be invisible, yielding an 
undervalued estimation of total protein surface density by quantitative analysis of 
pointillistic microscopy data. In contrast, multiple observations of the same pro-
tein molecule may cause an overestimation of protein density – photophysical 
processes leading to a spontaneous molecular transition to/from dark states cause 
fluorophore blinking, which may be erroneously interpreted as the appearance of 
another molecule. Statistical methods21,22 and proper photophysical characteri-
zation of fluorescent probes74,75 reduce issues associated with multiple appear-
ances of a single molecules. 

4. GPCR LATERAL ORGANIZATION INVESTIGATED BY FCS AND PALM 

G protein-coupled receptors (GPCRs), which consist of approximately 800 
members, represent one of the largest receptor groups in the metazoa, GPCRs 
account for approximately 2 % of the coding genes in the human genome and 
regulate a myriad of physiological processes through the binding of structurally 
diverse ligands, such as ions, amino acids, biogenic amines, alkaloids and pep-
tides. They are also the largest class of molecular targets with proven therapeutic 
value: more than 50 % of today’s pharmaceuticals target GPCRs. In spite of their 
great relevance and intensive research, detailed mechanisms of GPCR functions 
are still not sufficiently understood at the molecular and cellular level. Hence, 
concerted efforts were embarked on several years ago to unravel crystal struc-
tures of GPCRs and identify molecules that modulate their function. This resolute 
effort has led to the determination of the crystal structure of 16 distinct GPCRs, 
which was recently reviewed by Katritch et al.76 In parallel, intensive effort is 
continuously being dedicated to understanding cellular mechanisms that regulate 
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the surface density GPCRs and their lateral organization, i.e., oligomerization 
and sorting to specialized compartments in the plasma membrane.77–79 The latter 
mechanism is of particular interest because it may diversify the GPCR repertoire 
without the need for creating new genetic protein variants. For many years, 
receptor oligomerization and sorting to lipid rafts were investigated using stan-
dard biochemical techniques. However, these methods are largely disruptive, 
may introduce artifacts, and do not provide sufficient information about the dyna-
mics of these processes. This, in turn, necessitates live cell studies and the appli-
cation of minimally invasive techniques, such as high-resolution fluorescence 
microscopy imaging and correlation spectroscopy. 

The earliest FCS studies of GPCR dynamics, interactions in solution,80 and 
interactions on isolated cell membranes81 date back to 1999, whereas the first 
application on live cells was reported in 2002.82 The same year, FCS was used to 
characterize the photo-induced oligomerization of bacteriorhodopsin in giant 
unilamellar vesicles (GUVs), which were identified through the change in the 
mobility of bacteriorhodopsin upon photo-activation.83 These pioneering studies 
demonstrated the usefulness of FCS for quantitative characterization of ligand– 
–receptor interactions, which paved the way for future applications. In the past 10 
years, numerous studies were dedicated to the quantitative characterization of the 
lateral organization of different GPCRs in different cell lines. The effect of selec-
tive agonists, selective antagonists, and non-specific substances (such as lipids, 
ions and alcohols (ethanol in particular)) on GPCR surface density, oligomeri-
zation status, association with lipid rafts and cellular trafficking have also been 
studied in detail. In particular, the following representatives of GPCR were 
investigated: the 5-hydroxytryptamine or serotonin receptor 5-HT2A, adrenergic 
receptors α1b-AR and β2-AR, muscarinic receptors M1 and M2, and dopamine 
receptor D1 in human embryonic kidney 293 (HEK293) cells;36 bradykinin type 
2 receptor B2R and the mu-opioid receptor MOP in fisher rat thyroid (FRTwt) 
cells;84 serotonin receptor 5-HT2C in HEK293 cells;85 neuropeptide Y receptor 
NPY in HEK293T and HEK293TR cells;86 histamine receptor H1 in chinese 
hamster ovary (CHO-K1) cells;87 serotonin receptor 5-HT1A in CHO-K1 cells;88 
corticotropin-releasing factor receptors CRFR1 and CRFR2 in HEK293 cells;89 
muscarinic receptors M1 in HEK293 cells;90 MOP in rat Pheochromocytoma 
(PC12) cells;18,19 chemokine receptor 4 (CXCR4) in HEK293;91 adenosine rece-
ptor A3 in CHO cells;92 bradykinin type 2 receptor B2R in HEK293;93 adenosine 
receptor A1 in CHO cells;94 and adrenergic receptor β2-AR in alveolar epithelial 
type II (A549) cells and hippocampal neurons.95 

In comparison, the number of GPCR-dedicated PALM studies is still limited, 
with only two publications to date, in which the lateral organization of adrenergic 
receptor β2-AR was investigated in HeLa, CHO and cardiomyocyte H9C2 
cells.64,96 These studies suggested that β2-AR is partially pre-associated in nano-
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scale-sized clusters only in the cardiomyocyte H9C2 cells, but not in HeLa and 
CHO cells. Cholesterol sequestration and removal was shown not to affect β2-AR 
clustering, whereas the inhibition of actin polymerization decreased their forma-
tion, suggesting that β2-AR clustering is influenced by the actin cytoskeleton, and 
that β2-AR is not related to lipid rafts. 

5. CONCLUSIONS 

Studies of GPCRs lateral organization by FCS18,19,36,84–95 revealed that 
there are significant differences in the lateral organization, dynamics, and 
selectivity to ligands, modulators, and downstream signaling effectors between 
the investigated GPCRs. Furthermore, these studies revealed that lateral 
organization of GPCRs may be cell-type specific, and suggested that differences 
may persist even in the same subfamily of GPCRs, where different subtypes 
share a high degree of sequence similarity (> 60 % in the case of opioid receptor 
subtypes).18,19,84 

Hitherto published FCS and pcPALM results support the general notion that 
the complexity of GPCR lateral organization is vast. However, some unifying 
concepts seem to be slowly emerging. For example, FCS studies showed that 
several GPCRs dynamically partition between lipid-enriched domains and the 
lipid bilayer constituting the plasma membrane. Super-resolution PALM imaging 
reveals that GPCRs cluster in the plasma membrane, and pcPALM enabled the 
derivation of important lateral distribution parameters, such as the local cluster 
density (a unitless number that compares the density of proteins inside and out-
side the clusters), cluster radius, and number of detected proteins per cluster. 
Thorough understanding of GPCR lateral organization in the plasma membrane 
and the dynamical mechanisms that uphold these dissipative structures is essen-
tial for a quantitative understanding of GPCRs function, which appears to be 
finely tuned by the immediate local lipid environment. 

The work presented herein demonstrates that FCS and pcPALM are suitable 
for the quantitative characterization of the spatial heterogeneity GPCRs, and that 
these methods provide complementary information. PALM offers visual infor-
mation that is intuitively easy to understand and is of immense value for the 
interpretation of temporal autocorrelation curves recorded by FCS, which may be 
challenging at times. Thus, FCS and pcPALM seem to be the methods of choice 
for quantitative studies of protein organization in cellular plasma membranes, but 
more standardized approaches in experimental design and data analysis are 
required to enable future application of these techniques on a larger scale. In spite 
of these difficulties, which will be resolved in the course of future applications, 
these techniques hold the promise to bring closer the quantitative characterization 
of protein–lipid interactions, and their dynamic organization in the plasma mem-
brane. 
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СУПЕР-РЕЗОЛУЦИОНА ФЛУОРЕСЦЕНТНА МИКРОСКОПИЈА И КОРЕЛАЦИОНА 
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Honolulu, Hawaii 96822, USA и 3Department of Clinical Neuroscience, Karolinska Institutet, CMM 

L8:01, Stockholm, Sweden 

Латерална дифузија и спонтана организација протеинских молекула у суб-микро-
скопске домене на површини ћелије, су од виталног значаја за правилан пренос сигнала 
из спољашње средине. У овом раду представљене су квантитативне методе високе осет-
љивости, флуоресцентна корелациона спектроскопија (енгл. fluorescence correlation 
spectroscopy (FCS)) и корелациона фотоактивациона микроскопија (енгл. pair-corre-
lation photoactivated localization microscopy (pcPALM)), које омогућавају да oве дина-
мичке процесе изучавамо сa високом временском и просторном резолуцијом. Циљ oвог 
прегледног рада јесте да опише наведене методе и прикаже њихову примену за проу-
чавање латералне организације G-протеин-спрегнутих рецептора (енгл. G-protein-coupled 
receptors (GPCRs)). Резултати наших истраживања латералне организације опијатних 
рецептора дати су као пример. 

(Примљено 15. августа, ревидирано 30. септембра 2013) 
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Abstract: The ubiquitous use of single crystal metal electrodes has garnered 
invaluable insight into the relationship between surface atomic structure and 
functional electrochemical properties. However, the sensitivity of their electro-
chemical response to surface orientation and the amount of precious metal 
required can limit their use. Herein, a generally applicable procedure for the 
production of thin metal films with a large proportion of atomically flat (111) 
terraces without the use of an epitaxial template is presented. Thermal anneal-
ing in a controlled atmosphere induces long-range ordering of magnetron sput-
tered thin metal films deposited on an amorphous substrate. The ordering 
transition in these thin metal films yields characteristic (111) electrochemical 
signatures using a minimal amount of material and provides an adequate repla-
cement for oriented bulk single crystals. This procedure could be generalized 
towards a novel class of practical multimetallic thin film-based electrocatalysts 
with tunable near-surface compositional profiles and morphologies. Annealing 
of atomically corrugated sputtered thin film Pt-alloy catalysts yields an atomi-
cally smooth structure with highly crystalline, (111)-like ordered and Pt segre-
gated surface that displays superior functional properties, bridging the gap 
between extended/bulk surfaces and nanoscale systems. 

Keywords: thin films; magnetron sputtering; Pt-alloys; oxygen reduction reaction. 

INTRODUCTION 
Well-defined, single crystal metal electrodes and their stepped/vicinal deri-

vatives have helped to elucidate the correlation between surface structure and 
functional properties for many electrochemical and electrocatalytic processes. 
Their use has also guided investigations of the mechanistic reaction pathways 
relevant to hydrogen economy, most notably the oxygen reduction reaction 
(ORR),1–4 providing valuable insight into the link between bulk surfaces and 
nanoscale catalysts,5–7 To this end, Pt(111)8 has been the most widely studied 
single crystal as its close-packed atomic arrangement and wide atomically flat 
terraces provide an ideal, well-defined surface essentially devoid of defects when 
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properly prepared. The study of oriented single crystals of single-phase metal 
alloys has inspired an entire branch of electrocatalyst research and development 
focused on the optimization of surface interaction with reaction intermediates and 
products. Most notably, the discovery that annealing a Pt3Ni(111) single crystal 
can drive the formation of a segregated compositional profile, where a Pt-skin 
covering a Ni-rich second atomic layer was found to be the most active surface to 
date for the ORR.9 

The wide spread use of high quality single crystal metal electrodes was 
enabled through the introduction of a technique to reproducibly prepare single 
crystal bead electrodes by melting, cooling and careful orientation before cutting 
and polishing to expose the desired crystallographic face.10–12 Significant care 
must be taken as even small degrees of miscut can result in significantly altered 
electrochemical properties due to the increased step density on the surface.13–16 
The cylindrical single crystal geometry is more amenable for use in a rotating 
disk electrode (RDE) setup for determining the kinetic parameters of electroche-
mical reactions than the bead type single crystals. These cylindrical single crys-
tals are typically several millimeters in diameter and thickness, requiring a signi-
ficant amount of material and can only be manufactured in a small number of 
facilities that have the proper capabilities. As such, cylindrical bulk single crys-
tals are cost prohibitive for general use, especially when composed of precious 
metals and precious metal containing alloys. Metal thin films present a potential 
replacement for bulk single crystals as the nature of their geometry both signi-
ficantly lowers the precious metal content and provides a surface that is suscep-
tible to ordering upon annealing, driven by a tendency to expose the lowest 
energy surface, the (111) family. The formation of (111) textured thin films is 
typically achieved through epitaxial growth on single crystal substrates either by 
slow physical vapor deposition (PVD)15,17–24 or in solution through electroche-
mical deposition.25,26 Films produced in such a manner can be highly strained 
due to lattice mismatch between the film and substrate and, depending upon the 
deposition/annealing parameters, the film may contain holes and discontinuities. 
These PVD films often lack the long-range order required to exhibit cyclic vol-
tammetric (CV) finger-print adsorption features characteristic of (111) single 
crystals17,18,26,27 and the few that do have a form factor that is difficult to inte-
grate into an RDE for proper determination of kinetic parameters from electro-
chemical data.28,29 

In this report, a simple approach to reproducibly generate well-defined 
highly ordered (111) surfaces on polycrystalline thin metal films without the use 
of epitaxial templates or seeded layer growth is presented. The processing of 
these magnetron sputtered polycrystalline thin films by controlled atmosphere, 
low temperature annealing drives ordering through surface energy reduction to an 
equilibrium structure composed predominately of wide, atomically flat (111) ter-
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races, as evidenced through both their electrochemical signature and surface 
structure determined by scanning tunneling microscopy (STM). Using single 
component metal and alloy thin films as a template, it is possible to tune the 
composition, compositional profile and surface structure through thermally 
induced segregation and ordering, providing valuable insight into the correlation 
between structure/composition and functional electrocatalytic properties. This 
insight will help to guide the transition from extended bulk surfaces to nanoscale 
systems for the development of the next generation of practical electrocatalysts. 

EXPERIMENTAL 
Thin films were prepared by magnetron sputter deposition onto glassy carbon (GC) disks 

(6 mm dia., 4 mm thick) in a sputter deposition chamber (AJA International, Inc.) equipped 
with both radio frequency (RF) and direct current (DC) power supplies and operating with a 
base pressure of 10-10 torr and a sputtering pressure of 1.5 mtorr. Prior to deposition of the 
metal films, the GC substrates were cleaned with an RF Ar plasma. The Pt films were depo-
sited onto a room temperature GC substrate with 100 W RF power, yielding a rate of 0.75 Å s-1, 
while the Au films were deposited with 50 W DC power, yielding a rate of 0.74 Å s-1. Both 
the Pt and Au films were between 10 and 25 nm thick as determined by a quartz crystal 
thickness monitor. The as-deposited films were annealed in a tube furnace under a controlled 
atmosphere, 3 % H2/Ar at 500 °C for Pt and 300 °C for Au. 

The nanostructured thin film catalysts (NSTF) were formed through magnetron sputter 
deposition of platinum and platinum alloys onto the surface of an oriented, crystalline organic 
pigment (N,N-di(3,5-xylyl)perylene-3,4:9,10bis(dicarboximide), Perylene Red) whiskers.30 
Structural ordering of the NSTF was achieved through thermal annealing at 400 °C in a H2/Ar 
atmosphere. 

A typical three-compartment, Pyrex electrochemical cell was used for all electrochemical 
measurements, in which the SCE (Hg/HgCl, Beckman) reference electrode was separated 
from the working electrode compartment by a salt bridge and the Pt counter electrode was 
separated with a porous glass frit. All potentials in this study are reported versus the reversible 
hydrogen electrode (RHE). The thin, sputtered/annealed films on GC disks were characterized 
electrochemically in the hanging meniscus configuration in Ar-purged 0.1 M HClO4 and 0.1 
M H2SO4 electrolytes, which were made from high purity acids. The thin films were immersed 
in the electrolyte under potential control (0.1 V vs. RHE). 

The scanning tunneling microscopy (STM) images for the Pt-thin films were acquired 
with a Digital Instruments Multi-Mode Dimension STM controlled by a Nanoscope III control 
station. During the measurement, the microscope and sample were enclosed in a pressurized 
cylinder with a CO atmosphere. Prior to the introduction of the sample into the STM, a CO 
layer was adsorbed onto the surface in CO saturated 0.1 M HClO4, to both preserve the order 
and cleanliness of the surface and to aid in the visualization of the surface atomic structure 
with respect to the formation of an ordered CO adlayer. STM images of the Au and Pt-thin 
films were also recorded in an Omicron UHV system equipped with an STM chamber. 
Samples were imaged at 0.20 V and 1.0 nA. 

A Hitachi H-9500 environmental transmission electron microscope operated at 300 kV 
was used to perform microstructural characterization and the in situ heating TEM study. 
Powder samples were attached to the heating zone of a Hitachi gas injection–heating holder. 
Images of the nanoparticles were first recorded at room temperature, followed by heating of 
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the specimen inside the microscope chamber with a vacuum level of about 10-4 Pa. A CCD 
(charged-couple device) camera was used to monitor the microstructural evolution and record 
images and videos. Each heating temperature was held for at least 10 min for detailed struc-
tural characterization, including morphology and atomic structure. A Hitachi SU70 high-
resolution field-emission SEM was used for routine inspection of NSTF samples. For a 
detailed study of the surface morphology study at nanometer scale, a Hitachi S-5500 ultrahigh 
resolution cold field-emission SEM delivered a much higher resolution power (0.4 nm 
secondary electron image resolution at 30 kV) than normal SEM because of the specially 
designed objective lens. On both SU70 and S-5500, secondary electron images were taken at 
15 or 30 kV to reveal the surface morphology of both the as-deposited and annealed samples. 

RESULTS AND DISCUSSIONS 

Magnetron sputter deposition is well suited for the efficient growth of thin 
single component, layered and well-mixed alloy films. The surface morphology 
of the as-sputtered thin films, however, is typically three-dimensional (3D) with 
grain sizes averaging 5 nm, Figs. 1a and 2a. Consequently, their electrochemical 
behavior is typical of bulk polycrystalline materials, Figs. 1a and 2a. The extent 
of this 3D morphology and surface roughness can be limited through optimi-
zation of the sputtering parameters, where lower sputter gas pressures will limit 
gas incorporation into the films and maintain the high kinetic energy of the 
impinging atoms. High kinetic energy impingement facilitates the formation of 
dense films with an absence of columnar grains, which may limit grain growth 
during annealing, and produce a film with predominately (111) orientation of the 
individual grains.31,32 For FCC metals; however, the surface orientations of these 
small grains are not necessarily (111).  

Annealing thin films in a reductive atmosphere facilitates surface diffusion, 
which tends to smoothen defects and promote growth of the lowest energy (111) 
facets. This process is promoted by the use of an amorphous substrate as the film 
is not epitaxially constrained to the crystallographic structure of the underlying 
substrate, and hence, surface diffusion and grain boundary motion are sufficiently 
fast at moderate annealing temperatures to induce coalescence and growth of 
grains. Evolution of film discontinuities, holes, hillocks,33–35 grain boundary 
grooves36 and film dewetting,37 can cause films to roughen during annealing. 
These processes become exacerbated as both film thickness and melting point of 
the metal decrease. Therefore, care must be taken when annealing thin, sputtered 
films to balance effectively the competitive atomic processes of smoothening 
driven by surface energy reduction and roughening through formation of film 
discontinuities. Roughening can be avoided by using moderate annealing tempe-
ratures, ≈0.3 Tm (melting point), above which, film dewetting and incorporation 
of carbon impurities are evidenced by the loss of the characteristic (111) features 
in the CVs. These lower temperatures prove to be sufficient to induce surface 
diffusion driven structural ordering in the thin films. When comparing the CV 
signatures of as-sputtered and annealed Pt-thin films to that of a Pt(111) single 
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crystal, Fig. 1a, c and d, the dramatic transition from polycrystalline to a highly 
ordered surface becomes apparent. The as-sputtered Pt-thin film has an electro-
chemical signature resembling that of a polycrystalline Pt-electrode with hydro-
gen underpotential deposition (HUPD) peaks associated with proton adsorption on 
steps and defect sites and broad oxidation/reduction features at higher potentials, 
consistent with the small grained, atomically rough structure of the film. The 
surface of the annealed Pt-thin film, on the other hand, is characterized by a well 
ordered morphology containing large, interconnected, atomically flat terraces, as 
shown by the hexagonal (2×2)–3CO adstructure of the COad layer on Pt in the 
STM image in Fig. 1b; an adsorbate structure that only occurs on atomically 
ordered (111) terraces.38 

 
Fig. 1. Scanning tunneling microscopy (STM) images of: a) as-sputtered Pt-thin film and b) a 
COad layer on an annealed Pt-thin film on a GC substrate. The hexagonal structures shown in 
(b) are attributed to an ordered COad layer that is only visible on clean, atomically flat (111) 
terraces. The overlying CVs in (a) represent the electrochemical signature of the as-sputtered 
Pt films in 0.1 M HClO4 (solid line) and 0.1 M H2SO4 (dashed line). c) CVs of Pt(111) in 0.1 
M HClO4 (red line) and 0.1 M H2SO4 (dashed black line); d) CVs of an annealed Pt-thin film 
in 0.1 M HClO4 (red line) and 0.1 M H2SO4 (dashed black line). All electrolytes were purged 

with Ar and the CVs were recorded at a sweep rate of 50 mV s-1. 
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Fig. 2. Scanning tunneling microscopy (STM) images recorded in UHV (100 nm×100 nm), 

0.20 V and 1.0 nA, of: a) an as-sputtered Au-thin film, overlain with the CV of the 
as-sputtered Au-thin film in 0.1 M H2SO4, including an expanded current signal for the low 
potential region and b) an atomically flat Au(111) terrace on an annealed, sputtered Au-thin 
film on a GC disk substrate. The herringbone ( 3 23)  reconstruction is clearly visible and 
the terrace width of over 50 nm was routinely found over the entire surface of the annealed 

Au-thin films. c) CVs of the low potential region for Au(111) (blue dashed line) and annealed 
Au-thin film (red line); d) CVs including the Au oxidation region for Au(111) (blue dashed 
line) and annealed Au-thin film (red line) recorded in room temperature, Ar purged 0.1 M 

H2SO4 at a sweep rate of 50 mV s-1. 

Characteristic electrochemical features of Pt(111) appeared for the annealed 
Pt-thin films in both HClO4 and H2SO4 electrolytes, Fig. 1c and d. The most tel-
ling feature for Pt(111) in HClO4, Fig. 1c, is the sharp, reversible butterfly peak 
at ≈0.8 V vs. RHE, which is attributed to adsorption/desorption of OHad species 
and its peak current and sharpness is a descriptive metric for both the cleanliness 
and crystalline order of the surface.39–42 It is a feature that, while absent for the 
as-sputtered Pt-thin film, Fig. 1a, iss as sharp and similar in peak current density 
for the annealed Pt-thin film as for a Pt(111) electrode, which is indicative of 
long-range ordering associated with large, interconnected (111) terraces present 
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on the annealed thin film, Fig. 1d. Voltammetric observation of the adsorption of 
anionic species other than hydroxyl can give further insight into the state of the 
annealed Pt-thin film surface. In 0.1 M H2SO4 electrolyte, Fig. 1c, a butterfly 
peak appears at ≈0.5 V vs. RHE for Pt(111), although the exact position is depen-
dent on the HSO4– concentration in solution.13,43 This reversible feature is attri-
buted to the order/disorder transition of a long-range disordered sulfate layer, the 
adsorption of which is represented by the current hump preceding the butterfly 
peak.43–46 The presence and sharpness of this peak is strongly tied to the defect 
density of the surface, whereby this feature is not observed even for evaporated17 
or electrodeposited26 Pt-thin films on single crystal substrates. The potential, 
sharpness and peak intensity of this butterfly feature may be associated with 
surface structures by studying the response of different miscut angles, vicinal 
surfaces, of a (111) single crystal. As the terrace width decreases and the step/  
/defect density increases, the peak intensity decreases and eventually disap-
pears.13,14 The minimum average terrace width for the studied annealed Pt-thin 
films may be estimated by comparing the CV in 0.1 M H2SO4, Fig. 1d, to those 
of a series of miss-cut Pt(111) single crystals. It is found that the finger-print 
features of the annealed Pt-thin films closely match those of a (13,13,12) 
surface.13 The sulfate adsorption butterfly feature in low concentration H2SO4 
electrolytes (≤0.1 M) disappears for surfaces with an average terrace width below 
12 atoms, but only under extremely clean conditions.13,14 It is not uncommon for 
the butterfly peak to be poorly resolved in H2SO4 for surfaces with terrace widths 
between 20 and 40 atoms.13 It can be inferred from the electrochemical results, 
as they represent an average over the entire surface that the atomic structure of 
the annealed Pt-thin films is characterized by a minimum average terrace width 
of at least 15–20 atoms. However, locally, as determined by COad STM, Fig. 1b, 
the annealed Pt-thin film surface contains many areas composed of large, 
atomically flat terraces with widths greater than 20 nm. 

To demonstrate the general applicability of the proposed approach, the pre-
sented procedure is extended to the formation of ordered thin films of other 
electrochemically relevant metals. The CVs of Au(111) and annealed Au-thin 
films on GC in 0.1 M H2SO4 are compared in Fig. 2c and d. The electrochemical 
signature in the low potential region, ≈0.2 to 1.2 V vs. RHE, in H2SO4, Fig. 2c, 
exhibits features characteristic of the (111) crystallographic orientation. The 
sharp peak in the anodic scan at ≈0.6 V vs. RHE is attributed to the lifting of the 
reconstruction of the Au(111) surface, moving from a ( 3 23)  to a (11) 
structure,47–51 which is reformed upon reversal of the potential, as evidenced by 
the hump at ≈0.55 V vs. RHE; the asymmetry of the current feature is due to the 
slow kinetics of the lifting/formation of the reconstruction.52 After gentle anneal-
ing, the rough, small grained morphology of the as-sputtered Au-thin film, for 
which there are no reconstruction peaks, Fig. 2a, exhibits a clear, well-ordered 
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structure, as evidenced by the presence of the reconstruction lifting/formation 
peaks, Fig. 2c, and the visualization of the ( 3 23)  herringbone surface feature 
through UHV STM, Fig. 2b. Using STM to examine the atomic structure of 
different areas of the annealed Au-thin film, atomically flat terraces with widths 
of 50 to 100 nm are found to be ubiquitous across the entire surface. 

The lifting of the reconstruction is accompanied by the adsorption of a 
disordered adlayer of sulfate onto the (111) terrace,49,51 represented by the broad 
hump between 0.65 and 1 V vs. RHE, Fig. 2c. As the potential is swept ano-
dically, the disordered sulfate adlayer undergoes an order/disorder transition, to 
which the sharp, reversible “butterfly” peaks at ≈1.1 V vs. RHE, Fig. 2c, are attri-
buted.47–52 The butterfly feature in H2SO4 is associated with the long-range 
order of the surface and disappears for Au(111) single crystals with miscut angles 
greater than 4° or terrace widths below 3 nm.15,16,53,54 On expanding the poten-
tial range into the Au oxidation/reduction region, peaks associated with the for-
mation of AuOH at ≈1.4 V vs. RHE and AuO at ≈1.6 V vs. RHE. Au–OHad tends 
to adsorb preferentially at step edges and defect sites;55–57 therefore, the reduc-
tion in the size of the peak at ≈1.3 V vs. RHE upon annealing to the point where it 
nearly matches the current of the corresponding feature of the Au(111) CV in 
conjunction with an increase in the peak current and sharpness of the AuO peak 
at ≈1.6 V vs. RHE are additional indications of the low step edge density asso-
ciated with the growth in size and population of atomically flat (111) features.16  

The structural evolution of the surface of sputtered Pt and Au films, two 
metals with differing materials properties such as melting point, degree of sub-
strate wetting and surface energy, during annealing from a rough, nano-grained 
surface to one that is highly ordered and consisting of a large proportion of ato-
mically flat (111) terraces demonstrates the general applicability of the presented 
approach. The insight gained from these thin films opens a unique avenue for 
tailoring the functional properties of materials with high surface area, i.e., thin 
film-based electrocatalysts relevant to renewable energy-based technologies. It is 
serendipitous that the lowest energy surface, (111), to which these thin films 
revert during annealing is also the most active crystallographic orientation for the 
oxygen reduction reaction (ORR) on Pt-transition metal alloys. Bridging the gap 
between these extended, well-ordered surfaces and high surface area, nanoscale 
systems will facilitate the development of electrocatalysts with both superior 
activity and optimized precious metal utilization. To this end, a thin film-based, 
high surface area electrocatalyst architecture, known as nanostructured thin films 
(NSTF), has been created through sputter deposition of Pt and Pt alloys onto the 
surface of an ordered array of molecular solid whiskers, composed of an organic 
pigment N,N-di(3,5-xylyl)perylene-3,4:9,10-bis(dicarboximide), commonly known 
as Perylene Red.58–63 
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The morphology of these as-sputtered whiskers is shown in Fig. 3a–c, where 
each whisker is approximately 800–1000 nm in length and the film thicknesses 
range from 10–20 nm. Close examination of the surface structure of these whis-
kers, Fig. 3a and c, indicate a corrugated surface structure composed of “whisker-
ettes” with a high nanoscale roughness and defect density. The surface of these 
as-sputtered whiskers is easily correlated to that of the as-sputtered Au and 
Pt-thin film surfaces, where a rough, nano-grained morphology dominates. Opti-
mization of this surface structure can be achieved through application of the pre-
sented experimental approach derived for extended thin films. Figure 3d–f 
presents in-situ transmission electron microscopy images (TEM) of NSTF whis-
kers that have been annealed up to 400 °C under vacuum. These TEMs demon-
strate the structural transition of the surface of the NSTF whiskers from a densely 
corrugated, highly defected, 3D surface to one that is smooth, homogeneous and 
two-dimensional. This transition is thermodynamically driven, as the enhanced 
mobility of the surface atoms, imparted by the high temperature, tends to move 
the surface toward the lowest energy configuration. Grain growth and surface 
faceting, similar to that seen with the sputtered thin films on GC substrates, are 
confirmed through the in-situ TEM images, Fig. 3d–f, where a (111) texture 
dominates the surface of the whiskers. In addition to driving the surface to an 

2 nm20 nm 20 nm

(a) (b) (c)

(d) (e) (f)

HR Scanning Electron Microscopy

In-situ HR Transmission Electron Microscopy during annealing 

 
Fig. 3. In-situ imaging of the structural transition from nanostructured, 3D to crystalline 

homogeneous 2D thin films during annealing: a–c) high-resolution scanning electron 
microscopy (HRSEM) images of the as-sputtered NSTF catalyst; d–f) high resolution 

transmission electron microscopy (HRTEM) images of the annealed whiskers showing a 
smooth, faceted surface without corrugated, highly defected whiskerettes. 
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ordered, (111)-like structure, the controlled annealing atmosphere facilitates the 
formation of an optimized compositional profile for Pt-transition metal alloys, 
where the nano-segregated structure mimics that of an annealed Pt3Ni(111) 
single crystal.9 Adsorption characteristics of the oxygenated species are opti-
mized on these Pt segregated surfaces as the high composition of transition metal 
(Ni, Fe, Co, etc.), greater than the bulk composition of the alloy, in the second 
atomic layer, changes the electronic structure of the surface Pt atoms, affecting 
oxygen adsorption strength thereby resulting in improved ORR rates. This change 
in adsorption properties is evidenced by the CVs shown in Fig. 4a. In the hyd-
rogen underpotential deposition region (HUPD), ≈0 to 0.4 V vs. RHE, the signa-
ture for the annealed PtNiFe NSTF is a flat plateau that is characteristic of hydro-
gen adsorption on Pt(111), see Fig. 1c, and Pt alloys,5,9 whereas that of the 
as-sputtered Pt and PtNiFe NSTF contain features that may be attributed to HUPD 
on (100) and (110) surface sites. There is also a positive shift in the onset of 
surface oxide formation in the order: Pt NSTF < PtNiFe NSTF < annealed PtNiFe 
NSTF. This shift is indicative of a significant decrease in the surface coverage of 
hydroxyl species, which can block the active sites for the ORR, and as shown in 
Fig. 4b and c, results in a significant increase in the ORR activity. 

The specific activity is a fundamental property of a material that is indicative 
of its intrinsic catalytic activity. A higher specific activity is related to an 
increased turnover frequency due to improved utilization of surface Pt atoms. 
This improved utilization is a direct result of the ordered surface structure and 
optimized compositional profile obtained for the annealed PtNiFe NSTF. The 
ordered PtNiFe NSTF exhibits a specific activity two-times that of the as-sput-
tered PtNiFe NSTF and nearly 15 times that of commercial Pt/C (TKK) sup-
ported nanoparticle electrocatalysts. While film thickness and alloy composition 
will continue to be optimized, the current annealed PtNiFe NSTF catalyst exceeds 
the U.S. Department of Energy activity target for 2015 by of a factor of two. 

Electrocatalysts are easily categorized by their surface atomic structure and 
graded by their activity. The low activity class is composed of high surface area 
supported nanoparticle-based catalysts, followed by polycrystalline alloys and 
the highest activity class is reserved for single crystal metals. Ordered, annealed 
Pt alloy NSTF catalysts transcend these classes with activities that are charac-
teristic of single crystal Pt alloys, while maintaining the electrochemically active 
surface area of nanoscale electrocatalysts. These findings indicate that the ability 
to tailor atomic structure, composition and morphology could lead to significant 
enhancements in catalyst activity and precious metal utilization. Through eluci-
dation of the structure–function and composition–function correlations, an 
approach has been developed in the present study that bridges the gap between 
extended/bulk surfaces and nanoscale catalysts, providing a new avenue for the 
design of electrocatalysts with superior functional properties. 
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Fig. 4. a) CVs of Pt NSTF (black line), as-sputtered PtNiFe NSTF (blue line) and annealed 

PtNiFe NSTF (red line) in Ar purged 0.1 M HClO4, recorded with a sweep rate of 50 mV s-1; 
b) IR-corrected ORR curves for Pt NSTF (black line) and annealed PtNiFe NSTF (red line) in 
O2 saturated 0.1 M HClO4, recorded with a sweep rate of 20 mV s-1 at room temperature and 

c) specific activities measured at 0.95 V vs. RHE. 

CONCLUSIONS 

Significant insight into the correlation between structure/composition and 
functional electrochemical properties has been gained over the years using well-
defined single crystal interfaces. Herein, an overview of a generally applicable 
procedure to reproducibly convert sputtered, polycrystalline thin films on amor-
phous GC substrates into highly ordered, (111)-like thin films exhibiting the 
characteristic structural and electrochemical features of carefully prepared (111) 
single crystal electrodes has been presented. Extension of this approach to prac-
tical thin film-based materials allows for the development of a unique class of 
electrocatalysts that possess the specific activity of bulk/extended surfaces and 
the electrochemically active surface area of nanoparticle-based catalysts. The 
superior performance of the annealed PtNiFe thin films, which has a kinetic 
activity nearly 15 times that of Pt/C, is the direct result of the highly ordered, 
(111) crystallinity and near-surface compositional profile that develops during 
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annealing. This approach could facilitate the development of a wide range of 
practical thin film-based catalysts, bridging the gap between extended/bulk 
surfaces and nanoscale electrocatalysts. 
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И З В О Д  

ТАНКИ ФИЛМОВИ МОНОКРИСТАЛНЕ СТРУКТУРЕ КАО НОВА КЛАСА 
ЕЛЕКТРОКАТАЛИЗАТОРА 

JOSHUA SNYDER, NENAD M. MARKOVIC и VOJISLAV R. STAMENKOVIC 

Materials Science Division, Argonne National Laboratory, Argonne, IL 60439, USA 

Широко коришћење монокристалних металних електрода омогућило је значајан 
увид у везу између атомске структуре површине и функционалних електрохемијских 
својстава. Међутим, осетљивост њиховог eлектрохемијског одзива на оријентацију повр-
шине и захтевану количину драгоцених метала може да ограничи њихову примену. Овде 
је изложен опште применљив поступак за добијање танких металних филмова са вели-
ким уделом атомски равних тераса оријентације (111) без коришћења епитаксијалне 
матрице. Термичко одгревање у контролисаној атмосфери танког филма који је магнет-
ронски нанет на аморфну подлогу доводи до његовог уређивања по типу дугог домета. 
Уређивање оваквих танких металних филмова даје карактеристично електрохемијско 
обележје површине оријентације (111) уз утрошак минималне количине материјала и 
обезбеђује адекватну замену за монокристале оријентисане у маси. Овај поступак може 
да се генерализује за добијање нове класе практичних електрокатализатора заснованих 
на мултиметалном танком филму код којих је могуће подешавање састава уз површину 
и морфологије. Одгревање атомски таласастог танког филма Pt-легуре даје високо крис-
талиничну атомски глатку структуру уређену слично равни (111), чија је површина 
услед сегрегације обогаћена платином. Она показује супериорна функционална својс-
тва, премошћавајући јаз између макроскопских материјала развијених површина и 
нано-честичних система. 

(Примљено 16. септембра, ревидирано 30. октобра 2013) 
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Electrochemical oxidation of methanol on Pt/(RuxSn1–x)O2 
nanocatalyst 
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Abstract: Ru-doped SnO2 powder, (RuxSn1-x)O2, with a Sn:Ru atomic ratio of 
9:1 was synthesized and used as a support for Pt nanoparticles (30 mass % 
loading). The (RuxSn1-x)O2 support and the Pt/(RuxSn1-x)O2 catalyst were 
characterized by X-ray diffraction measurements, energy dispersive X-ray 
spectroscopy and transmission electron microscopy (TEM). The (RuxSn1-x)O2 
was found to be a two-phase material consisting of probably a solid solution of 
RuO2 in SnO2 and pure RuO2. The average Pt particle size determined by TEM 
was 5.3 nm. Cyclic voltammetry of Pt/(RuxSn1-x)O2 indicated good conduc-
tivity of the support and displayed the usual features of Pt. The results of the 
electrochemical oxidation of COads and methanol on Pt/(RuxSn1-x)O2 were 
compared with those on commercial Pt/C and PtRu/C catalysts. Oxidation of 
COads on Pt/(RuxSn1-x)O2 starts at lower positive potentials than on PtRu/C and 
Pt/C. Potentiodynamic polarization curves and chronoamperometric curves of 
methanol oxidation indicated higher initial activity of the Pt/(RuxSn1-x)O2 
catalyst compared to PtRu/C, but also a greater loss in current density over 
time. A potentiodynamic stability test of the catalysts revealed that deactivation 
of Pt/(RuxSn1-x)O2 and Pt/C was primarily caused by poisoning of the Pt surf-
ace by residues of methanol oxidation, which mostly occurred during the first 
potential cycle. In the case of PtRu/C, the poisoning of the surface was minor 
and deactivation was caused by surface area loss of the PtRu. 
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INTRODUCTION 

Anode and cathode catalysts currently used for polymer electrolyte mem-
brane fuel cells (PEMFCs) are Pt or Pt-alloy nanoparticles supported on carbon 
blacks.1 The role of the support for the catalysts is to provide a physical surface 
for a fine dispersion of catalyst particles, necessary to achieve a high surface 
area. To be efficient, the support also needs to have high surface area, preferably 
mesoporous structure, high electrical conductivity and high stability under fuel 
cell operating conditions.2 The main drawback of carbon blacks, as well as other 
carbon materials (carbon fibers, carbon nanotubes, graphene), is their insufficient 
corrosion resistance.2,3 Although the problem of instability of the supporting 
material is more prominent for a cathode catalyst because of its higher potential 
and the presence of H2O2 as a by-product of oxygen reduction, an anode catalyst 
could also be exposed to much more oxidative conditions in the case of cell 
reversal caused by fuel starvation.4 Partial oxidation of the carbon induces the 
formation of oxygen-containing functional groups on the surface that weaken 
bonding with Pt nanoparticles, thus promoting surface diffusion of Pt nano-
particles and their agglomeration. If the carbon support is oxidized to CO or CO2, 
Pt nanoparticles are detached from the surface.3 In both cases, the final result is a 
decrease in the electrochemically active surface area of Pt. This problem has 
initiated a lot of research in the last few years aimed at finding an appropriate 
replacement for carbon supports. Ceramic materials, such as metal oxides and 
carbides, distinguish themselves as promising candidates not only due to their 
high stability in a fuel cell environment, but also because of their possible inter-
action with the deposited metal particles, which could result in a promotion of the 
activity of the catalyst.2,5 

Metal oxides are electric insulators at the operating temperatures of PEMFCs. 
However, sub-stoichiometric oxides, oxides doped with a foreign metal and 
nanostructured oxides, especially those of titanium, tin and tungsten, are found to 
have acceptable conductivity for application as a support for electrocatalysts.2 
When using as an anode catalyst in a direct methanol or ethanol fuel cell (DMFC, 
DEFC), the metal-oxide support can also serve as a co-catalyst to Pt nanopar-
ticles, providing them with oxygen-containing species at lower electrode poten-
tials. 

The state-of-the-art anode catalyst in DMFC is a Pt–Ru nanoalloy. It is 
accepted that the methanol oxidation reaction (MOR) commences earlier on Pt–Ru 
than on Pt due to the bi-functional mechanism,6 according to which oxophilic Ru 
sites readily adsorb oxygen-containing species, which react with carbonaceous 
species formed by methanol adsorption on the Pt sites. Pt–Sn alloys were also 
investigated for the MOR, but found to be inactive.7 Interestingly, good activity 
was observed for electrosorbed Sn on Pt.7 It was also reported that tin oxide 
promotes the MOR on Pt, as shown for Pt microparticles dispersed on SnO2 thin 
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films8 and polycrystalline Pt partially covered by SnO2 nanoparticles.9 SnO2 
doped by Sb was investigated as a support for Pt nanoparticles.10 It was 
concluded that Sb-doped SnO2 promotes methanol and ethanol oxidation and 
stabilizes the Pt nanoparticles in the fuel cell. 

In the present study, Pt nanoparticles supported on SnO2 doped with RuO2 
were prepared. RuO2 as a dopant should increase the electrical conductivity of 
SnO2 and, together with SnO2, provide oxygen-containing species necessary for 
efficient methanol oxidation on Pt. The supporting material, labeled as 
(RuxSn1–x)O2, and the catalyst Pt/(RuxSn1–x)O2 were characterized by the X-ray 
diffraction technique (XRD), transmission electron microscopy (TEM) and energy 
dispersive X-ray spectroscopy (EDS). The catalyst was tested for electrochemical 
oxidation of CO and methanol and its performance was compared to those of 
commercial Pt/C and PtRu/C catalysts. 

EXPERIMENTAL 
Synthesis of the support and the catalyst 

The RuxSn1-xO2 supporting particles were prepared as follows.11 A solution 5.3 g of 
SnCl4·5H2O, 0.98 g of RuCl3·xH2O (35–45 mass % Ru), 2.5 mL of HCl and 40 mL of high 
purity water (Millipore, 18 M cm resistivity) was prepared and mixed to homogeneity. The 
mixture is added dropwise in 50 mL of a 34 % aqueous solution of hydrazine at room tem-
perature. Then, the solution was refluxed for 10 days. Subsequently, the formed precipitate 
was repeatedly rinsed with water and centrifuged until the supernatant was free of Cl-. The 
resulting product was dried in air for 24 h at 120 °C and heated at 400 °C for 2 h. 

The Pt nanoparticles were deposited on the RuxSn1-xO2 support by a modified boro-
hydride reduction method.12 RuxSn1-xO2 powder was dispersed in water in an ultrasonic bath. 
Then H2PtCl6 aqueous solution was added into dispersion under continuous stirring. The 
metal salt was reduced with excess of sodium borohydride. The precipitate was rinsed with 
water and dried at 80 °C. 
Physicochemical characterization 

Adsorption and desorption isotherms of N2 were measured on RuxSn1-xO2 support at 
–196C, using the gravimetric McBain method. The BET specific surface area, SBET, and pore 
size distribution were calculated from the isotherms. Pore size distribution was estimated by 
applying the BJH method13 to the desorption branch of the isotherms.  

Phase composition of the (RuxSn1-x)O2 support was investigated by XRD technique. 
Siemens D-500 diffractometer was employed with CuK radiation of wavelength 0.154056 
nm in conjunction with a CuK nickel filter. 

Elemental analysis of the (RuxSn1-x)O2 support and the Pt/RuxSn1-xO2 catalyst was 
performed by EDS analysis using a scanning electron microscope Tescan VEGA TS 5130MM 
coupled with an EDS system INCAPentaFET-x3, Oxford Instruments. 

The Pt/(RuxSn1-x)O2 catalyst was characterized for morphology, particle size distribution 
and chemical composition by TEM. The sample was sonicated in ethanol and a drop of the 
suspension was placed on copper grid (300 mesh) covered with a lacey carbon film and dried 
in air. A combination of high angle annular dark field scanning transmission electron micros-
copy (HAADF, STEM) and electron energy loss spectroscopy (EELS) was applied. HAADF 
was chosen because of its strong correlation between atomic number and image intensity, 
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making it very easy to distinguish between heavy elements, such as Pt, and light supports, 
such as (RuxSn1-x)O2 particles. The measurements were performed on TEAM0.5 transmission 
electron microscope with corrected aberration operated at 80 kV. EDS analysis was performed 
on TEM microscope CM200-FEG operating at 400 kV using an Oxford Instruments EDS 
system with INCA software. Crystallographic information from individual Pt particles was 
obtained by numerical Fourier filtering (FFT, fast Fourier transformation) of the digital image 
intensity spectra. All TEM characterization was realized at the National Center for Electron 
Microscopy, Lawrence Berkeley National Laboratory, Berkeley, CA. 
Electrochemical characterization 

For the electrochemical characterization, the Pt/(RuxSn1-x)O2 catalyst was applied on a 
glassy carbon (GC) substrate in the form of a thin-film.14 The GC electrode (Tacussel rotating 
disk electrode, 5 mm in diameter) was polished with Al2O3 slurry and washed ultrasonically 
with water before use. The ink was made by mixing of 4 mg of Pt/(RuxSn1-x)O2 powder with 1 
cm3 of high purity water and 50 L of Nafion® solution (5 wt. %, 1100 E.W., Aldrich). After 
1 h of agitation in an ultrasonic bath, 10 L of the suspension was placed onto the GC 
electrode and left to dry overnight. This procedure of film preparation gave 60 μg of Pt per 
cm2 of the GC surface. 

Electrochemical characteristics of the Pt/(RuxSn1-x)O2 thin film were investigated by 
cyclic voltammetry in 0.10 M H2SO4 saturated with N2. After immersion into the electrolyte, 
the electrode was subjected to 15 potential cycles between 0.04 and 1.2 V at a scan rate of 100 
mV s-1. The oxidation of COads was examined in the same electrolyte after adsorbing CO at 
0.1 V for 30 min and replacing CO by a N2 atmosphere.  

The MOR was investigated in an electrolyte containing 0.5 M CH3OH. Upon oxidation 
of COads, the electrode potential was held at 0.1 V, methanol was added into the electrolyte 
and after 2 min a linear sweep at 50 mV s-1 (potentiodynamic polarization curve) or potential 
step at 0.5 V vs. RHE (chronoamperometric experiment) was applied. 

As reference electrocatalysts, a sample of Pt nanoparticles supported on XC-72R carbon 
with a loading of 20 mass % of Pt (Pt/C) and a sample of PtRu nanoparticles supported on the 
same carbon with a loading of 20 mass % of PtRu (PtRu/C), both of them manufactured by 
E-Tek, were used. The average diameters of Pt and PtRu particles were 2.515 and 2.7 nm,16 
respectively. The metal loading on the electrode was 20 μg cm-2 for both Pt/C and PtRu/C. 

The electrochemically active surface area of Pt and PtRu were determined from the 
charge of the COads oxidation as well as from the charge of the oxidation of underpotentially 
deposited Cu.17 Cu was deposited from a supporting electrolyte containing 2 mM CuSO4 at a 
potential of 0.33 V. 

A three-compartment electrochemical glass cell was used with a Pt wire as the counter 
electrode and a saturated calomel electrode as the reference electrode. All the potentials 
reported in the paper are expressed on the scale of the reversible hydrogen electrode (RHE). A 
Pine RDE4 potentiostat and Philips PM 8143 X–Y recorder were used. All the measurements 
were performed at 25 °C. 

RESULTS AND DISCUSSION 

Physicochemical characterization 
Analysis of N2 adsorption and desorption isotherms revealed that the 

(RuxSn1–x)O2 powder had a BET surface area of 141 m2 g–1 and mesoporous 
structure with pores radii mostly between 2 and 3 nm. 
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Both SnO2 and RuO2 crystallized in the tetragonal rutile structure with 
similar lattice constants (SnO2: a = 0.47382 nm, c = 0.31871 nm; RuO2: a = 
= 0.44994 nm, c = 0.31071 nm). The ionic radii of Sn(IV) and Ru(IV) of 0.083 
and 0.076 nm are similar enough to enable the formation of a substitutional solid 
solution, designated as (RuxSn1–x)O2.18 The experimental XRD pattern for the 
(RuxSn1–x)O2 support and the reference spectra of RuO2 and SnO2, taken from 
the corresponding JCPD cards, are shown in Fig. 1. The pattern for (RuxSn1–x)O2 
features overlapping peaks for SnO2 and RuO2. The 2 peak positions and cor-
responding reflections for SnO2 could be identified as 26.6° (110); 33.8° (101); 
37.9° (200) 51.7° (211) and 64.7° (112) and for RuO2 as 28.0° (110), 35.0° (101) 
and 54.2° (211). Such an XRD microstructure analysis suggests that 
(RuxSn1–x)O2 consisted of two separate phases. Taking into account the possi-
bility of the formation of a solid solution and greater amount of SnO2, it could be 
suggested that the two phases detected by XRD were a solid solution of RuO2 in 
SnO2 and pure RuO2. 

 
Fig. 1. XRD Pattern for the Pt/(RuxSn1-x)O2 catalyst. The 2θ positions for bulk SnO2 and 

RuO2 are shown in the plot for reference. 
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EDS analysis revealed that the atomic ratio of Sn:Ru in the (RuxSn1–x)O2 
powder as well as in Pt/(RuxSn1–x)O2 was 9:1. This shows that during the depo-
sition of Pt nanoparticles on the (RuxSn1–x)O2 support, its composition remained 
unchanged. The Pt loading of Pt/(RuxSn1–x)O2 was found to be 30 mass %. 

HAADF images of the Pt particles and the (RuxSn1–x)O2 particle clusters are 
presented in Fig. 2a. It can be sees that Pt was unevenly distributed in the form of 
separate particles and particle clusters. The histogram given in Fig. 2b indicates 
the log–normal distribution of Pt particle size with an average size of 5.3 nm. Pt 
particles were mostly located near (RuxSn1–x)O2 particle clusters, as presented in 
Fig. 2c and d, owing to the ability of SnO2 to act as a nucleation agent. EELS 
analysis of the (RuxSn1–x)O2 clusters revealed the presence of elemental Sn 
besides SnO2. It could be assumed that Sn(IV) ions were partially reduced during 
Pt deposition by the borohydride reduction method. 

 
Fig. 2. TEM Images of the Pt/(RuxSn1-x)O2 catalyst: a) HAADF image of the Pt particles and 
(RuxSn1-x)O2 particle clusters, b) histogram of Pt particle size distribution, c) and d) close-up 

HAADF images of Pt particles close to (RuxSn1-x)O2 particle clusters. 

Cyclic voltammetry and COads oxidation 

The voltammograms of COads stripping recorded on Pt/(RuxSn1–x)O2, PtRu/C 
and Pt/C, as well as the first cyclic voltammograms after COads stripping, are 
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shown in Fig. 3. The voltammograms after stripping of the COads showed com-
plete oxidation of the COads and displayed the surface characteristics of the elec-
trodes. The COads stripping charge was used for the determination of the electro-
chemically active surface area (EASA) of Pt (in the case of Pt/(RuxSn1–x)O2 and 
Pt/C) and PtRu (in the case of PtRu/C); hence, the current densities in Fig. 3 were 
normalized with respect to the EASA. It should be noted that the EASA values 
determined by the oxidation of underpotentially deposited monolayer of Cu (not 
shown) were the same, within experimental error, as those determined by oxi-
dation of COads. 

 
Fig. 3. Cyclic voltammograms of a) Pt/(RuxSn1-x)O2, b) PtRu/C and c) Pt/C catalysts (dashed 
lines) and the corresponding stripping voltammograms of COads (solid lines) recorded in 0.10 

M H2SO4 at a scan rate of 20 mV s-1. 

The cyclic voltammogram of Pt/(RuxSn1–x)O2 given in Fig. 3a shows well 
defined peaks for hydrogen adsorption/desorption and Pt-oxide formation/reduc-
tion that are characteristics of clean polycrystalline Pt. The high currents in the 
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so-called double-layer region of Pt can be mainly ascribed to the pseudo-capa-
citive behavior of the (RuxSn1–x)O2 support. The voltammogram is well centered 
and without inclination, demonstrating good conductivity of the (RuxSn1–x)O2 
support. 

Fig. 3a shows that COads oxidation on Pt/(RuxSn1–x)O2 occurred from 0.35 
to 0.8 V. At low potentials, an anodic wave with a maximum at 0.43 V was 
observed. The main peak is a superposition of two peaks with maxima positioned 
at 0.70 and 0.72 V. Contrary to Pt/(RuxSn1–x)O2, the voltammograms of the oxi-
dation of COads on PtRu/C (Fig. 3b) and Pt/C (Fig. 3c) showed single peaks. This 
suggested that the complex structure of the COads oxidation voltammogram on Pt/  
/(RuxSn1–x)O2 was related to the presence of SnO2. Indeed, a profile of COads strip-
ping with three peaks at almost the same potentials as those for Pt/(RuxSn1–x)O2 
was reported recently for Pt3Sn/C catalyst containing Sn in the form of SnO2.19 
On Pt3Sn bulk alloy, it was also found that the COads stripping begins at 0.25 V, 
but most of the COads is oxidized in the second anodic wave starting at 0.68 V 
with the peak at about 0.75 V.20 The authors assumed that a unique state of 
COads existed on the Pt3Sn surface, which is only formed at high coverage with 
an adsorption energy lower than that for pure Pt. Therefore, the first anodic wave 
in Fig. 3a could be ascribed to the oxidation of weakly bound COads on the Pt 
sites directly contacting SnOx, while the main peak corresponds to the oxidation 
of strongly bound COads. The splitting of this peak might reflect COads oxidation 
on Pt sites directly contacting SnOx and the reaction on Pt sites completely sur-
rounded by other Pt atoms. Comparing the COads oxidation on Pt/(RuxSn1–x)O2 
to that on PtRu/C and Pt/C, the lowest onset potential on Pt/(RuxSn1–x)O2 sug-
gests that this catalyst should exhibit high CO tolerance. 

Methanol oxidation 
The activity of the catalysts for the MOR was first tested under potentiody-

namic conditions. The polarization curves recorded in the positive going sweeps 
over 250 potential cycles are displayed in Fig. 4. The voltammograms recorded 
in the supporting electrolyte are also displayed. The Pt/(RuxSn1–x)O2 catalyst 
features remarkably high current densities in the first potential cycle compared to 
Pt/C and especially to PtRu/C. Hydrogen desorption peaks were not attenuated, 
indicating that the electrocatalysts were not poisoned by the product of the disso-
ciative adsorption of methanol during a 2-min potential hold at 0.1 V. However, 
already in the second cycle, the onset potential of the MOR on Pt/(RuxSn1–x)O2 
and Pt/C had shifted positively, probably as a consequence of poisoning of the Pt 
surface, which was evidenced by suppression of the hydrogen desorption peaks. 
Although the maximum current density on Pt/(RuxSn1–x)O2 did not change with 
potential cycling, the activity at low potentials relevant for the operation of the 
anode in PEMFC was reduced. On the other hand, the activity of PtRu/C in the 
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first cycle was much lower than the activity of Pt/(RuxSn1–x)O2 and Pt/C, but 
without significant loss of activity over the applied 250 potential cycles. 

 
Fig. 4. Potentiodynamic polarization curves for the MOR recorded on a) Pt/(RuxSn1-x)O2, 

b) Pt/C and c) PtRu/C in 0.1 M H2SO4 containing 0.5 M CH3OH at a rate of 50 mV s-1 over 
250 potential cycles. Anodic parts of the cyclic voltammograms recorded in 0.1 M H2SO4 

before the addition of CH3OH are also presented (dash line). 

High activity of Pt/(RuxSn1–x)O2 in the first cycle as well as the lower onset 
potential of COads oxidation on this catalyst (Fig. 3a) compared to Pt/C and 
PtRu/C could be ascribed to SnOx and its donation of oxygen-containing species. 
A recent investigation of CO and methanol oxidation on Pt partially covered by 
SnO2 nanoparticles9,21 showed that the lattice oxygen from Sn(II)O rather than 
Sn(IV)O is active in the oxidation of CO and methanol. This could suggest an 
explanation for the sharp drop in the activity for the MOR after the first cycle. 
Namely, during the 2 min potential hold at 0.1 V prior to the potential cycling 
experiment, the Sn(IV) ions in (RuxSn1–x)O2 could be partially reduced to Sn(II) 
ions. If the partial reduction of Sn(IV) ions is a slow process, there is not enough 
time to form Sn(II) ions in the following continuous cycles. 

The chronoamperometric test of Pt/(RuxSn1–x)O2 and PtRu/C was performed 
at 0.50 V for 25 min. Similar to the findings of the potentiodynamic experiments, 
the chronoamperometric results (Fig. 5) confirmed the higher activity of the PtRu 
catalyst, but the difference in the activity between Pt/(RuxSn1–x)O2 and PtRu/C 
slightly decreased during the experiment. 
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Fig. 5. Chronoamperometric curves of the MOR recorded on Pt/(RuxSn1-x)O2 and PtRu/C 

catalysts in 0.1 M H2SO4 containing 0.5 M CH3OH at a constant potential 0.50 V. 

Stability of the catalysts 
The activity of the catalysts for the MOR could deteriorate over time 

because of a gradual poisoning of the Pt surface by the methanol oxidation 
residues and/or because of a loss of the electrochemically active surface area. In 
order to resolve which effect was predominant, all three catalysts were subjected 
to potential cycling in the supporting electrolyte containing no methanol. At the 
beginning and at the end of the experiment, the procedure for CO adsorption was 
employed in order to determine the EASA. Additionally, for the Pt/(RuxSn1–x)O2 
catalyst, the EASA was continuously monitored by the changes in the hydrogen 
adsorption/desorption peaks. The changes in the Pt/(RuxSn1–x)O2 cyclic voltam-
mograms over 250 cycles are presented in Fig. 6. The currents in the hydrogen 
adsorption/desorption region as well as in the Pt-oxide formation/reduction region 
gradually decreased, revealing a loss of EASA. Degradation of Pt under the 
potentiodynamic conditions could be explained by two mechanisms; surface dif-
fusion of low-coordinated Pt atoms22 and electrochemical dissolution of Pt,23–25 
either as the direct electro-oxidation of Pt to soluble Pt2+ (mostly for particles 
smaller than 4 nm) or as dissolution from the oxide (larger particles).  

It should be stressed that the voltammetric currents in the double-layer region, 
ascribed to pseudo-capacitive currents of the (RuxSn1–x)O2 support (Fig. 6), do 
not change during potential cycling. Moreover, the characteristic shape of the 
voltammogram of COads oxidation (Fig. 3a), which was related to the presence of 
SnOx in the catalyst, was maintained over the potential cycling. The same shape 
of the COads stripping curve before and after the stability test under the poten-
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tiodynamic conditions was also reported for Pt3Sn/C catalyst with Sn in a form 
SnO2.19 These results indicate that (RuxSn1–x)O2 is a stable material and suitable 
for use as a catalyst support. 

 
Fig. 6. Cyclic voltammograms of the Pt/(RuxSn1-x)O2 catalyst recorded in 0.1 M H2SO4 at a 

scan rate of 50 mV s-1 over 250 cycles. 

The EASA and the methanol oxidation current density for the Pt/(RuxSn1–x)O2 
catalyst collected over 250 potential cycles are shown in Fig. 7. The EASA data 
were determined from the hydrogen adsorption/desorption charge in all the cyc-
les and from the COads oxidation at the beginning and the end of the experiment. 
The values obtained by these two methods correspond to each other within 
experimental error. The current densities for the MOR were taken from the 
potentiodynamic curves in Fig. 4 at a constant potential of 0.50 V. They were 
calculated using the EASA at the beginning of the experiment. Both the EASA 
and the methanol oxidation current densities given in Fig. 7 were normalized 
with respect to their initial values. The results showed that 80 % of the initial 
activity for the MOR was lost while the EASA decreased by 32 %.  

The results of the EASA and the MOR activity loss determined on all three 
catalysts are summarized in Table I. It is clear that the deactivation of the 
Pt/(RuxSn1–x)O2 and Pt/C catalysts was primarily caused by the poisoning of the 
Pt surface by the methanol oxidation residues, mostly occurring during the first 
potential cycle (Fig. 4). Contrary to these two catalysts, for PtRu/C the loss of 
EASA and MOR activity were quite similar, indicating that poisoning of the 
PtRu nanoparticles was minor. Therefore, it seems that mixing of Pt and Ru at 
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the atomic level in necessary to achieve high and long-term resistance to poison-
ing by COads. 

 
Fig. 7. The current densities for the MOR taken at 0.5 V and the EASA values during the 

potential cycling of Pt/(RuxSn1-x)O2 in 0.1 M H2SO4 with and without 0.5 M CH3OH. Both 
types of data are normalized to their initial values. EASA values were calculated from 
hydrogen desorption charge (bold symbols) and from COads oxidation (open symbols). 

The results of two independent experiments are shown. 

TABLE 1. Decrease in the activity for the MOR and the EASA values of the three inves-
tigated catalysts, determined during 250 potential cycles in 0.1 M H2SO4 solution with and 
without the addition of 0.5 M CH3OH 
Catalyst MOR Activity loss, % EASA Loss, % 
Pt/(RuxSn1-x)O2 80 32 
Pt/C 70 18 
PtRu/C 30 24 

Prospects for the Pt/(RuxSn1–x)O2 catalyst 

The study of Pt/(RuxSn1–x)O2 catalyst demonstrated that (RuxSn1–x)O2 is 
stable within the potential range that might be encountered during the operation 
of a DMFC. This characteristic, as well as good conductivity, makes this oxide 
material suitable for application as a catalyst support. 

The action of (RuxSn1–x)O2 as co-catalyst is excellent in short time after 
running the MOR. However, very soon Pt/(RuxSn1–x)O2 looses its high initial 
activity and the current densities for the MOR drop to 60 % of those attained on 
the commercial PtRu/C catalyst. Since the experiments show that (RuxSn1–x)O2 
cannot be an active co-catalyst to Pt over long-term operation, in further impro-
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vement of the MOR catalyst without high area carbon as the support, PtRu nano-
particles could be deposited on a (RuxSn1–x)O2 support. 
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Синтетизован је прах SnO2 допован рутенијумом, (RuxSn1-x)O2, са атомским одно-
сом Sn:Ru од 9:1, и коришћен као носач наночестица платине. Удео Pt у добијеном ката-
лизатору, Pt/(RuxSn1-x)O2, био је 30 mas. %. Носач и катализатор су карактерисани диф-
ракцијом X-зрака, енергетски дисперзивном спектроскопијом X-зрака и трансмисионом 
електронском микроскопијом (ТЕМ). Показано је да је (RuxSn1-x)O2 двофазни материјал 
који вероватно садржи чврст раствор RuO2 у SnO2 и чист RuO2. Просечна величина зрна 
Pt, одређена ТЕМ анализом, износи 5,3 nm. Циклична волтаметрија Pt/(RuxSn1-x)О2 ука-
зала је на добру проводност носача катализатора и на уобичајене карактеристике Pt. 
Упоређени су резултати електрохемијске оксидације COads на Pt/(RuxSn1-x)O2, Pt/C и 
PtRu/C. Оксидација COads на Pt/(RuxSn1-x)O2 почиње на негативнијим потенцијалима у 
односу на PtRu/C и Pt/C. Потенциодинамичке поларизационе криве и хроноамперомет-
ријске криве за оксидацију метанола указују на већу почетну активност катализатора 
Pt/(RuxSn1-x)O2 у односу на PtRu/C, али и на веће смањење густине струје током вре-
мена. Тест потенциодинамичке стабилности катализатора је указао да је смањење актив-
ности Pt/(RuxSn1-x)O2 и Pt/C првенствено проузроковано тровањем површине Pt произ-
водима непотпуне оксидације метанола, које се углавном одиграва током првог циклуса. 
Код PtRu/C тровање површине је минимално, а смањење активности је проузроковано 
смањењем електрохемијски активне површине PtRu. 

(Примљено 18. јула, ревидирано 4 септембра 2013) 
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Abstract: Nanostructured materials including three different carbonized poly-
anilines and manganese oxyhydroxide were prepared and evaluated as elec-
trode materials for sensing of lead and cadmium ions in aqueous media. Anodic 
stripping voltammetry results indicated that all prepared materials could be 
successfully used for determination of these two heavy metal ions. Carbonized 
polyaniline-based electrodes have higher signal and lower limits of detection 
(10-7 М) compared to manganese oxyhydroxide-based electrode. Among the 
three studied carbonized polyanilines, the one that was derived from poly-
aniline precursor produced in the presence of 3,5-dinitrosalicylic acid showed 
the highest electrocatalytic activity towards the lead and cadmium oxidation. 

Keywords: lead ions; cadmium ions; carbonized nanostructured polyaniline; 
manganese oxyhydroxide; electrochemical sensors. 

INTRODUCTION 

Sensing of heavy metal ions in aqueous media, with lead (Pb2+) and cad-
mium (Cd2+) ions being the major metal pollutants, is one of the priority tasks in 
environmental monitoring. Lead has been introduced into the environment during 
automotive leaded fuel burning, as well as during lead mining, smelting and refi-
ning processes. Lead–acid batteries, paints and tin can solders represent further 
sources of lead in the environment, while nickel–cadmium batteries, cadmium 
pigmented plastics, ceramics, glasses, paints and enamels are major sources of 
cadmium.1 Their consequent accumulation in the environment poses a serious 
risk to human health and safety.2 Heavy metal ions are known to be non-
biodegradable; for instance, lead in bone has a half-life of more than 20 years, 
while cadmium has a biological life of 10 to 30 years.3 The level of heavy metals 
                                                                                                                    

* Corresponding author: E-mail: biljka@ffh.bg.ac.rs 
# Serbian Chemical Society member. 
doi: 10.2298/JSC130731101S 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



1718 ŠLJUKIĆ et al. 

toxicity mostly depends on their chemical forms and exposure levels.4 Lead 
poisoning was reported to be one of the most common environmental child health 
threats that can cause serious physical and mental problems, including brain and 
kidney damage, mental retardation, behavior problems and development delays.5  

It has been estimated that nearly 20 % of human exposure to lead occurs 
through the consumption of contaminated drinking water.6 Therefore, the moni-
toring of these heavy metal ions in water resources is essential. Current methods 
for sensing of Pb2+ and Cd2+ include atomic absorption spectrometry (AAS), 
inductively coupled plasma-atomic emission spectrometry (ICP-AES), inducti-
vely coupled plasma-mass spectrometry (ICP-MS) and X-ray fluorescence spec-
trophotometry.7–9 Although these methods show satisfactory sensitivity, they 
have the drawbacks of using expensive equipment in controlled laboratory condi-
tions and requiring sample preparation and relatively large sample volumes.  

On the other hand, electroanalytical methods offer not only high sensitivity 
but also intrinsic miniaturization and portability along with low cost.10–13 Strip-
ping voltammetry techniques employing a mercury (Hg) electrode were found to 
allow the detection of trace heavy metals.14–16 However, the high toxicity of Hg 
has initiated the search for novel electrode materials for the sensing of heavy 
metal ions and different materials such as bismuth (Bi),17–19 gold (Au),20 silver 
(Ag),20 antimony (Sb),21 carbon (C),22,23 and boron-doped diamond (BDD)24,25 
have been investigated. 

Herein, the sensing of Pb2+ and Cd2+ has been explored employing four 
different electrode materials. The electrodes chosen for the study were glassy car-
bon electrode (GCE) modified with manganese oxyhydroxide (MnOOH) and GCE 
modified with three different carbonized nanostructured polyanilines (c-PANIs). 
The interest in studying a manganese oxide-based electrode arose from studies 
reporting the successful employment of carbon-supported manganese oxide elec-
trodes for electroanalysis of different analytes, such as hydrogen peroxide, nitrite 
ions and ascorbic acid.26–29 Manganese oxides are economic, non-toxic and 
abundant.30–32 They are present in a wide range of various crystal structures and 
their composition rarely corresponds to the stoichiometric formula but rather con-
tains Mn in different oxidation states. The MnOOH studied herein has found 
application in rechargeable batteries, but it still has not been broadly investigated 
for application in electroanalysis. During a recent study of the sensing of the two 
named ions on composites of MnO2 with different carbon materials, it was indi-
cated that c-PANI (produced by the carbonization of PANI doped with 5-sulfo-
salicylic acid) showed activity for their sensing.33 PANI in general has attracted 
significant attention during the last three decades due to its simple and inexpen-
sive synthesis, acid-doping/base-dedoping chemistry, high stability and conducti-
vity.34 Carbonization of polyaniline and other N-containing aromatic polymers 
appeared during recent years as an efficient and simple way to produce new 
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N-containing (nano)materials with mainly preserved morphology of the polymer 
precursor and changed/improved physico-chemical properties, such as increased 
conductivity, specific surface area or pore volume, desirable for a variety of 
applications.34–40 It was shown that nanostructured c-PANIs exhibit excellent 
electrocatalytic properties toward oxygen reduction39 and also represent pro-
mising materials for electrochemical capacitors.37 The properties of c-PANI 
materials can be tuned by the protonation level, oxidation state, type of counter 
ions and morphology of PANI precursors.35–38 

The idea behind this study was to gather analytical information about the 
oxidation of Pb2+ and Cd2+ at MnOOH and different c-PANI electrodes, such as 
limit of detection (LOD), linear range response and reproducibility, and to com-
pare their performances.  

EXPERIMENTAL 
Carbonized nanostructured PANIs were prepared by the procedures reported in previous 

works.35-38 PANI precursor salts were made by the gram-scale template-free oxidative 
polymerization of aniline with ammonium peroxydisulfate as an oxidant in three different 
media: a) in water (PANI),35,37 b) in 5-sulfosalicylic acid (SSA) aqueous solution (PANI– 
–SSA)36,37 and c) in 3,5-dinitrosalicylic acid (DNSA) aqueous solution (PANI–DNSA).37,38 
Subsequently, the precursors were carbonized by gradual heating in a nitrogen atmosphere up 
to 800 °C at a heating rate of 10 °C min-1 to obtain c-PANI,35,37 c-PANI–SSA36,37 and 
c-PANI–DNSA,36,38 respectively. Detail characterization of the prepared materials was pre-
viously carried out using several physico-chemical techniques, including X-ray diffraction 
(XRD) analysis, scanning (SEM) and transmission (TEM) electron microscopy, Raman and 
Fourier transform infra-red spectroscopy.37,39 

Synthesis of MnOOH nanorods was done by oxidizing the saturated manganese sulphate 
aqueous solution by adding drop by drop of 10% hydrogen peroxide solution until the end of 
precipitation.  

Catalytic ink was prepared by adding 4 mg of one of the investigated materials (c-PANI, 
c-PANI–SSA, c-PANI–DNSA or MnOOH) into 1 mL of a 2:3 water–ethanol mixture, fol-
lowed by homogenization in an ultrasonic bath for 30 min. The working electrodes were pre-
pared by pipetting 10 µl of a catalytic ink onto polished glassy carbon tip (5 mm diameter) 
and leaving the solvents to evaporate at room temperature. 

Platinum (Pt) foil and saturated calomel electrode (SCE) served as the counter and refe-
rence electrode, respectively. All potentials in the paper are expressed vs. SCE. All electro-
chemical measurements were performed using Gamry PCI4/750 potentiostat, employing a cell 
of 15 cm3 volume. The supporting electrolyte was 20 mM H2SO4 + 30 mM KCl and all 
studies were performed at room temperature, without removal of oxygen from the supporting 
electrolyte.  

Electroanalytical sensing of Pb2+ and Cd2+ was carried out using anodic stripping vol-
tammetry. The electrode was kept at a potential of –1.3 V during the 120 s deposition step, 
with the electrolyte solution being stirred. Subsequently, the potential was swept in the anodic 
direction up to +0.6 V with no solution stirring. The same measurement was performed for a 
series of aqueous solutions of Pb2+ and Cd2+ with concentrations ranging from 5 to 100 µM. 
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RESULTS AND DISCUSSION 

Pb2+ and Cd2+ sensing using the MnOOH-based electrode 
Sensing of Pb2+ and Cd2+ employing MnOOH/GCE electrode was first stu-

died. Linear scan voltammograms (LSVs) were initially separately recorded in 
100 μM Pb2+ solution and 100 μM Cd2+ solution in the range from –1.3 to 0.6 V 
at a scan rate of 50 mV s–1 (Fig. 1A). On each of the two LSVs, a clear peak 
originating from the oxidation of the corresponding heavy metal could be seen, 
i.e. a peak at ca. –0.46 V for Pb oxidation and a peak at ca. –0.69 V for Cd 
oxidation (Fig. 1A). Furthermore, it could be noticed that the Cd oxidation peak 
current (Ip) was ca. 33 % higher than that arising from Pb oxidation. No peak 
was observed in the LSV recorded on MnOOH/GCE in the absence of the stu-
died heavy metal ions. 

 
Fig. 1. A – LSVs of MnOOH/GCE recorded in 100 μM Pb2+ and Cd2+ solution in 20 mM 

H2SO4 + 30 mM KCl supporting electrolyte at a scan rate of 50 mV s-1; B – increase in the 
peak currents of Pb and Cd oxidation with increasing concentration of heavy metal ions 

(between 5 and 40 μM). E in V vs. SCE. 
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Subsequently, the LSV was recorded on MnOOH/GCE in a solution con-
taining both Pb2+ and Cd2+ in order to examine the possibility of the simul-
taneous detection of the two heavy metal ions and two distinct peaks could still 
be observed (Fig. 1B). The appearance of oxidation peaks of Pb and Cd at 
potentials that are ca. 0.25 V apart offers the possibility for the simultaneous 
detection of the two heavy metal ions with no mutual interference at MnOOH/  
/GCE. Furthermore, good reproducibility of the signal was observed with the 
standard deviation of 6.8 % calculated for repeated measurements using a sample 
of constant concentration of 100 μM Pb2+ and Cd2+ (n = 20). 

Next, the linear range and limits of detection of Pb2+ and Cd2+ sensing using 
the MnOOH-based electrode were determined. For these purposes, the blank 
solution was spiked with 5 μM additions of the two heavy metal ions and the 
recorded peak currents were observed to increase linearly with heavy metal ions 
concentration (c). The linear ranges were found to be limited up to 50 μM con-
centrations of the ions, which was reduced compared to linear ranges obtained 
when only one of the two studied heavy metal ions was present in the solution. 
The LOD values were calculated using 3σ method: 
 LOD = 3σ/b (1) 
where σ is the standard deviation of the regression line and b is the slope, i.e. 
sensitivity. The LOD values for Pb2+ and Cd2+ using the GCE modified with 
MnOOH were found to be 3.7 and 2.2 μM, respectively, and sensitivity to be 
0.008 and 0.029 AM–1, respectively. These LOD values are comparable with 
those obtained employing different electrodes (Table I). It should be mentioned 
that further improvement of MnOOH/GCE performance for sensing of the two 

TABLE I. Comparison of the performance of different electrochemical sensors of various 
electrode materials for the sensing of Pb2+ and Cd2+; PolyL – poly(4-azulen-1-yl-2,6-bis(2- 
-thiemyl)pyridine, GCD – glassy carbon disc, BDD – boron doped diamond, CPE – carbon 
paste electrode, SPE – screen printed electrode 
Electrode Pb2+ Cd2+ 

LOD Deposition 
time, s 

LOD Deposition 
time, s 

Bi-Modified Cu mini-sensor41 8.3×10-7 M 120 5.3×10-7 M 150 
PolyL film-modified GCD42 7×10-10 M 600 1×10-8 M 600 
Sb-BDD43 25.4 μg L-1 – 38.1 μg L-1 – 
Zeolite-modified CPE44 3.6 μg L-1 – 1 μg L-1 – 
Benzoic acid-modified GCE45 0.2 μg L-1 – 0.13 μg L-1 – 
Au-SP sensor46 0.5 μg L-1 120 1.4 μg L-1 120 
BDD47,48 2 nM 900 2.5×10-8 M 

3.9×10-9 M 
60 

SP microarrays49 3 μM 120 – – 
Nafion-modified GCE50 3 ppb 600 – – 
Nafion®-SPE51 15 μg L-1 – – – 
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heavy metal ions could be achieved by optimizing the experimental conditions, 
including solution pH, and deposition potential and time. For instance, relatively 
short deposition time of 120 s was used throughout this study as could be seen 
from comparison with some of those given in Table I.  

A further study was performed in order to confirm the potential application 
of the investigated MnOOH-based electrode for heavy metal ions sensing in real 
samples. LSVs were recorded in a solution made with tap water. With no optimi-
zation of experimental conditions, such as optimization of solution pH value, two 
distinct peaks could still be observed (Fig. 2). The oxidation peak of Pb was 
somewhat suppressed in the studied solution as evidenced by smaller peak cur-
rents recorded, but was still clearly visible. 

 
Fig. 2. LSV of MnOOH/GCE recorded in 25 μM Pb2+ and Cd2+ solutions in tap water at a 

scan rate of 50 mV s-1; E in V vs. SCE. 

Pb2+ and Cd2+ sensing using c-PANIs-based electrodes 
Control voltammograms of GCE modified with one of the three studied c-

PANIs were recorded in the supporting electrolyte in the range from –1.3 to +0.6 
V at a scan rate of 50 mV s–1. The LSVs of all three electrodes showed no peaks 
in the absence of Pb2+ and Cd2+. Upon the addition of 100 μM Pb2+ and Cd2+, 
two clear peaks, at –0.37 and –0.64 V, could be seen at the LSVs of the GCE 
modified with each of c-PANI based electrodes (Fig. 3). In the case of c-PANI 
electrodes, the peak at –0.37 V, originating from Pb oxidation, was of signi-
ficantly higher intensity compared to the peak at –0.67 V, corresponding to Cd 
oxidation. It should also be mentioned that only a small Pb oxidation peak could 
be observed on the LSV of the unmodified GCE, with no appearance of a Cd 
oxidation peak. 
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Fig. 3. LSVs of unmodified GCE and GCE modified with three different c-PANIs in 100 μM 

Pb2+ and Cd2+ solution in 20 mM H2SO4 + 30 mM KCl supporting electrolyte. A control 
voltammogram recorded in the absence of heavy metal ions is also presented; E in V vs. SCE. 

The highest Pb oxidation peak current was obtained at the c-PANI–DNSA-
based electrode, indicating its highest activity for the detection of the heavy 
metal ions. Peak current at the c-PANI–DNSA/GCE was ca. 17 % higher than 
that obtained at the c-PANI–SSA/GCE and 57 % higher than that recorded at 
c-PANI/GCE for the same Pb2+ concentration. This is most likely due to the high 
specific surface area SBET of PANI–DNSA (441 m2 g–1 compared to 322 m2 g–1 
in case of c-PANI and 317 m2 g–1 of c-PANI–SSA),37 providing a high contact 
area for Pb2+ and Cd2+ during the deposition step. Other factors determining 
electroactivity of the c-PANIs include their structural and morphological pro-
perties, the presence of functional groups at their surface, and their pore structure 
and electronic structures. Peak currents corresponding to Cd oxidation were prac-
tically the same at all three studied carbonaceous electrodes. Using voltammetric 
sample of constant concentration of 100 μM Pb2+ and Cd2+ (n = 20), the standard 
deviation was found to be 7.2 %.  

Compared to the MnOOH-based electrode, the first peak corresponding to 
Pb oxidation appeared at a somewhat less negative potential at the c-PANI-based 
electrodes, while the second peak corresponding to Cd oxidation was found at 
almost the same potential as at the MnOOH/GCE. Comparison of peak currents 
showed that the currents obtained at the electrodes based on the c-PANIs were 
one order of magnitude higher than those recorded at the MnOOH-based elec-
trode. Significantly higher peak currents at the nitrogen containing carbon-based 
electrodes than at the manganese oxide-based electrode could be due to the diffe-
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rence in the surface area of the materials. Manganese oxide electrocatalysts are 
reported to be active but they often suffer from having a small surface area and, 
in order to increase their electrochemical response, they have to be grafted onto 
carbon or other high surface supports. 

Subsequently, the supporting electrolyte was spiked with 10 μM additions of 
the two heavy metal ions. The increase in the peak currents with increasing of 
Pb2+ and Cd2+ concentrations obtained at the c-PANI–DNSA/GCE are shown in 
Fig. 4, together with the corresponding Ip vs. C linear response plots in range up 
to a 100 μM solution. LOD values were calculated using the 3σ method (Eq. (1)) 
and are given in Table II. The lowest LOD of Pb2+ was obtained at the c-PANI- 
-DNSA/GCE (0.58 μM), while lowest LOD of Cd2+ was obtained at the c-PANI/  
/GCE (0.50 μM). The obtained results indicate that by choosing the right experi-
mental conditions, c-PANI-based electrodes have potential application for the 
determination of the two heavy metal ions in aqueous media, offering a great 
benefit of eliminating use of mercury electrodes. 

 

Fig. 4. A – Increase in the voltam-
metric response of the c-PANI– 
–DNSA electrode with increasing 
Pb2+ and Cd2+ concentration from 
0 to 100 µM; B – linear depen-
dences of peak current on the con-
centrations of the ions. 
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TABLE II. Limits of detection (μM) of Pb2+ and Cd2+ in aqueous media obtained using a 
GCE modified with MnOOH or different c-PANIs 
Ion MnOOH c-PANI–SSA c-PANI–DNSA c-PANI 
Pb2+ 3.70 0.69 0.58 1.70 
Cd2+ 2.20 0.93 0.72 0.50 

Other nanostructured carbon materials, including carbon nanoparticles, car-
bon nanotubes (CNTs), graphenes and fullerenes have been explored as electrode 
modifiers or electrode materials for the sensing of heavy metal ions and have 
shown themselves to be quite promising.52,53 Among them, CNTs have attracted 
the most attention due to their high electro-activity, originating from their high 
surface area and the presence of a high number of edge plane sites. Compared to 
CNTs, c-PANIs have the advantage of simpler and less expensive synthesis 
procedures, while still being characterized with high surface areas and number of 
edge plane sites. 

CONCLUSIONS 

Three different nanostructured carbonized polyanilines and nanostructured 
manganese oxyhydroxide were synthesized and examined with respect of their 
electrocatalytic activity in the sensing of lead and cadmium ions in aqueous 
solutions. Anodic stripping voltammetry showed that all the prepared electrodes 
gave a clear response corresponding to the oxidation of the two heavy metals. 
The method was further quantitatively evaluated and the limits of detection were 
found to be comparable to those reported in the literature for different electro-
chemical sensors. Comparison between peak currents recorded at MnOOH- and 
c-PANI-modified electrodes revealed significantly higher currents in the case of 
the c-PANIs. Among the three studied c-PANIs, c-PANI–DNSA gave the highest 
signal for Pb oxidation and lowest limit of detection, while response for Cd oxi-
dation was similar at all three materials. The obtained results indicate that c-PANIs 
could be used for the fabrication of low-cost, rapid and sensitive electrochemical 
sensors for lead and cadmium ions determination. 
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И З В О Д  

НАНОСТРУКТУРНИ МАТЕРИЈАЛИ ЗА ДЕТЕКЦИЈУ Pb(II) И Cd(II) ЈОНА: 
МАНГАН-ОКСИХИДРОКСИД И КАРБОНИЗОВАНИ ПОЛИАНИЛИНИ 

БИЉАНА ШЉУКИЋ, ДАРКО МИЦИЋ, НИКОЛА ЦВЈЕТИЋАНИН и ГОРДАНА ЋИРИЋ-МАРЈАНОВИЋ 

Универзитет у Београду, Факултет за физичку хемију, Студентски трг 12–16, 11158 Београд 

Наноструктурни материјали, укључујући три различита карбонизована полиани-
лина као и манган-оксихидроксид, су синтетисани и испитани као електродни матери-
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јали за одређивање јона олова и кадмијума у воденим срединама. Резултати анодне 
„stripping“ волтамeтрије су показали да сви припремљени материјали имају потенци-
јалну примену у одређивању јона ова два тешка метала. Eлектроде на бази карбонизо-
ваних полианилина дале су значајно већи сигнал и ниже границе детекције (ред вели-
чине 10-7 М) него електрода на бази манган-оксихидроксида. Међу три испитивана кар-
бонизована полианилина, материјал који је добијен карбонизацијом полианилина син-
тетисаног у присуству 3,5-динитросалицилне киселине је показао највећу електроката-
литичку активност за оксидацију олова и кадмијума. 

(Примљено 31. јула, ревидирано 29. септембра 2013) 
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Abstract: An overview is given dealing with the application of ion-selective 
electrodes (ISEs) in environmental analysis. ISEs are placed into the context of 
the trend of development of sensors for extensive and frequent monitoring. 
Discussed are the issues such as sensing platforms and their mass-production, 
improvement of precision, diagnostic of sensor functionality, and development 
of reference electrodes. Several examples of real-life application of ISEs in 
environmental analysis are given. The main emphasis of this article is directed 
towards summarizing recent results of the authors during the past several years. 

Keywords: potentiometric sensors; wireless sensing networks; reference elec-
trode; sensor precision. 
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1. BRIEF HISTORY OF ION SELECTIVE ELECTRODES 

Ion-selective electrodes (ISEs) are one of the oldest classes of chemical sen-
sors. Described for the first time by Cramer in 1906,1 they entered into routine 
laboratory practise with Beckman’s invention of the pH-sensitive glass electrode 
in 1932.2,3 Today, there is hardly any chemistry laboratory that does not have a 
pH electrode. It is estimated that the market for pH electrodes is worth nearly a 
billion USD annually.4 

The golden age of ISEs started in the 1960s with the discovery that some 
antibiotics are capable of selective binding of particular ions. The group of 
Simon utilised valinomycin, monensin and nonactin to make potassium, sodium 
and ammonium selective electrodes, respectively.5–7 This was quickly followed 
by the realization that other compounds could be utilized and/or synthesized for 
the purpose of binding selected ions. The word “ionophores” was specially 
coined for such compounds. The 1960s and 70s were the time of exponential 
growth in the field of ISEs, so much so that Orion (a company that almost exclu-
sively worked on development of new ISEs) featured “electrode of the month”.2,3 
Being responsive only to the bioavailable ion fraction, having excellent ability to 
discriminate ions of interest versus other ions, and having suitable sensitivity and 
quick response time, ISEs based on ionophores demonstrated sensing charac-
terises that were excellently suited for application in clinical analysis. The most 
valuable application was in the analysis of blood electrolytes, such as Na+, K+, 
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Ca2+, Mg2+, and Cl–. It is estimated that market for ion-sensor-based analysers 
was worth >3 billion USD in 2011.8 

After the initial excitement, the pace of the development in the ionophore-
based sensors field slowed and by the 1990s, the common opinion was that there 
were no significant discoveries left to be made.9 Fortunately, a few groups con-
tinued to pursue further research in the field in the late 1990s and early 2000s. 
The thorough re-examination of past practices completely revolutionized the 
field when it was realized that the existence of inner membrane ion fluxes 
introduce significant bias in the determination of selectivity coefficients and 
underestimated of limits of detection (LODs).9–11 Previous definitions of the 
mechanisms of response were re-evaluated and re-defined. Consequently, selecti-
vity and sensitivity were improved by up to 6 orders of magnitude.12 It is note-
worthy that such an unprecedented feat was achieved simply by slight alteration 
of the experimental protocol – no additional instrumentation was introduced. 
Descriptions of important factors that influenced such great advantages and the 
corresponding experimental protocols exceed the scope of this review and the 
curious reader is advised to read some of the many reviews written on these 
topics.10,11,13–16  

The achievements that led to LODs in part-per-billion (ppb) and part-per-tril-
lion (ppt) levels and excellent selectivity greatly expanded the application fields 
of ISEs. This paper reviews the efforts that the authors invested in optimization 
of ISEs for environmental analysis and give few thoughts on possible future 
directions of development.  

2. THE PLACE OF ISEs IN ENVIRONMENTAL ANALYSIS 

In his Analytical Chemistry editorial, Prof Royce Murray analysed chal-
lenges that environmental analytical chemistry is facing. He said that “A ‘Grand 
Challenge’ posed for analytical chemistry is to develop a capability for sampling 
and monitoring air, water, and soil much more extensively and frequently than is 
now possible. Such goals will require improvements in sampling methodology 
and in techniques for remote measurements, as well as approaches that greatly 
lower per-sample and per-measurement costs”.17 In order to address this chal-
lenge, chemical sensors need to be simple, sensitive, and very cheap. The latter is 
arguably the most difficult, since there are many factors that dictate the cost of 
sensors. For example, from a technological perspective, ISEs need to: a) be 
produced on a mass-scale, b) require very simple electronic circuitry and c) 
require minimal power for operation. From a chemistry perspective, sensors have 
to: a) show great long-term stability (minimal drift over time), b) be resistant to 
biofouling, c) have sufficient selectivity to distinguish analyte of interest from all 
of the interferences in the sample and d) have sufficient accuracy and precision. 
These are all very significant challenges and many research groups are spending 
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significant amounts of time, energy and resources addressing them. As an illus-
tration, there have been more than 1100 reviews published since 2010 on the 
topic of Environmental Analysis, 21 of these involving potentiometric sensors; 
however the avid reader is invited to read reviews by Diamond and De Marco 
that discuss the issues arising from the application of ISEs in environmental 
analysis.15,18 

Phenomenal improvements of detection limits re-ignited the excitement in 
the field of ISEs and brought tremendous amount of optimism for the expansion 
of the utility of ISEs. From a technique that was largely constrained to blood 
electrolyte analysis, improved LODs opened opportunities that were considered 
previously unreachable, such as environmental analysis. Table I compares 
Detection limits of ISEs are compared Table I with those of the most widely used 
instrumental techniques in elemental environmental analysis. As a reference, the 
last column contains EPA action levels for drinking water. Clearly, the detection 
limits of ISEs are very competitive with the most sensitive techniques and suffi-
cient for the determination of drinking water quality.  

TABLE I. Detection limits in ppb for selected ions obtainable using flame atomic absorption 
spectrometry (FAAS), graphite furnace atomic absorption spectrometry (GFAAS), inductively 
coupled plasma mass spectroscopy (ICPMS) and ion selective electrodes (ISE) as well as 
action levels for selected ions in drinking water 
Method/element FAAS GFAAS ICPMS ISE EPA 
Ag 1.5 0.02 0.005 0.119 50 
Ca 150 0.01 0.5 0.120  
Cd 1.5 0.003 0.005 0.0121 10 
ClO4

- – – – 322 1a 

Cu 1.5 0.1 0.005 0.0123 1300 
Cs 5 – 0.01 124 – 
K 3 0.008 0.5 0.225 – 
I – – 1 0.2522 – 
Na 0.3 0.02 0.05 0.726 – 
Pb 15 0.1 0.001 0.00112 50 
NH4

+ – – – 0.225 100b 

asuggested; bdependent on pH and T 

In addition to competitive detection limits, ISEs carry some other great 
advantages regarding the analysis of trace metals in the environment. Perhaps the 
most significant one is their ability to sense “free” ion activity. Uptake of ions by 
biota and the ion toxicity is dependent on the free ion content27 and ISEs are an 
excellent tool for monitoring the impact of trace metal inputs into the environ-
ment. Moreover, acidification of natural samples is expected to mobilize ions 
from their complexes thereby allowing the determination of the “total” ion con-
centration. Consequently, ISEs can be an extremely powerful research tool that 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 ION SELECTIVE ELECTRODES IN ENVIRONMENTAL ANALYSIS  1733 

can allow the simultaneous monitoring of metal inputs (reflected by their total 
concentration) and the bioavailability of these inputs (reflected in the level of 
“free” metal), thereby providing environmental scientists with a monitoring 
dataset that is rich in chemical information. 

Attractiveness of ISEs for environmental analysis also lies in the simple and 
inexpensive instrumentation. ISEs are used in potentiometric setup where the 
potential of the indicator electrode (ion selective electrode) is measured against a 
reference electrode under zero-current conditions. Simple and inexpensive instru-
mentation as well as simple measurement principles and portability make ISEs 
suitable for on-site, ship-board, in situ field analysis. Notwithstanding highly 
attractive examples of application of ISEs in environmental analysis (some of 
which will be mentioned later in this review), here a curious example of the 
application of ISEs in space research is mentioned. The Phoenix spacecraft 
landed on Mars on 25th May 2008 carrying a Wet Chemistry Laboratory (WCL) 
among other instrumentation. The WCL contained ISEs for Ca2+, Mg2+, K+, 
Na+, NH4+, H+ and halides, Cl–, Br– and I–. While the elemental composition of 
the Martian surface had been measured on previous expeditions using X-ray 
fluorescence, soil analysis using ISEs enabled of the solution chemistry of Mar-
tian soil to be studied, which led to insight into possible biological activity, pre-
biotic organic synthesis and the thermo-physical properties of any liquid solution.28 

Another very attractive feature of ISEs is that they are unaffected by colour 
and turbidity. The ISEs have been successfully utilized in direct analysis of milk 
and processed cheese,29–31 while Fig. 1 depicts an experiment utilizing ISEs for 
the determination of nutrients in a sample containing 10 mass % organic solid 
matter (unpublished data). 

 
Fig. 1. ISEs in the determination of nutrients in a sample 
containing 10 % solid matter. 

ISEs are extremely versatile chemical sensors. Today, there are more than 60 
ions for which ISEs have been described.32 They are one of the very few ins-
trumental techniques capable of the determination of both positive and negative 
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ions. Moreover, ISEs have the ability to detect both monatomic (Na+, Cl–, Pb2+, 
etc.) and polyatomic ions (SO42–, CO32–, ClO4–, etc.). Since both cations and 
anions have significant importance in the environment, the ability to utilize the 
same instrumental setup for both groups of analytes can significantly reduce the 
cost of the total analyses. 

By analysing the aforementioned properties, it is clear that ISEs have many 
very attractive properties suitable for application in environmental analysis. 
Herein, the work that this group of authors undertook will be presented in order 
to demonstrate such applications and to address some of the issues mentioned in 
the opening paragraph of this section. 

3. SENSING PLATFORM DESIGNS AND EXAMPLES OF APPLICATION OF ION 
SELECTIVE ELECTRODES IN ENVIRONMENTAL ANALYSIS 

ISEs utilize extremely simple experimental setup where the potential of indi-
cator electrode is measured against reference electrode under zero-current condi-
tions. The potential is measured by a simple voltmeter with high input impe-
dance. Simple electrodes and their accompanying electronic circuitry for data 
acquisition present an excellent basis for the development of an extremely cheap 
(ideally disposable) sensing system that can be deployed for in situ analysis. 
However, the current costs of commercially available ISEs (EUR 600–800 at 
www.sigmaaldrich.com) prohibit their integration into autonomous field-deploy-
able sensing systems. It is therefore critical to develop methods for mass-scale 
production hence significantly lowering the cost per electrode.  

Based on the utilized material, ISEs can be grouped into three categories:  
Glass electrodes – glass was the material used to describe and develop first 

ISEs; however glass-based electrodes are limited to very few ions (e.g., H+, Na+ 
and K+).2  

Solid-state ISEs – based on low soluble salts of the ion of interest and while 
they have been actively and very successfully utilized in environmental anal-
ysis,15,33–35 their mechanism of response limits the number of ions for which 
electrodes can be developed.  

Ionophore-based polymer membrane ISEs, the most versatile and the focus 
of many research groups, hold the most promise for expansion into environmen-
tal analysis. They can be constructed as: 

– liquid-contact electrodes and 
– solid-contact electrodes. 
The following text discusses liquid- and solid-contact electrodes from the 

standpoint of the construction of the sensing platform and related issues in 
regards to their application in environmental analysis. The utilization of screen-
printing technology for the mass-production and integration of sensors into large 
wireless sensing networks (WSNs) is also discussed. 
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3.1. Liquid-contact ISEs 
In traditional ISEs, the polymeric membrane establishes the contact with the 

solid electrode via an aqueous layer (typically referred to as the inner filling solu-
tion) that contains a solution of the ion of interest. In the works of Bakker, Buhl-
mann and Pretsch in the late 1990s, it was realized that ion fluxes in the mem-
brane have deterministic effect on its response.9,10,13 Reducing the activity of 
primary ion in the inner filling solution was suggested as a suitable solution for 
reducing the membrane fluxes. This required slight modification of the experi-
mental setup; the single-compartment housing inner filling solution had to be 
split in two. The compartment at the inner solution–membrane phase boundary 
contained a solution of primary ions buffered to a very low activity (nano-molar 
or lower). This compartment was in contact with the one containing mili-molar 
amounts of a Cl–-containing solution in contact with the Ag/AgCl inner refe-
rence. A very simple solution was suggested; two pipette tips were used to hold 
the two compartments of the inner solution and the membrane was glued on PVC 
tubing attached to distal end of the bottom compartment, as shown in Fig. 2A. 

 
Fig. 2. A) Construction of liquid-contact electrode. B) Construction of solid-contact electrode. 

Such a construction had a two-fold impact on ISEs. By reducing the activity 
of the primary ions in the inner filling solution, the membrane fluxes were indeed 
reduced, which resulted in a drastic reduction of the LOD. Moreover, it demon-
strated the possibility for drastic cost reduction of ISE as a sensing platform. In 
the seminal paper by Ceresa et al., a pipette tip-based ISE was used to measure 
Pb2+ in Zurich’s drinking water. The obtained results were evaluated with ICPMS 
and excellent correspondence between the two techniques was evidenced.36 A 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



1736 RADU et al. 

period of vigorous research into factors affecting the optimisation of membrane 
fluxes ensued. Some of the authors of this paper contributed to the general dis-
cussion by publishing a set of guidelines for the improvement of LODs.20 In 
addition, the first ISE for measurement of fission products in natural water24 was 
demonstrated. A range of Cs+-selective ionophores and cation exchangers were 
investigated in order to develop a Cs-selective electrode with a trace level LOD. 
An ion-exchange resin was utilized to buffer Cs+ in the inner filling solution to 
nano-molar levels and an LOD of 1 ppb was achieved. This electrode was used to 
demonstrate the feasibility of determination of Cs+ in the presence of Sr2+ in 
natural waters since these two ions are expected to pose the most significant 
threat to public safety in the case of detonation of a radiological dispersal device 
or a so-called “dirty bomb”. 

3.2. Solid-contact ISEs 
Very quickly after the invention of the ionophore-based ISEs, Cattrall sug-

gested the complete removal of the inner filling solution and reported the so 
called “coated wire” ISE.37 However, such electrodes showed significant signal 
instabilities and found very limited application. In the seminal paper by Fibbioli 
et al., these instabilities were assigned to the formation of a thin water layer 
between the membrane and the metal electrode.38 This aqueous layer behaves as 
a reservoir the composition of which can change upon sample changes, leading to 
drifting potentials. The addition of a lipophilic intermediate layer that could 
define redox couple and prevent the formation of water layer between the mem-
brane and electrode was suggested and redox-active self-assembled monolayers 
and conductive polymers (CPs) emerged as a suitable solution.39,40 A period of 
very intensive research followed these discoveries. Consequently the selectivity, 
sensitivity, robustness and response time of solid-contact electrodes approached 
those of liquid-contact electrodes and opened the possibility for their utilization 
in environmental analysis.41–48 A schematic representation of a typical solid-
contact ISE utilizing CP as an intermediate layer is depicted in Fig. 2B. 

Liquid- and solid-contact electrodes were evaluated and compared for appli-
cation in soil analysis.49 This research was part of the work on development of 
chemical sensors for long-term in situ deployment for frequent monitoring of air-
borne dust polluted with heavy metals. Major dust blows of heavy metal-conta-
minated soil from the Gortmore Tailings site of an abandoned mine near Silver-
mines, Co., Tipperary, Ireland, were connected with cattle death in the 1980s. 
Later, several governmental reports showed that about 20 % of the agricultural 
soil samples collected near the Silvermines had levels of heavy metals up to 30 
times higher than the average values for Irish soils.4 Therefore, there was an 
urgent need for high-frequency, real-time and in situ monitoring of heavy metals 
in airborne dust. Due to their properties, ISEs were suggested as detectors in the 
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monitoring device. However this type of application highlighted several issues, 
including bias at low analyte concentrations and unsuitable soil digestion tech-
niques. The issue of utilization of the entire response curve to reduce bias will be 
discussed in the Section 4.2. Development of a suitable soil digestion technique 
was important since typical soil digestion techniques utilize very harsh and dan-
gerous acids (e.g., aqua regia or hydrofluoric acid). Finally, the potential of 
using solid-contact ISEs as simpler and cheaper solution relative to liquid-contact 
electrodes was evaluated. In the evaluation of digestion technique and suitability 
of solid-contact ISEs, atomic absorption spectroscopy (AAS) was used as the 
reference technique. It was established that short sonication of soil samples in 
10–3 M HNO3 mobilized a suitable amount of heavy metal ions for detection by 
ISEs. Solid-contact ISEs indeed showed satisfactory LODs and excellent correla-
tion with AAS measurements was obtained. 

3.3. Screen-printed ISEs 
Technologies for mass-production, such as screen- and inkjet printing, have 

occupied an important place in sensor production.50–53 Development of robust 
solid-contact ISEs with selectivity and LODs almost identical to liquid-contact 
ones allowed progress to truly low-cost sensors via the utilization of such tech-
nologies. In the production of ISEs, screen-printing is typically used to produce 
the platform followed by the deposition of a CP and an ion selective membrane. 
Details of the preparation of ISEs by the screen-printed platform are given in Fig. 3. 

 
Fig. 3. A) Preparation process of a screen-printed electrode. Silver ink is printed on a plastic 

substrate followed by printing of carbon ink and finished by printing of an insulating layer. B) 
Top view and side view of the finished electrode. C) Picture of electrode (left) covered with 

CP (middle) and finally with an ion selective membrane (right). 
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Detailed characterization of such electrodes showed that their behaviour was 
no different to those of traditionally prepared solid-contact ISEs. They were eva-
luated for the analysis of Pb2+ in various water bodies within the city limits of 
Dublin, Ireland.54 Twelve water samples were collected from the River Liffey, 
the Royal Canal and the Grand Canal that pass through Dublin. The sampling and 
sample storage was realised according to EPA recommendations.54 The samples 
were acidified to pH 4 to ensure that all Pb2+ were present in the free, uncom-
plexed form. The unknown concentration of lead was determined using standard 
addition method and the results were evaluated using ICPMS. The obtained 
results are summarized in Table II. 

TABLE II. Total Pb2+ concentration (ppb) of environmental water samples (with 95 % con-
fidence interval) determined by ISEs using the standard addition method and ICPMS. The 
relative error (RE) was calculated as ISE ICPMS ICPMS100( ) /RE X X X  , where XICPMS was 
assumed to be the “true” value 
Sample ID Pb2+(ICPMS)  Pb2+(ISE) %RE 
1 0.32±0.02 0.52±0.06 –62.5 
2 0.51±0.04 0.66±0.08 –29.4 
3 1.67±0.08 1.65±0.09 –15.6 
4 1.98±0.07 2.07±0.09 1.2 
5 4.87±0.11 5.20±0.14 –4.5 
6 1.23±0.08 1.65±0.09 –6.8 
7 0.90±0.03 1.04±0.05 –34.1 
8 2.14±0.07 2.61±0.09 22.0 
9 9.68±0.25 10.1±0.1 –3.3 
10 2.90±0.11 2.61±0.30 10.0 
11 5.52±0.18 6.55±0.05 –18.7 
12 172±12 207.20±0.14 –20.2 

It is striking that the two sets of data closely correspond over the full range 
of samples even though for 11 out of the 12 results, the lead concentration was 
below 10 ppb (50 nM). While the relative error (RE) may appear high in some 
cases (samples 1, 2, 7 and 8 have RE > ±20 %), it should be appreciated that in 
every case, the lead concentration was ≤ 2 ppb, which is just at the LOD as 
defined by the IUPAC. As discussed in the Section 4, large RE are expected due 
to the bias introduced by estimating unknown concentrations using linear regres-
sion. These results have important implications in further application of ISEs in 
quality control of surface waters. Considering that the European Water Frame-
work Directive recommends a concentration of 7.2 ppb for Pb2+ as the upper 
limit for surface waters, and that 10 out of 12 samples had concentrations below 
this limit, the ISEs can be suitable for use as detectors in very low-cost early 
warning systems. 
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3.4. Development of simple all-solid-contact potentiometric system 
Development of polymer membrane-based liquid junction-free reference 

electrodes (please see Section 5) allowed the construction a simple all-solid-con-
tact potentiometric system and its use in the determination of Pb2+ speciation in 
natural water.55 Mobilization and ion speciation is dependent on pH and there-
fore requires pH monitoring in parallel to determination of the concentration of 
the ion of interest. A multi-sensor probe developed in order to house the refe-
rence electrode, polymer membrane-based pH electrode and Pb2+-selective ISE 
is shown in Fig. 4 (top). 

 
Fig. 4. Top) multi-sensor probe. Schematic representation of electrodes (left) and photo of a 
multi-sensor probe (right). Bottom) direct potentiometric determination of the speciation of 
lead in deionized water spiked with 9.1 ppb Pb2+ as a function of pH. Circles: experimental 
data. Dashed line: fraction of uncomplexed Pb2+ calculated based on complexation of Pb2+ 

and CO3
2- as dominant complexing anion present in the sample. 

All three types of electrodes (pH- and Pb2+-selective and solid-contact refe-
rence electrodes) were carefully characterized according to published proce-
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dures55 and used for the measurement of pH in deionised water, rain water, tap 
water and samples from natural water bodies in and around the city of Dublin, 
Ireland. Lead-speciation analysis was performed on the simplest sample, deionised 
water spiked with 9.1 ppb Pb2+ at various pH levels. The results where full cir-
cles are experimental results obtained by calculating the fraction of uncomplexed 
lead based on sample pH are illustrated in Fig. 4. The dotted line represents the 
theoretically calculated values taking into account lead complexation with sample 
ions. Excellent agreement between the experimental measurements and theore-
tical calculations demonstrates that the sensing array consisting of solid-contact 
pH- and Pb2+-selective ISEs coupled with solid-contact RE could be used to 
accurately determine lead speciation using direct potentiometric measurements. 

3.5. Wireless sensing networks 
Analytical instruments are becoming smaller and more automated. In paral-

lel, wireless communication devices are getting smaller and capable of long-term 
operation. Some believe that the next step in the information revolution will be 
driven by linking cheap sensors to microprocessors.56 Personalized medicine and 
point-of-care devices are an excellent example of the integration of sensors with 
communication devices. Another very attractive example is the integration of 
sensors within clothing and the concept of “wearable sensors”.57,58 The concept 
of integration of chemical sensors with communication devices into wireless sen-
sing networks (WSNs) is highly attractive in environmental analysis. Deploy-
ment of a very large number of extremely cheap, autonomous and mutually con-
nected devices provides the ability to harvest much more complex data, such as 
origin (time and location) of pollution, speed and direction of spreading.59–61 
However, integration of chemical sensors in WSNs is proving to be extremely 
challenging. This is partly due to inherent difficulties associated with field 
deployment of autonomous chemical sensors and partly due to usability issues of 
current wireless hardware platforms. In fact, of the very few literature examples 
of wireless chemical sensor networks (WCSNs) most are focused on the design 
and development of a single wireless sensing node. In a very interesting example 
of real deployment of multi-nodal WCSN, Shepherd et al. deployed LED-based 
pH sensors for monitoring chemical plumes.62  

The simplicity of ISEs and their data acquisition instrumentation motivated 
us to develop a wireless ISE-based autonomous sensing system.63 In collabo-
ration with the engineering team from the Diamond Group, integration of these 
sensing systems into WSNs was explored. A block diagram for four key system 
elements (wireless sensing platform, base station and data harvester (PC/laptop)) 
and data flow interactions is depicted in Fig. 5A. pH-sensitive ISEs were selected 
for the simplicity of their operation. Ion selective membranes and RE were 
deposited on the platform that was designed with a view of integration with a 
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microfluidic system where Au-based contacts were prepared by sputter-coating 
and encased into a plastic film. The wireless sensing platform was designed to 
acquire three individual ISEs against a single RE. The base station worked much 
in the same way as the wireless sensing platform but without the conditioning cir-
cuitry. The gathering, storage and visualisation of the data on the data harvester 
were achieved using a purpose built control program written in the Java program-
ming language. Figure 5B–D show a screen capture of the WISE system’s front-
end graphical user interface, the wireless sensing platform, and the base station. 

 
Fig. 5. A wireless ion selective electrode autonomous sensing system. A) Block diagram 

showing the architecture of the system and the flow of signal/data from the sensors to the data 
harvesting system element. B) Screen capture of the system GUI. C) PCB Implementation of 

the wireless sensing node. 1) screen-printed electrode, 2) terminal block interfacing the 
electrodes and signal conditioning board, 3) signal conditioning board, 4) interface from the 

signal conditioning board to the wireless transmitter, 5) wireless AM transmitter module, 
6) antenna, 7) programming interface and 8) power source (PP3 9V battery). D) PCB 

Implementation of the base station. 1) antenna, 2) AM radio receiver, 3) PIC microcontroller, 
4) USB to UART transceiver, 5) mini-B USB connection, 6) USB-A connection to PC/laptop 

and 7) terminal block for programming the wireless module. 

Validation of the sensing system was realised by in situ determination of the 
pH of various natural water samples, including water from the Tolka River and 
Royal Canal flowing through the city of Dublin, Ireland. Excellent correlation of 
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data between WISE system and portable pH meter was achieved (R2 = 0.991, 
n = 8) and the errors were low (RE ≤ 2.6 %). These results encouraged us to 
develop a testing system for ISE-based WSNs. An environmental sensing cham-
ber was developed capable of housing a model of a river with ISEs integrated on 
the wireless data transmission platform, as depicted in Fig. 6. The model contains 
a stagnant section to allow for modelling of the variation of the flow rates along 
the River. Sampling positions are located on strategic locations to allow for 
introduction of the pollutant, as well as to position sensors to enable pollution 
spread to be monitored. This allows monitoring of the water quality by observing 
the pattern of the response of the sensors (unpublished data). 

 
Fig. 6. Model of an artificial river developed for deployment and testing of WSNs. 

4. IMPROVING THE PRECISION OF ISEs 

Since the invention of ionophore-based ISEs, the characteristics of iono-
phores and the analytical behaviour of concomitant sensors were studied in great 
depth. Sets of recommendations regarding the determination of selectivity, sen-
sitivity, calibration and nomenclature of ISEs, as critical parameters for real-life 
applications, were published by the IUPAC.64–67 However, the significant break-
throughs achieved in late 1990s and early 2000s led to an almost complete re-
definition of recommendations for experimental protocols necessary for obtain-
ing optimal selectivity and LODs.68 

As it is often the case, the opening of new research horizons highlights 
issues that were previously overlooked or were considered not worthy of investi-
gation. Here, the case of the definition of LOD and its impact on the potential for 
application of ISEs in environmental analysis are considered. 
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The potentiometric response of ISEs, the EMF, in a solution containing 
mixture of ions of interest (aI) and interfering ions (aJ) is given according to the 
Nikolskii–Eisenman Equation: 

  pott0 I J I,J
I

lnRTE E a a K
z F

    (1) 

Responses below the LOD (aI = 0) have a constant value, which is ideally 
defined by the response of the sensor to interfering ions (aJ). 

pot
I,JK  symbolizes 

the potentiometric selectivity coefficient. When the activity of the primary ions 
becomes sufficiently high, the term pot

I I,Ja K  becomes negligible and the equa-
tion is transformed into the Nernst Equation with a slope of 59.2/zI mV decade–1 
(at 25 °C). The expected responses of ISEs are demonstrated in Fig. 7, using 
dotted lines to depict two extreme cases (aI = 0 and aJ = 0). 

 
Fig. 7. Response curve of ISEs (full line) and extrapolation of the responses in the cases of 
aI = 0 and aJ = 0 in Eq. (1) (dashed lines; traditional detection limit is defined as the cross-

section of these two lines (LODIUPAC). Shaded area indicates the bias obtained in a 
determination of unknown activity if it falls in the region between LODIUPAC and 

LOCtraditional. Inset – illustration of the detection limit defined as signal-to-noise ratio S/N = 3. 

The crossing-point of the two lines (10–9 in the figure above) is defined as 
the limit of detection according to IUPAC (LODIUPAC). The concentration is 
then estimated by the Nernst Equation above LODIUPAC. Due to the substantial 
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bias between the ISE response (Eq. (1)) and the Nernst Equation near LODIUPAC 
(shaded area of Fig. 6), ISEs have been considered useful only if the lowest 
expected level of target analyte is about an order of magnitude higher than the 
LOD. Such a value can be defined as the limit of quantification (LOC). This was 
quite acceptable in clinical analysis where levels of blood electrolytes are typi-
cally 2–3 orders of magnitude higher than traditionally achievable LODs. How-
ever, the prospect of application of ISEs in environmental analysis increased the 
importance of utilization of the entire response curve and required improvement 
of the precision of the determination at levels near the LOD. The luxury of 
neglecting a usable signal above the noise levels is not acceptable for in situ 
deployed devices. Therefore it is critical to work on methodologies that would 
utilize the entire response curve, eliminate the bias introduced by the curvilinear 
response range and improve the precision of analysis. If an ISE with noise ≈0.1 
mV is considered and the general analytical chemistry definition of LOD (three 
times the standard deviation of noise, LODS/N=3) is used, then the LOD is orders 
of magnitude lower than LODIUPAC. Furthermore, if the bias is eliminated, then 
quantification can extend all the way to LODS/N=3. 

4.1. Modelling the response curve 
One solution to the problem of biased results near the LOD is utilizing theo-

retical models of the ISE response.19,69 These allow modelling of the entire res-
ponse curve using experimentally available parameters, hence eliminating the 
bias due to the deviation from the straight line. Unfortunately, such models are 
limited only to liquid-contact electrodes since currently there is no suitable expe-
rimental methodology to obtain certain parameters in solid-contact electrodes. 
Current trends of miniaturization of ISEs and transition to solid-contact elec-
trodes (for more details on solid- and liquid-contact electrodes please read the 
section Sensing Platform Designs) dictate that until such methods are developed, 
non-linear empirical formulas are more suitable for modelling the full response 
of ISEs. In our work we have used the following formula: 
 0 1 I 2log( )E E a        (2) 

Equation (2) represents Eq. (1) where 1 is equal to the slope parameter 
related to the temperature and charge of the primary ion, aI is the activity of the 
primary ion, 2 relates to the selectivity and activity of interfering ions and the 
error ε is assumed to follow a normal distribution with variance σ2.  

An added benefit of non-linear modelling of the entire response curve is the 
ability to obtain a revised LOD defined by the signal-to-noise ratio (i.e., 
LODS/N=3). This ultimately expands the useful range of ISEs by more than two 
orders of magnitude (see the span from LODS/N=3 to LOCtraditional in Fig. 7), 
while simultaneously removing the bias near the LOD. The benefits of using the 
entire response curve and LODS/N=3 vs. a traditional analysis were explored by 
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comparing the analysis results using data from ISEs in a soil analysis.49 The 
empirical model (Eq. (2)) and LODS/N=3 were used to determine the level of Pb 
in digested soil samples. The results were then compared to results obtained 
using the traditional treatment (i.e., using linear regression in the Nernstian range 
above LODIUPAC), and to reference results obtained using AAS. As expected, the 
results did not differ in the case of samples containing values of Pb falling in the 
Nernstian response range. However, in two cases, the values of the sample were 
in the curvilinear part of the response curve. With the linear regression treatment, 
results were rendered biased and/or below LOD. However, by utilizing non-linear 
regression the bias was removed and the results approached the reference results 
obtained using AAS. That is, it was possible to extend the useful range of the 
ISEs simply by using Eq. (2) and LODS/N=3 in place of the Nernstian approxi-
mation and LODIUPAC. 

4.2. Calibration and precision of ISES 
Unlike other analytical techniques, ISEs have an extremely large measure-

ment range. Hitherto, the largest reported spans twelve orders of magnitude,12 
although measurement ranges spanning eight to nine are more common. Unfor-
tunately, this benefit is offset by lower precision. The slope of 59.2/z mV decade–1 
and the noise in the region of 0.1 mV indicate that reporting results with more 
than two decimal places may be quite problematic. Therefore, ISEs are typically 
considered as a tool for routine measurements and as early warning systems. 

On the other hand, typical ISE calibration protocols used in estimation of 
unknown activities of analytes provide only a single value for measured activities 
(for both calibration point and unknown sample) not estimates of measurment 
uncertainity. Since no estimate of uncertainty is given, these so called “point esti-
mates” imply a level of precision that is not achieved with ISEs. With increased 
importance of ISEs in environmental analysis, estimates of precision become 
critical, especially in the analysis of samples in which the values approach 
regulatory limits. In this respect, methods of statistical calibration are becoming 
increasingly popular in the analysis of chemical data,70,71 including ISEs.72 

A very interesting approach to statistical calibration is the use of a Bayesian 
model for the non-linear response of ISEs.73 The power of this approach is that 
realistic estimates of measurement uncertainty are returned and information from 
redundant ISEs can be used to easily improve measurment precision and to iden-
tify and discard data from failing electrodes.  

Bayesian statistical analysis is based on the concept of prior knowledge or 
beliefs about random variables (Pr(A)) being combined with a model relating 
data to those variables (Pr(B|A) to form updated beliefs about the variables, given 
the collected data (Pr(A|B)). The updated beliefs are called the posterior 
probability distribution of event A given event B. This can be present as: 
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      Pr Pr PrA B B A A  (3) 

In the context of ISE calibration, A represents the unknown variables (anal-
yte concentrations and calibration parameters), while B represents the data (all 
calibration data and sample emf values). 

A model for single or multiple ISEs being used to measure the same sample 
was developed and extended to include standard addition data.73 Inclusion of 
muliple ISEs increases the overall precison of the analysis even though each ISE 
will have different calibration parameters and levels of precision. This is done by 
down-weighting poor-performing ISEs and incorporating asymetry in calibration 
intervals into the final calibration interval. Inclusion of standard addition data 
minimizes bias due to electrode drift. The method was developed using the 
OpenBUGS variant (version 3.0.3) of BUGS, linked to R using the R2WinBUGS 
library and the code is available in Dillingham et al.73 Moreover, additional soft-
ware was developed in R (www.r-project.org) to create a user-friendly imple-
mentation of these models, and is available, along with a tutorial, at: http://tur-
ing.une.edu.au/~pdilling/calibration.html. The Bayesian calibration method was 
used to analyse levels of lead in 17 soil samples collected from the abandoned 
mining site near Silvermines, Co., Tipperary, Ireland. The standard technique 
was used to collect and store samples that were digested by sonication of 1 g of 
sample in 1.0×10–3 M nitric acid. This method of digestion was shown to be a 
good compromise between satisfactory detection limit, sufficient extraction of 
metal ions from the soil and limited effect on the ISE lifetime.74 

Results using ISEs were obtained using the standard addition method. Briefly, 
the calibrated electrodes were immersed in a predetermined volume of the sample. 
After a baseline had been recorded, an aliquot of standard Pb2+ solution was 
added and a second reading was obtained and the unknown activity of Pb2+ was 
calculated.  

Figure 8 depicts estimates of Pb2+ in the soil samples using three idividual 
ISEs (Fig. 8a–c) compared with the ones obtained when all three ISEs were 
incorporated into the multiple-ISE model (Fig. 8d). 

By observing the error bars, it could be seen that long tails, asymmetry, and 
extreme variability in the width of calibration intervals considerably decreases in 
the multiple-ISEs model. Although the ISEs varied substantially in response and 
LODS/N=3, the final estimate was much more precise than the estimate from any 
single ISE. This shows that the final precision of the multiple ISE model was not 
driven by one ISE of high quality, but took advantage of information from each 
electrode. Fig. 8 also shows that the ISE with the lowest LODS/N=3 is not neces-
sarily the best ISE to use when making single ISE measurements. Although 
ISE#3 has nearly an order of magnitude better estimated LOD than the other two 
electrodes, it was much noisier and therefore gave less precise estimates. By 
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combining the response of all three electrodes, the model takes advantage of the 
low LODS/N=3 of ISE#3 and the high precision of ISEs#1 and #2. It should be 
noted that the appropriate LOD for the multiple ISE model is unclear and the 
lowest LODS/N=3 is displayed for reference only. 

 
Fig. 8. Estimations of Pb2+ in each soil sample from individual ISEs (a–c) and the combined 
response (d) using standard addition. The error bars indicate 95 % confidence intervals; mid-
line dashes indicate the point estimate obtained by the ISEs. The closed circles are estimates 

obtained using AAS. LODS/N=3 (dashed line) are presented for comparison. 

5. REFERENCE ELECTRODE 

Interestingly, while the research in the field of ISEs and their application in 
environmental analysis are vigorous, the pace of the transition from controlled 
laboratory conditions to the real-life application does not follow the amount of 
breakthroughs in ISEs’ performance. This is partly related with the need for col-
laborative effort between chemists and mechanical and electronic engineers in 
order to develop deployable devices capable of autonomous sensing.61–63,75  

Another factor inhibiting progress is often the unsatisfactory robustness of 
reference electrodes (REs). While there are many examples of design and appli-
cation of reference electrodes in deployable and/or miniaturized sensing devices, 
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they are often limited to a particular design and/or application. The limitations 
may be grouped around the mechanism of action of REs and their fabrication. In 
a review of REs, Bakker nicely outlines several concepts of their action mecha-
nisms. One of the most promising is the one based on the phase boundary poten-
tial equation: 

 
I

I I
PB

I
ln

[I ]z
RT k aE
z F 

 
  

 
 (4) 

where aI is the activity of an ion of charge zI in the sample phase boundary, I, 
and I[I ]z  are the activity coefficient and the concentration of the free ion IzI  in 
the organic membrane phase boundary, and R, T, and F are the gas constant, the 
absolute temperature and the Faraday constant, respectively. The EPB in this 
system is defined by the degree of partition of the lipophilic electrolyte from the 
membrane into the sample. In essence, the membrane is doped with a lipophilic 
electrolyte capable of partitioning into the sample. Since the ions of the used 
electrolyte are not present in the sample, the concentration of ions in the mem-
brane and in the sample is constantly rendering the EPB of the RE constant, thus 
enabling its use as the RE. This basic idea was used by several authors to demon-
strate simple REs, for example by doping a membrane with lipophilic salts.76–80 

In order to achieve truly low-cost potentiometric sensor fabrication of REs, 
they must be simple, cost-effective, and compatible with mass-production tech-
niques. Ideally, the fabrication of both ISEs and REs should be compatible with 
the existing production lines with minimal adjustments.  

Our approach to development of new REs consisted of tackling both issues 
simultaneously.81 Encouraged by the success in the development of miniaturized 
platforms suitable for mass-production based on the screen-printing technology 
(as described in the Section 3), we were driving the development of REs that 
could utilize the same platform as ISEs. The aim was to fabricate both electrodes 
using identical platform and prepared using the same protocol. In the preparation 
of REs, the aim was to use a material that acts as a matrix and serves as the 
source of ions that could partition into the sample, thus defining EPB, instead of 
doping the membrane with a lipophilic electrolyte. Ionic liquids (ILs) are excel-
lent candidates for such materials. It was shown that they can behave as plasti-
cizers,82 simple salt bridges and liquid-junction-free REs.83–85 In continuation of 
these ideas, we experimented on the use of a variety of ILs containing immida-
zolium ([Rmim] where R stands for C2, C4, C6, C8 or C12 substituents at position 
1), phosphonium ([P4 4 4 14]+ or [P6 6 6 14]+) and ammonium ([N1 8 8 8]+) cations 
and the bis(trifluoromethanesulphonyl) amide [NTf2]– anion. The membranes 
were prepared by mixing an appropriate IL with PVC in the traditional mass ratio 
66:33 of plasticizer. It was found that [C2mim][NTf2] showed the best perfor-
mance as a RE. The responses of [C2mim][NTf2]-based RE compared to com-
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mercially available Methrom Ag/AgCl double junction and solid-state (REFEX 
Sensors, Ltd.) reference electrodes are depicted in Fig. 8A–C. The stability of the 
signal was tested using three different protocols. Electrodes were tested for long-
term response upon changing the concentration of the same electrolyte, the influ-
ence of larger concentration differences and mobilities of ions, and dynamic res-
ponse (response occurring within seconds after the electrolyte change). The 
[C2mim][NTf2]-based RE shows remarkable stability, comparable to those of 
commercially available REs.  

In order to demonstrate the utility of the [C2mim][NTf2]-based RE, it was 
employed in various electrochemical techniques and its performance was eva-
luated against the traditional Ag/AgCl double junction RE. Figure 9 depicts the 
application of [C2mim][NTf2]-based RE in potentiometry (Fig. 9D), voltammetry 
(Fig. 9E) and electrochemical impedance spectroscopy (Fig. 9F). Excellent stab-
ility and correspondence of the signal is obvious in all three cases. 

It is noteworthy that the [C2mim][NTf2]-based RE was prepared on a 
screen-printed platform by simple drop-casting of the membrane components, as 
explained in the Section 3. This allows preparation of a disposable potentiometric 
sensing system where both electrodes (ISE and RE) are prepared using the same 
protocols (drop-casting membrane cocktail on the identical platform). Advances 
in ink-jet printing of polymers could further simplify the process and result in 
fully automated, mass-production of extremely low-cost, yet ultra-sensitive poten-
tiometric sensing systems. 

6. REDUCING THE NEED FOR CALIBRATION AND DIAGNOSTIC OF SENSOR 
FUNCTIONALITY 

The need for regular calibration and the cost associated with it is the major 
limitation in development of fully autonomous sensing devices. There are issues 
from the point of view of electronic platforms (matching of hierarchies, data 
safety, etc.) as well as from a chemistry perspective (e.g., cost issues mainly 
associated with calibration involving calibration solutions, pumps, waste, etc.).75 
Many different groups are exploring a wide variety of approaches to develop sen-
sors with reduced need for calibration or completely calibration-free sensors.86 
The subject of a completely calibration-free sensor is somewhat esoteric since all 
sensors need calibration at least at some point. Some interesting concepts have 
emerged that suggest using materials the properties of which can be switched 
using external stimulus in the description of calibration-free sensors.59,87–90 
However, with regards to the employment of ISEs in environmental analysis, 
some technological solutions for significantly reducing the need for calibration 
have been explored. 
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6.1. Reducing the need for calibration by producing sets of identically 
performing sensors 

The introduction of technologies for the mass-production of sensors trig-
gered the expectation of nearly identical response profile of all electrodes pro-
duced in the same batch. Reinforced by the fact that sensors produced on mass 
scale would be disposable, only one electrode from each batch would need to be 
calibrated, while all the others would be used only once with their response pat-
tern corresponding to the single calibrated electrode. This approach is employed 
very successfully in the clinical area, in which single use disposable sensors are 
commonplace. However, the translation of this approach to the environmental 
arena remains difficult, due to the lower concentrations of the primary target ions 
and matrix effects, which require a more complex calibration protocol to enable 
the low-limit-of-detection capability of ISEs to be exploited. Unfortunately, it 
appears that obtaining solid-contact ISEs with reproducible standard potentials is 
still quite a challenge.14 The non-optimised protocol for the deposition of the 
intermediate layer and the ion selective membrane is one of the issues. The evo-
lution of the reproducibility of the signal across a set of electrode with optimi-
zation of the polymer deposition process is shown in Fig. 10. 

 
 (A) (B) 

Fig. 10. Calibration curves of solid-contact ISEs. A) Without careful control of the drop-
casting of conducting polymer step. B) Electrodeposited conducting polymer. 

When the ISEs were produced without careful control of step of drop-casting 
polymers onto screen-printed electrodes, the baseline, slope and LODs are mis-
aligned (Fig. 10A). On the other hand, careful manual deposition of intermediate 
layer can produce response curves that differ only in the baseline (data not 
shown). Finally, electrodeposition of the intermediate layer on the electrodes pro-
duced in the same batch of screen-printing results in response curves that are 
superimposed and with virtually no offset (Fig. 10B). These electrodes were suc-
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cessfully utilized for the determination of Pb2+ in environmental samples, as des-
cribed in the Section 3.3. 

6.2. Diagnostic of sensor functionality 
In another approach, the electronic signal was used to probe the performance 

of sensors.91 Since the response of ISEs depends on processes at sample/mem-
brane interface, changes on the membrane surface are likely to influence the res-
ponse characteristics of a device. For example, deployed sensors could be easily 
physically damaged due to contact with debris present in the water. Membrane 
components may leach and affect the bulk composition of sensing membrane. 
Perhaps one of the most significant factors influencing the performance of in situ 
deployed sensors is biofouling. Every year, millions of Euros are spent in active 
sensor maintenance and in research on combating biofouling. A common deno-
minator of these factors is the influence they can exert on the resistance and capa-
citance of a membrane. Therefore, we suggested that electrochemical impedance 
spectroscopy (EIS) could provide important information on membrane compo-
sition and sensor functionality. We attempted to find the optimal parameters of a 
simple circuitry capable for the generation of an AC signal and utilize it for 
simple diagnostics of the functionality of a sensor and argued that the ability to 
very quickly and simply diagnose the functionality of ISEs without classical 
calibration could simplify fabrication and operation of the sensing device. 
Multiple sets of miniaturized, solid-contact ISEs were prepared using the screen 
printing technology as described elsewhere.55 In order to mimic potential physi-
cal damage, the electrodes were punctured and cut to inflict damage to the mem-
brane surface. For mimicking leaching of the membrane components, major 
membrane constituents known to be of fundamental importance for electrode 
response (ionophore and/or ionic sites) were intentionally excluded. Biofouling 
was studied by exposing electrodes to microbe-rich natural water for predestined 
periods. For each of the mentioned conditions, the potentiometric response was 
recorded together with impedance spectra analysis. The loss of potentiometric 
functionality was evident through the diminishing of the slope and LOD (Fig. 11 
A–C) and could be easily related with concomitant changes in the resistance and 
capacitance of the membrane. By careful analysis of the impedance spectra, cri-
tical parameters could be identified for which changes in impedance could be 
easily related with the loss of potentiometric functionality. Specifically, it was 
identified that the change of impedance could be monitored at a single frequency 
and excitation signal. For example, Fig. 11D–F depict changes in impedance at 1 
Hz with an excitation signal of 100 mV of electrodes that were subjected to 
severe mechanical damage, biofouling and leaching of membrane components.  

The difference in time that measurable change may occur could also be an 
important indication of the nature of process that affects the potentiometric res-  
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ponse. A continuous and gradual change over a relatively short period (a few 
days) is a good indication that biofouling hampers the functionality. On the other 
hand, a continuous and gradual change occurring over a long time (a few 
months92,93) indicates leaching of the membrane components. Finally, a sudden 
change indicates physical damage. Therefore, we argued that a microfluidic chip 
that integrates ISEs with a simple AC-generating circuitry using a single fre-
quency and excitation signal could be used as a very simple diagnostic tool for 
the functionality of sensors. By periodically checking the impedance, the user 
can generate information about the functionality of the sensor system. Based on 
the obtained information, a built-in local intelligence could make a decision 
whether the systems requires calibration under the current state of the sensor. 
Consequently, a slight increase in sophistication could significantly reduce the 
size and cost of the operation and maintenance of devices. 

7. FUTURE TRENDS 

Since the breakthrough in lowering the LOD of ISEs, many serious strides 
were made towards real-life application of ISEs in environmental analysis. In the 
opinion of the authors, there will be three important avenues for further develop-
ment of ISEs as environmental analytical tools. These avenues will be increasing 
the importance of technology, development of novel methodologies and utiliza-
tion of new materials in order to achieve, low-cost and robust analytical devices.  

7.1. Technology 
Modern polymer membrane-based ISEs possess excellent analytical attri-

butes in terms of selectivity and LOD. Interestingly, while conditioning and sto-
rage protocols are very important in achieving optimal LODs, guidelines for stan-
dardizing such protocols are not widely agreed.68 Some interesting steps were 
taken by the group of Michalska, who realized that potential stability of ISEs 
prepared using two different conductive polymers (CPs) strongly depended on 
the storage conditions.94,95 On the other hand, long-term deployment and remote, 
real-time monitoring (e.g., as part of WSNs) could be quite problematic due to 
fouling of the sensors with biological films, as well as the need for their calib-
ration. It is expected that future research will involve integration of ISEs within 
microfluidic devices96 capable of directing the flow of sample and calibration 
solutions according to the analytical needs. The effects of hydrodynamic flow 
showed very desirable effects in rotational disc electrode (RDE), flow injection 
analysis (FIA) and continuous flow analysis (CFA) in both detection limit and 
adsorption phenomena.35,97–99 Utilization of microfluidic platforms with built-in 
intelligence would therefore be capable of utilizing both hydrodynamic flow and 
automated methodologies for storage and calibration.  
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7.2. Analytical methodologies 
Complex matrixes, extremely low activity of target analyte and the need for 

calibration render the application of direct potentiometry in environmental anal-
ysis quite limited. We are already witnessing the development of very interesting 
and exciting methodologies that could overcome these issues. Backside calib-
ration as reported by Malon et al.100 is a very interesting approach capable of 
evaluating the response of liquid-contact ISEs through a variation of in the com-
position of inner filling solution. Another very interesting concept for achieving 
chemical amplification is named swtichtrodes.101 With this method, two polymer 
membrane ISEs are programmed to give kinetically controlled detection limits so 
as to produce a peak-shaped differential signal between the electrode pair when 
the activity of the sample is resonant with the intermediate activity required for 
switchtrode response. Since ISEs are in the super-Nernstian response mode, a 
switchtrode expresses chemical amplification. Like all electrochemical sensors, 
ISEs are excellently suited for use in “electronic tongues” where an array of care-
fully selected ISEs with appropriate cross-sensitivities may be used to establish 
response patterns that could be analysed using principal component analysis, 
artificial neural networks, partial least squares regression, etc.102  

In the authors’ opinion, a very important trend of the utilization of ISEs as 
detectors in a combination of techniques (analogous to hyphenated techniques) is 
currently being witnessed. Extremely sensitive ISEs are demonstrated as highly 
sensitive detectors in combination to nano-labels for immuno-analysis103–106 and 
DNA analysis.107,108 A very interesting approach for the elimination of the mat-
rix effect was reported in the groups of Wang and Bakker. Highly sensitive 
Cd-selective electrodes were coupled with stripping voltammetry in the analysis 
of sea water. Accumulation of Cd from sea water using striping voltammetry was 
performed prior to the release of Cd into a buffer solution where its concentration 
was determined using ISEs. This effectively eliminated the matrix and resulting 
analysis was by far more sensitive than either of the two employed techniques 
alone.109 On the other hand, coupling ISEs with thin layer coulometry promises 
achievement of robust, calibration-free sensors that are highly attractive where 
recalibration in situ is difficult or undesirable.110–112 

7.3. Materials 
Various materials had a deterministic influence on ISEs, starting from 

pH-sensitive glass to polymer membranes. Over the course of the development of 
the field of potentiometric sensors, many different materials played a very impor-
tant role. For example, conducting polymers are currently a staple in the prepa-
ration of solid-contact electrodes. They serve as a lipophilic intermediate layer 
that enables transition from electronic-to-ionic conductivity and block the forma-
tion of water layer between ion selective membrane and metallic electrode; hence 
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enabling the realization of solid-contact electrodes with trace level sensitivity.113 
Carbon nanotubes are increasingly finding their way into ISEs as intermediate 
layers due to their lipophilic and conducting properties.114,115 

A methyl methacrylate–decyl methacrylate (MMA–DMA) copolymer was 
used to produce toughened much more robust polymer membrane-based ISEs 
with excellent time responses and reproducibility.116 Moreover, new di- and tri-
block copolymers introduce new dimension in improving the physico-chemical 
properties of ISEs.117 Thus, it is reasonable to expect that such copolymers will 
gain strong ground in future research.  

Perfluorinated materials present a very interesting alternative to traditional 
materials used in ISEs. They are extremely hydrophobic, for example on the π* 
scale of solvent polarity, water has a π* value of 1, cyclohexane defines 0, and 
perfluoro-octane has a value of –0.41.118 Such tremendous hydrophobicity is evi-
denced through exceptionally strong ion pair formation and more importantly 
great improvement in selectivity.119–123  

Another very interesting and promising class of materials are ionic liquids. 
They can be used as plasticizers, ion exchangers and ionophores.124,125 ILs 
demonstrate large variations in polarity and viscosity hence demonstrate signifi-
cant influence on selectivity and sensitivity.126 Moreover, the relative ease of the 
preparation of new ILs and their intrinsic conductivity present excellent funda-
mentals for modulating physico-chemical properties of the membrane, thereby 
opening new avenues for development and application of ISEs. 

8. CONCLUSIONS 

In summary, ISEs are making significant strides towards becoming a very 
important tool in environmental analysis. While many issues indeed exist, the 
energy and the pace of research addressing these issues are very promising. This 
conclusion indicates the importance of fundamental research in nanotechnology 
as a key strategy to the design, development, and engineering of sensing layers 
capable of addressing these critical needs.  
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Овај чланак даје преглед радова који се баве применом јон-селективних електрода 
(ISA) у анализи животне средине. ISA су стављене у контекст тренда за развој сензора за 
обимна и честа мерења. Разматране су теме као што су носачи сензора и њихове масов-
не производње, побољшање прецизности сензора, дијагноза њихове функционалности 
као и развој референтних електрода. Анализа ових тема је дата кроз примере примене 
ISA у анализи животне средине. Главни акценат овог чланка је стављен на сумирање 
резултата рада потписника овог текста у последњих неколико година. 

(Примљено 29. августа, ревидирано 26 септембра 2013) 

REFERENCES 
1. M. Cremer, Z. Biol. 47 (1906) 562 
2. M. S. Frant, Analyst 119 (1994) 2293 
3. S. F. Martin, J. Chem. Educ. 74 (1997) 
4. Final Report of the Expert Group for Silvermines County Tipperary, Lead and Other 

Relevant Metals, Office of Environmental Enforcement, EPA, 2004 
5. W. K. Lutz, H. K. Wipf, W. Simon, Helv. Chim. Acta 53 (1970) 1741 
6. L. A. R. Pioda, A. H. Wachter, R. E. Dohner, W. Simon, Helv. Chim. Acta 50 (1967) 

1373 
7. Z. Stefanac, W. Simon, Chimia 20 (1966) 436 
8. In-Vitro Diagnostic (IVD) Market (Applications, End-users & Types) Trends & Global 

Forecasts (Major & Emerging Markets – G7, Japan & BRIC) (2011–2016), 2012, 
www.marketsandmarkets.com 

9. E. Bakker, E. Pretsch, Angew. Chem. Int. Ed. 46 (2007) 5660 
10. E. Bakker, P. Buhlmann, E. Pretsch, Electroanalysis 11 (1999) 915 
11. E. Bakker, E. Pretsch, Advances in Potentiometry, In Electroanalytical Chemistry: A 

Series of Advances, Vol 24, A. J. Bard, C. G. Zoski, Eds., CRC Press, Boca Raton, FL, 
2011, p.p. 1–74 

12. T. Sokalski, A. Ceresa, T. Zwickl, E. Pretsch, J. Am. Chem. Soc. 119 (1997) 11347 
13. E. Bakker, P. Buhlmann, E. Pretsch, Talanta 63 (2004) 3 
14. J. Bobacka, A. Ivaska, A. Lewenstam, Chem. Rev. 108 (2008) 329 
15. R. De Marco, G. Clarke, B. Pejcic, Electroanalysis 19 (2007) 1987 
16. A. Radu, D. Diamond, Ion-selective electrodes in trace level analysis of heavy metals: 

potentiometry for the XXI century, In Comprehensive Analytical Chemistry, D. Barcelo, 
Ed., Vol. 49, Electrochemical sensor analysis, S. Alegret, A. Merkoci, Eds., Elsevier, 
Oxford, 2007, p. 25 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



1758 RADU et al. 

17. R. Murray, Anal. Chem. 82 (2010) 1569 
18. C. Zuliani, D. Diamond, Electrochim. Acta 84 (2012) 29 
19. A. Ceresa, A. Radu, S. Peper, E. Bakker, E. Pretsch, Anal. Chem. 74 (2002) 4027 
20. A. Radu, S. Peper, E. Bakker, D. Diamond Electroanalysis 19 (2007) 144 
21. A. C. Ion, E. Bakker, E. Pretsch, Anal. Chim. Acta 440 (2001) 71 
22. A. Malon, A. Radu, W. Qin, Y. Qin, A. Ceresa, M. Maj-Zurawska, E. Bakker, E. Pretsch 

Anal. Chem. 75 (2003) 3865 
23. Z. Szigeti, I. Bitter, K. Tóth, C. Latkoczy, D. J. Fliegel, D. Günther, E. Pretsch, Anal. 

Chim. Acta 532 (2005) 129 
24. A. Radu, S. Peper, C. Gonczy, W. Runde, D. Diamond, Electroanalysis 18 (2006) 1379 
25. W. Qin, T. Zwickl, E. Pretsch, Anal. Chem. 72 (2000) 3236 
26. T. Vigassy, C. Huber, R. Wintringer, E. Pretsch, Anal. Chem. 77 (2005) 3966 
27. J. Buffle, R. S. Altman, M. Filella, A. Tessier, Geochim. Cosmochim. Acta 54 (1990) 

1535 
28. M. H. Hecht, S. P. Kounaves, R. C. Quinn, S. J. West, S. M. M. Young, D. W. Ming, D. 

C. Catling, B. C. Clark, W. V. Boynton, J. Hoffman, L. P. DeFlores, K. Gospodinova, J. 
Kapit, P. H. Smith, Science 325 (2009) 64 

29. M.-J. Lin, A. Grandison, Int. J. Dairy Technol. 59 (2006) 192 
30. N. On-Nom, A. Grandison, M. Lewis, J. Dairy Sci. 93 (2010) 515 
31. P. Upreti, L. Metzger, P. Bühlmann, Talanta 63 (2004) 139 
32. P. Buehlmann, E. Pretsch, E. Bakker, Chem. Rev. 98 (1998) 1593 
33. R. De Marco, B. Pejcic, X. D. Wang, Lab. Rob. Autom. 11 (1999) 
34. B. Pejcic, R. D. Marco, Electrochim. Acta 49 (2004) 
35. A. Zirino, R. De Marco, I. Rivera, B. Pejcic, Electroanalysis 14 (2002) 493 
36. A. Ceresa, E. Bakker, B. Hattendorf, D. Guenther, E. Pretsch, Anal. Chem. 73 (2001) 343 
37. R. W. Cattrall, H. Freiser, Anal. Chem. 43 (1971) 1905 
38. M. Fibbioli, W. E. Morf, M. Badertscher, N. F. de Rooij, E. Pretsch, Electroanalysis 12 

(2000) 1286 
39. M. Fibbioli, K. Bandyopadhyay, S. G. Liu, L. Echegoyen, O. Enger, F. Diederich, D. 

Gingery, P. Buhlmann, H. Persson, U. W. Suter, E. Pretsch, Chem. Mater. 14 (2002) 1721 
40. J. Sutter, A. Radu, S. Peper, E. Bakker, E. Pretsch, Anal. Chim. Acta 523 (2004) 53 
41. K. Y. Chumbimuni-Torres, N. Rubinova, A. Radu, L. T. Kubota, E. Bakker, Anal. Chem. 

78 (2006) 1318 
42. C.-Z. Lai, M. Joyer, M. Fierke, N. Petkovich, A. Stein, P. Bühlmann, J. Solid State 

Electrochem. 13 (2009) 123 
43. T. Lindfors, H. Aarnio, A. Ivaska, Anal. Chem. 79 (2007) 8571 
44. A. Michalska, C. Appaih-Kusi, L. Heng, S. Walkiewicz, E. Hall, Anal. Chem. 76 (2004) 

2031 
45. A. Michalska, J. Dumańska, K. Maksymiuk, Anal. Chem. 75 (2003) 
46. N. Rubinova, K. Chumbimuni-Torres, E. Bakker, Sensors Actuators, B 121 (2006) 135 
47. M. Vázquez, J. Bobacka, A. Ivaska, J. Solid State Electrochem. 9 (2005) 865 
48. M. Vázquez, J. Bobacka, M. Luostarinen, K. Rissanen, A. Lewenstam, A. Ivaska, J. Solid 

State Electrochem. 9 (2005) 312 
49. C. M. McGraw, T. Radu, A. Radu, D. Diamond, Electroanalysis 20 (2008) 340 
50. O. Dominguez Renedo, M. A. Alonso-Lomillo, M. J. Arcos, Martinez Talanta 73 (2007) 

202 
51. J. P. Hart, A. Crew, E. Crouch, K. C. Honeychurch, R. M. Pemberton, Anal. Lett. 37 

(2004) 789 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 ION SELECTIVE ELECTRODES IN ENVIRONMENTAL ANALYSIS  1759 

52. M. Heule, S. Vuillemin, L. J. Gauckler, Adv. Mater. 15 (2003) 1237 
53. F. Loffredo, A. D. G. Del Mauro, G. Burrasca, V. La Ferrara, L. Quercia, E. Massera, G. 

Di Francia, D. D. Sala, Sensors Actuators, B 143 (2009) 421 
54. S. Anastasova, A. Radu, G. Matzeu, C. Zuliani, U. Mattinen, J. Bobacka, D. Diamond, 

Electrochim. Acta 73 (2012). 
55. S. Anastasova-Ivanova, U. Mattinen, A. Radu, J. Bobacka, A. Lewenstam, J. Migdalski, 

M. Danielewski, D. Diamond, Sensors Actuators, B 146 (2010) 199 
56. M. Kaku Visions: How Science will Revolutionize the 21st Century, Anchor Books, New 

York, 1997 
57. B. Schazmann, D. Morris, C. Slater, S. Beirne, C. Fay, R. Reuveny, N. Moyna, D. 

Diamond, Anal. Methods 2 (2010) 342 
58. J. R. Windmiller, J. Wang, Electroanalysis 25 (2013) 29 
59. R. Byrne, D. Diamond, Nature Mat. 5 (2006) 421 
60. D. Diamond, Anal. Chem. 76 (2004) 278A 
61. J. F. van Staden, R. I. Stefan-van Staden, S. C. Balasoiu, Crit. Rev. Anal. Chem. 40 

(2010) 226 
62. R. Shepherd, S. Beirne, K. T. Lau, B. Corcoran, D. Diamond, Sensors Actuators, B 121 

(2007) 142 
63. C. Fay, S. Anastasova, C. Slater, S. T. Buda, R. Shepherd, B. Corcoran, N. E. O’Connor, 

G. G. Wallace, A. Radu, D. Diamond, IEEE Sens. J. 11 (2011) 2374 
64. Commission on Analytical Nomenclature, Pure Appl. Chem. 48 (1975) 127 
65. R. P. Buck, V. V. Cosofret, Pure Appl. Chem. 65 (1993) 1849 
66. R. P. Buck, E. Lindner, Pure Appl. Chem. 66 (1994) 2527 
67. Y. Umezawa, K. Umezawa, H. Sato, Pure Appl. Chem. 67 (1995) 507 
68. E. Lindner, Y. Umezawa, Pure Appl. Chem. 80 (2008) 85 
69. A. Radu, A. J. Meir, E. Bakker Anal. Chem. 76 (2004) 6402 
70. D. B. Hibbert, N. Armstrong, Chemom. Intell. Lab. Syst. 97 (2009) 194 
71. K. T. Lau, W. Guo, B. Kiernan, C. Slater, D. Diamond, Sensors Actuators, B 136 (2009) 

242 
72. L. T. Duarte, C. Jutten, S. Moussaoni, in Lect. Notes Comput. Sc., T. Adali, C. Jutten, J. 

M. T. Romano, A. K. Barros, Eds., Springer, Berlin, 2009, pp. 662–669 
73. P. W. Dillingham, T. Radu, D. Diamond, A. Radu, C. M. McGraw, Electroanalysis 24 

(2012) 316 
74. C. M. McGraw, T. Radu, A. Radu, D. Diamond, Electroanalysis 20 (2008) 340 
75. D. Diamond, K. Lau, S. Brady, J. Cleary, Talanta 75 (2008) 606 
76. T. Blaz, J. Migdalski, A. Lewenstam, Analyst 130 (2005) 637 
77. D. Diamond, E. McEnroe, M. McCarrick, A. Lewenstam, Electroanalysis 6 (1994) 962 
78. A. Kisiel, H. Marcisz, A. Michalska, K. Maksymiuk, Analyst 130 (2005) 1655 
79. A. Kisiel, A. Michalska, K. Maksymiuk, E. A. H. Hall, Electroanalysis 20 (2008) 318 
80. U. Mattinen, J. Bobacka, A. Lewenstam, Electroanalysis 21 (2009) 1955 
81. D. Cicmil, S. Anastasova, A. Kavanagh, D. Diamond, U. Mattinen, J. Bobacka, A. 

Lewenstam, A. Radu, Electroanalysis 23 (2011) 1881 
82. B. Peng, J. W. Zhu, X. J. Liu, Y. Qin, Sensors Actuators, B 133 (2008) 308 
83. T. Kakiuchi, Anal. Sci. 24 (2008) 1221 
84. T. Kakiuchi, T. Yoshimatsu, N. Nishi, Anal. Chem. 79 (2007) 7187 
85. T. Yoshimatsu, T. Kakiuchi, Anal. Sci. 23 (2007) 1049 
86. D. Diamond, S. Coyle, S. Scarmagnani, J. Hayes, Chem. Rev. 108 (2008) 652 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



1760 RADU et al. 

87. A. Radu, A. Kavanagh, S. Scarmagnani, R. Byrne, N. Alhashimy, C. Slater, D. Diamond, 
in Proceedings of PITTCON 2009 – 60th Pittsburg Conference on Analytical Chemistry 
and Applied Spectroscopy, Chicago, IL, 2009 

88. R. Byrne, S. Scarmagnani, A. Radu, F. Benito-Lopez, D. Diamond, (2009). Schizophrenic 
Molecules and Materials with Multiple Personalities – How Materials Science could 
Revolutionise How we do Chemical Sensing, MRS Proceedings, 1190, 1190-NN08-01 
doi:10.1557/PROC-1190-NN08-01 

89. A. Radu, R. Byrne, N. Alhashimy, M. Fusaro, S. Scarmagnani, D. Diamond, J. Photo-
chem. Photobiol., A 206 (2009) 109 

90. A. Radu, S. Scarmagnani, R. Byrne, C. Slater, K. T. Lau, D. Diamond, J. Phys., D 40 

(2007) 7238 
91. A. Radu, S. Anastasova-Ivanova, B. Paczosa-Bator, M. Danielewski, J. Bobacka, A. 

Lewenstam, D. Diamond, Anal. Methods 2 (2010) 1490 
92. P. Buehlmann, Y. Umezawa, S. Rondinini, A. Vertova, A. Pigliucci, L. Bertesago, Anal. 

Chem. 72 (2000) 1843 
93. S. Peper, Y. Qin, P. Almond, M. McKee, M. Telting-Diaz, T. Albrecht-Schmitt, E. 

Bakker, Anal. Chem. 75 (2003) 2131 
94. A. Michalska, K. Pyrzyńska, K. Maksymiuk, Anal. Chem. 80 (2008) 3921 
95. A. Michalska, M. Wojciechowski, E. Bulska, K. Maksymiuk, Talanta (2010) 
96. B. Tossanaitada, T. Masadome, T. Imato, Anal. Methods 4 (2012) 4384 
97. R. De Marco, R. Eriksen, A. Zirino, Anal. Chem. 70 (1998) 4683 
98. R. DeMarco, D. J. Mackey, A. Zirino, Electroanalysis 9 (1997) 330 
99. A. Radu, M. Telting-Diaz, E. Bakker, Anal. Chem. 75 (2003) 6922 

100. A. Malon, E. Bakker, E. Pretsch, Anal. Chem. 79 (2007) 632 
101. T. Vigassy, W. E. Morf, M. Badertscher, A. Ceresa, N. F. de Rooij, E. Pretsch, Sensors 

Actuators, B 76 (2001) 477 
102. P. Ivarsson, Y. Kikkawa, F. Winquist, C. Krantz-Rulcker, N. E. Hojer, K. Hayashi, K. 

Toko, I. Lundstrom, Anal. Chim. Acta 449 (2001) 59 
103. K. Y. Chumbimuni-Torres, Z. Dai, N. Rubinova, Y. Xiang, E. Pretsch, J. Wang, E. 

Bakker, J. Am. Chem. Soc. 128 (2006) 13676 
104. A. Numnuam, K. Y. Chumbimuni-Torres, Y. Xiang, R. Bash, P. Thavarungkul, P. 

Kanatharana, E. Pretsch, J. Wang, E. Bakker, Anal. Chem. 80 (2008) 707 
105. J. Szucs, E. Pretsch, R. E. Gyurcsanyi, Analyst 134 (2009) 1601 
106. R. Thuerer, T. Vigassy, M. Hirayama, J. Wang, E. Bakker, E. Pretsch, Anal. Chem. 79 

(2007) 5107 
107. K. Y. Chumbimuni-Torres, J. Wu, C. Clawson, M. Galik, A. Walter, G.-U. Flechsig, E. 

Bakker, L. Zhang, J. Wang, Analyst 135 (2010) 1618 
108. J. Wu, K. Y. Chumbimuni-Torres, M. Galik, C. Thammakhet, D. A. Haake, J. Wang, 

Anal. Chem. 81 (2009) 10007 
109. K. Y. Chumbimuni-Torres, P. Calvo-Marzal, J. Wang, E. Bakker, Anal. Chem. 80 (2008) 

6114 
110. E. Grygolowicz-Pawlak, E. Bakker, Electrochim. Acta 56 (2011) 10359 
111. A. Shvarev, B. Neel, E. Bakker, Anal. Chem. 84 (2012) 8038 
112. M. Sohail, R. De Marco, K. Lamb, E. Bakker, Anal. Chim. Acta 744 (2012) 39 
113. J. Bobacka, Electroanalysis 18 (2006) 7 
114. G. A. Crespo, S. Macho, J. Bobacka, F. X. Rius, Anal. Chem. 81 (2009) 676 
115. Z. Mousavi, A. Teter, A. Lewenstam, M. Maj-Zurawska, A. Ivaska, J. Bobacka, 

Electroanalysis 23 (2011) 1352 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 ION SELECTIVE ELECTRODES IN ENVIRONMENTAL ANALYSIS  1761 

116. S. Peper, A. Ceresa, Y. Qin, E. Bakker, Anal. Chim. Acta 500 (2003) 127 
117. Y. He, P. G. Boswell, P. Buhlmann, T. P. Lodge, J. Phys. Chem., B 111 (2007) 4645 
118. M. J. Kamlet, J. L. Abboud, R. W. Taft, J. Am. Chem. Soc. 99 (1977) 6027 
119. P. G. Boswell, A. C. Anfang, P. Buehlmann, J. Fluorine Chem. 129 (2008) 961 
120. P. G. Boswell, P. Buhlmann, J. Am. Chem. Soc. 127 (2005) 8958 
121. P. G. Boswell, E. C. Lugert, J. Rabai, E. A. Amin, P. Buhlmann, J. Am. Chem. Soc. 127 

(2005) 16976 
122. C.-Z. Lai, S. S. Koseoglu, E. C. Lugert, P. G. Boswell, J. Rabai, T. P. Lodge, P. 

Buhlmann, J. Am. Chem. Soc. 131 (2009) 1598 
123. C.-Z. Lai, M. E. Reardon, P. G. Boswell, P. Buehlmann, J. Fluorine Chem. 131 (2010) 42 
124. B. Peng, J. Zhu, X. Liu, Y. Qin, Sensors Actuators, B 133 (2008) 308 
125. J. Zhu, J. Zhai, X. Li, Y. Qin, Sensors Actuators, B 159 (2011) 256 
126. A. Radu (unpublished data). 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 



  
J. Serb. Chem. Soc. 78 (11) 1763–1773 (2013) UDC 546.16+544.723:546.3:537.12+544.022 
JSCS–4531 Original scientific paper 

1763 

Fluorine adsorption on transition metal surfaces – A DFT study 
IGOR A. PAŠTI1*, NEMANJA M. GAVRILOV1 and SLAVKO V. MENTUS1,2# 
1University of Belgrade, Faculty of Physical Chemistry, Studentski trg 12–16, 

11158 Belgrade, Serbia and 2Serbian Academy of Sciences and Arts, 
Knez Mihajlova 35, 11000 Belgrade, Serbia 

(Received 29 July, revised 21 September 2013) 

Abstract: Based on density functional theory calculations, the adsorption of 
fluorine was investigated on a) Cu(111), Au(111), Pd(111) and Pt(111) 
surfaces, b) on Pd monolayer surfaces over Cu(111), Au(111) and Pt(111) 
surfaces and c) on the surfaces of Pd(111) monocrystals with an inserted metal 
monolayer (M = Cu, Au or Pt) underneath the first Pd surface layer. The results 
evidenced that the adsorption did not cause significant changes of the structural 
parameters of metallic substrate. The strongest adsorption, amounting to –4.49 
eV, was calculated in the case of the Cu(111) surface. The Cu(111) and 
Au(111) surface atoms interact with F adatoms exclusively by the mediation of 
the sp-band, while the surface atoms of Pt and Pd-based surfaces interact with 
F adatoms additionally by the mediation of the d-band. In the case of Pt(111) 
and PdML/M(111) surfaces, the binding energies correlated with the d-band 
center positions, which indicated a significant contribution of covalent inter-
action. These results confirmed that the nature of surface interaction of highly 
electronegative F atom with metallic surfaces depends significantly on the 
nature of the metal substrate. 

Keywords: Fluorine, adsorption, electronic structure, adsorption trends  

INTRODUCTION 

Adsorption of halogen atoms and halide ions on metallic surfaces presents 
important questions in different fields, which have particular importance in elec-
trochemistry. Namely, it is well known that adsorption of ions can significantly 
affect the properties of metal/solution interfaces and determine electrochemical 
behavior of a given electrode material.1,2 The active debate in the scientific com-
munity on the nature of adsorbed halogens has lasted since the very beginning of 
investigations of halogen–metal interactions. Some experiments indicated that 
the nature of the bond depended on the nature of the halogen atom. For example, 
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Huemann et al.3 concluded that Cl–Cu(100) and I–Cu(100) interaction are pre-
valently ionic and covalent, respectively.  

According to a review by Koper,4 the first topic of electrochemical impor-
tance investigated by ab initio calculations was the adsorption of halides on 
metallic surfaces. Special care in this sense was paid to the strength of the inter-
action, the preferred geometry and the effects of solvent and electric field, being 
important parameters of all metal–solution interfaces. Some of the first Hartree– 
–Fock calculations for Ag,5 Hg6,7 and Cu8 substrates indicated a large ionicity of 
the adsorbed halogen The theoretically established trends in halide adsorption on 
metallic substrates were found to oppose the experimental results, which was 
explained by the absence of a solvent,9 but its inclusion did not resolve the prob-
lem.10 The theoretical approach can enable the investigation of charge-neutral 
systems (corresponding to the adsorption of halogen atom) or negatively charged 
systems (corresponding to the adsorption of halide ions), however, Sellers et al.11 
proposed that a simple thermodynamic cycle could be used to convert the binding 
energy of adsorbed halogen to the binding energy of halide ion and vice versa. 
Moreover, trends in binding energies of halide ions and halogen atoms were 
often found to be identical.4 Migani and Illas12 performed a systematic study 
based on the density functional theory (DFT) and provided data regarding the 
structure and bonding of halogen atoms on low-index transition metal surfaces. 
According to the aforementioned work, surfaces with higher work function are 
associated with more covalent bonding of halogen atoms. 

In a previous work,13 the adsorption of Cl, Br and I on transition metal sur-
faces and Pd-monolayer surfaces, having particular importance in electrocatal-
ysis, were investigated.1,14 The adsorption on the three-fold adsorption sites was 
found to be the strongest for all the surfaces, and adsorption energies decreased 
with increasing size of the halogen atom. For the case of the Pd-monolayer 
surface, it was demonstrated that the energy of adsorption of halogen atoms 
could be correlated to the position of the d-band of the surface atoms. The pro-
vided data enabled the rationalization of the experimentally observed effects of 
chloride ion adsorption on the catalytic activity of a Pd-monolayer over Pt(111) 
towards the oxygen reduction reaction. The present work is a continuation of the 
previously reported studies.13 The herein derived calculations evidenced that the 
metallic substrates investigated in this work provide a possibility to separate the 
effects of the electronic structure and the work function on the strength of the 
adsorption of halogen atoms. As there is a debate on the nature of halogen–metal 
bonds, the extreme case of fluorine, being the most electronegative element in the 
Periodic Table of Elements, was investigated. Moreover, it was investigated how 
the electronic structure of a metallic substrate affects the adsorption strength.  
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CALCULATION DETAILS 
DFT calculations were performed using the PWscf code of the Quantum ESPRESSO 

distribution.15 The Perdew–Burke–Ernzerhof (PBE) functional within the generalized gradient 
approximation (GGA) was used.16 Marzari–Vanderbilt cold smearing17 with a broadening of 
0.02 Ry was used to augment convergence. The kinetic energy cutoff was 32 Ry. The equilib-
rium lattice parameter (a0) of Cu, Au, Pd and Pt were obtained by optimization of the res-
pective bulk unit cell and were found to be 3.63, 4.17, 4.00 and 4.01 Å, respectively. The 
calculated lattice parameters agree well with the experimentally determined ones.13 Damped 
dynamics18 was used for structural relaxation. The geometrical optimization was allowed to 
run until the forces on the atoms became less than 0.02 eV Å-1. The work function (Φ) was 
calculated using the equation: 
 F( )V E     (1) 

where V(+∞) is the electrostatic potential in the middle of the vacuum region, and EF denotes 
the Fermi energy of the slab. The d-band density of states was determined by projection of the 
plane waves onto spherical harmonic orbitals. Löwdin population analysis19 was used to 
determine the population of the d-states of the investigated transition metal surfaces. 

Halogen adsorption was modeled using hexagonal (2×2) cell for the (111) oriented sur-
faces, with three metal layers in the slab. The given model corresponds to a surface coverage 
of 0.25 ML. The metal atoms were placed in their fully relaxed positions, obtained by struc-
tural relaxation of the clean surfaces. The first irreducible Brillouin zone was sampled using 
Monkhorst–Pack20 scheme set to 4×4×1. The applicability of this slab model to describe cor-
rectly the electronic structure of surfaces was confirmed by a number of tests involving 
thicker metal slabs. In addition, a number of previously published studies demonstrated that 
this simple model is applicable for the description of atomic and molecular adsorbates.13,21 
Fluorine atoms were placed on one side of the slab, and the structural relaxation was allowed 
for adatoms as well as for the first surface layer only. Binding energies (EF-M) were calculated 
using the following equation: 
 F-M slab+fluorine slab fluorine( )E E E E    (2) 

where Eslab+Fluorine, Eslab and EF are the total energy of the slab with an adsorbed fluorine 
atom, the total energy of the metal slab and the total energy of an isolated fluorine atom, 
respectively. Although having a minor effect on the adsorption energetics, relaxation was 
taken into account in order to unveil the details regarding the local adsorption equilibrium 
geometry. 

RESULTS AND DISCUSSION 

The metallic surfaces investigated in this work as the substrates for fluorine 
adsorption were densely packed (111) surfaces of Cu, Au, Pd and Pt. In addition, 
Pd monolayers over Cu(111), Pt(111) and Au(111), denoted as PdML/M(111), 
were investigated. Surface models consisted of two M layers (M = Cu, Pt or Au) 
over which a Pd monolayer was placed in a homoepitaxial manner with a lattice 
parameter matching the one of a host metal M. Furthermore, “sandwich” struc-
tures, where a single Cu, Au or Pt layer was inserted under the first surface layer 
of the Pd(111) surface, were also investigated. These were denoted hereafter as 
MUNDPd(111) surfaces. In this case, the surface models consisted of three metal 
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layers in total, with M layer inserted within two Pd layers. Lattice constant in 
these three cases matched the one of Pd. The combination of these metallic 
surfaces presents a suitable set of model systems to investigate the effects of the 
work function and electronic structure on fluorine adsorption on metallic sur-
faces. Namely, clean M(111) surfaces (M = Pd, Pt, Cu or Au) distinguish them-
selves by different population of d-states as well as electronic structure, described 
through d-band center position (Ed-band), and work function (Table I). 

TABLE I. The electronic properties of the studied surfaces: d-band center (Ed-band), population 
of d-states (d) and calculated work function (Φ). Reprinted13 with permission by Elsevier 
Surface Ed-band / eV d / electrons Φ / eV 
Pd(111) −1.71 9.29 5.26 
Pt(111) −2.13 8.97 5.97 
Cu(111) −2.53 9.69 4.72 
Au(111) −3.17 9.67 5.34 
PdML/Pt(111) −1.80 9.28 5.28 
PdML/Cu(111) −2.42 9.21 5.28 
PdML/Au(111) −1.37 9.27 5.29 
PtUNDPd(111) −1.81 9.19 5.28 
CuUNDPd(111) −1.76 9.29 5.25 
AuUNDPd(111) −1.63 9.28 5.40 

Among the investigated surfaces, the Cu and Au ones have low-lying filled 
d-states while the Pd and Pt ones have partially filled d-states, which enable 
direct interaction with adsorbed F atoms (Fig. 1). Moreover, the differences of 

 

Fig. 1. Projected density of d-
states (PDOS) for Cu(111) and 
Pd(111) surface. Thin vertical 
line indicates the position of the 
Fermi level. 
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the work function are up to 1.25 eV, enabling investigation of the role of this 
quantity on fluorine adsorption. By comparing these quantities for the PdML/  
/M(111) and MUNDPd(111) surfaces, it could be seen that the population of d-
states is almost independent of the nature of metal M (M = Cu, Au or Pt). More-
over, the calculated work functions for all these surfaces are mutually similar.13 
However, these surfaces can be discriminated based on the position of the d-band 
center, which is tuned by the ligand effect22 (for MUNDPd(111) surface) or 
simultaneously by the ligand and strain effect22 (for PdML/M(111) surfaces). 
Hence, these surfaces could be used to analyze the effects of electronic structure 
on the adsorption of fluorine, while the effects of d-band population and work 
function are eliminated.  

In continuation, an analysis of adsorption of F on the investigated surfaces 
was performed. As the adsorption could induce structural changes of the metallic 
substrate, first the adsorption geometry was characterized in terms of the vertical 
distance of the F adatom from the surface (z(F–M)) and by the vertical displa-
cement of surface metal atoms from their neighbors (ΔM) caused by the adsorp-
tion of F (Fig. 2). 

 

Fig. 2. Top view of a slab model used to 
investigate fluorine adsorption with desig-
nated surface unit cell used in calculations 
(top) and a side view of a three-layer slab 
with adsorbed fluorine accompanied by a 
designation of the quantities used to charac-
terize the adsorption geometry (bottom). 

Among the investigated M(111) surfaces, the Cu(111) surface displayed the 
strongest F adsorption, then followed Pd(111), Pt(111) and Au(111) surfaces 
(Table II). This trend is in fair agreement with the one reported by Migani and 
Illas,12, although in the present study, somewhat more exothermic adsorption was 
found. With the exception of Pt(111), where top adsorption site was identified as 
the preferential one, three-coordinated fcc sites were found to be preferential for 
F adsorption. The vertical distances of adsorbed F atoms (z(F–M)) on the 
investigated surfaces were found to be correlated with the lattice parameters, and 
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all adsorption sites follow this trend. On the other hand, the displacements of 
surface atoms were rather small, without an obvious trend and do not exceed 4 % 
of a0. This stimulates the conclusion that the adsorption geometry is predomi-
nantly determined by the relative differences in the atomic radii of the substrate 
and adsorbate, while the interaction of F adatom does not disturb significantly the 
substrate structure. The obtained adsorption geometries fit well to those reported 
previously.12 

TABLE II. Description of F adsorption geometry and calculated binding energies on M(111) 
surfaces (M = Pd, Pt, Cu or Au) 
Surface Adsorption site Δ(M) / Å z(F–M) / Å EF-M / eV 
Pd(111) fcc 0.03 1.60 –3.84 

hcp 0.04 1.63 –3.76 
top 0.04 1.99 –3.62 

bridge 0.04 1.68 –3.78 
Pt(111) fcc 0.02 1.69 –3.32 

hcp 0.02 1.75 –3.20 
top 0.15 1.98 –3.62 

bridge 0.11 1.72 –3.37 
Cu(111) fcc 0.07 1.50 –4.49 

hcp 0.07 1.52 –4.47 
top 0.04 1.85 –4.05 

bridge 0.07 1.56 –4.41 
Au(111) fcc 0.03 1.74 –3.29 

hcp 0.01 1.75 –3.29 
top 0.01 2.09 –3.13 

bridge 0.03 1.80 –3.27 

When calculated binding energies of F are compared with binding energies 
of Cl, Br and I reported previously,13 it can be seen that F adsorbs more strongly 
than the other halogens, confirming that the strength of halogen adsorption 
decreases along the group of Periodic Table of Elements from top to bottom. This 
corresponds with the work of Migani and Illas11 for the (111) and (100) surfaces 
of fcc metals, but it does not hold for the least densely packed (110) surface.  

A much more interesting situation was found in the case of PdML/M(111) 
and MUNDPd(111) surfaces, where only the d-band center positions differ mutu-
ally, while the populations of d-states and the work functions do not. The pre-
viously mentioned observations regarding the adsorption geometries also hold 
here: the changes of the substrate structure are rather subtle, and vertical distance 
of F adatom from the surface can be linked to the 2D lattice constant of the sub-
strate (Table III). However, the binding energy, ranging between –3.43 eV 
(PdML/Cu(111) surface) to –3.91 eV (PdML/Au(111)), indicated clearly that the 
d-band structure of the surface atoms played a significant role. Moreover, the 
effect of surface strain, introduced by changes in the lattice constant of the under-
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lying metal in the case of PdML/M(111) surfaces, was much more pronounced 
than the ligand effect, being operative for MUNDPd(111) surfaces (Table III). 
This clearly indicates that even for highly electronegative adatom such as Fluo-
rine, covalent interaction plays an important role and that the nature of the metal–
fluorine bond is not purely ionic. 

TABLE III. Description of F adsorption geometry and calculated binding energies on PdML/ 
/M(111) and MUNDPd(111) surfaces (M = Pt, Cu or Au) 
Surface Adsorption site Δ(M) / Å z(F–M) / Å EF-M / eV 
PdML/Pt(111) fcc 0.03 1.57 –3.86 

hcp 0.05 1.63 –3.74 
top 0.04 1.99 –3.62 

bridge 0.04 1.66 –3.77 
PdML/Cu(111) fcc 0.02 1.80 –3.43 

hcp –0.04 1.82 –3.39 
top –0.15 2.07 –3.25 

bridge –0.04 1.85 –3.39 
PdML/Au(111) fcc 0.02 1.49 –3.91 

hcp 0.02 1.53 –3.78 
top 0.03 2.00 –3.48 

bridge 0.03 1.61 –3.77 
PtUNDPd(111) fcc 0.03 1.61 –3.87 

hcp 0.04 1.65 –3.78 
top 0.06 1.99 –3.67 

bridge 0.05 1.69 –3.81 
CuUNDPd(111) fcc 0.02 1.60 –3.70 

hcp 0.04 1.63 –3.61 
top 0.03 2.00 –3.43 

bridge 0.04 1.68 –3.62 
AuUNDPd(111) fcc 0.02 1.58 –3.68 

hcp 0.03 1.61 –3.61 
top 0.02 1.99 –3.48 

bridge 0.03 1.67 –3.62 

To backup these conclusions further, attention was turned to the work of 
Hammer and Nørskov,23 who established a linear correlation between the 
position of the d-band center and the energy of adsorption, which actually 
assumed a covalent substrate–adsorbate interaction. Such a relationship was 
demonstrated previously for Cl, Br and I adsorption, when the slope of the EF–M 
vs. Ed-band line was approximately the same for all three halogen adatoms, which 
was ascribed to the valence orbitals of the adatom having the same electronic 
structure. The continuation of previous work13 is clearly depicted in Fig. 3, 
which demonstrates the same linearity between EF–M and the Ed-band. However, 
it appears that the binding energy of fluorine is somewhat less sensitive to the 
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modification of electronic structure, possibly due to higher electronegativity com-
pared to other halogen atoms and increased contribution of an ionic interaction. 

 
Fig. 3. Correlation between the fluorine binding energy (EF-M) and the d-band center position 

(Ed-band). The linear fit is presented by the dashed line. 

The states responsible for the interaction between the F adatom and the 
substrate can be identified by comparison of substrate projected densities of 
states prior to and after the adsorption, as introduced by Liu et al.24. The analysis 
was performed in such a way that the projected density of states, in this particular 
case the projected d-band density of states, for a clean metallic surface and the 
corresponding counterpart with adsorbed F are subtracted. In this way, one may 
perceive a redistribution of electronic states due to interaction between the 
adsorbate and substrate and identify the states responsible for the interaction. In 
the case of Cu(111), the d-states become redistributed, positive parts of ΔPDOS 
are located below the Fermi energy, indicating that all the bonding and anti-
bonding states arising from d–p interactions are filled (Fig. 4). Similarly, the for-
mation of bonding and anti-bonding states upon adsorption of Cl on Cu(111) was 
previously observed in the same energy window by Peljhan and Kokalj.25 Com-
plete filling of bonding and anti-bonding states suppressed strong covalent bond-
ing, but the interaction was considered to be not purely an ionic one.25 This holds 
also for the case of an Au(111) surface, the d-band of which is located at lower 
values compared that of a Cu(111) surface (see the value of Ed-band, Table I). 
These conclusions fit to the completely filled low-lying d-band of Cu and Au and 
to the finding of Koper and van Saten,26 who highlighted that the strength of the 
interaction of halogen p-states decreased when the d-band of the substrate atoms 
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shifted towards lower energies. However, it could also be fitted to the results of 
Hammer and Nørskov,23 which explains the weaker F–Au interaction, compared 
to F–Cu interaction, by a more prominent Pauli repulsion. The performed popul-
ation analysis confirmed the transfer of charge to the F adatom for all the studied 
metallic surfaces, but in the case of Cu and Au surfaces, the charge originated 
from the conduction sp-band, with the d-population remaining almost the same as 
for clean surfaces. In the cases of Pt(111) and Pd-monolayer surfaces, the d-states 
were significantly redistributed both above and below the Fermi level (Fig. 4), 
which indicated a higher contribution of covalent bonding in the interaction in 
comparison to the Cu and Au surfaces. In the case of Pt(111) and Pd-based sur-
faces, the charge transfer to F adatom was mainly from d-states although sp-states 
also contributed to some extent. It is also important to note that the charge redis-
tribution was limited to the adsorption site only, i.e., it did not extend to the sur-
face atoms not in contact with an F adatom. 

 
Fig. 4. ΔPDOS analysis of the modification of the d-band electronic structure of Cu(111) (top 
left), Pt(111) (top right), Pd(111) (bottom left) and PdML/Pt(111) (bottom right) surface upon 

adsorption of fluorine. Pale vertical lines indicate the position of the Fermi levels. 
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CONCLUSIONS 

In this contribution, fluorine adsorption was investigated on Cu(111), 
Au(111), Pd(111) and Pt(111) surfaces, as well as Pd monolayer surfaces 
involving Pd monolayers on Cu(111), Au(111) and Pt(111) surfaces and “sand-
wich” structures, denoted as MUNDPd(111). The selection of the analyzed sub-
strates was made in such a way that the effects of electronic structure and work 
function on fluorine adsorption could be mutually discriminated. It was observed 
that fluorine adsorption did not result in significant structural changes of the 
metallic substrate. Among the investigated surfaces, F adsorbs most strongly on 
the Cu(111) surface with EF–M amounting to –4.49 eV. In the case of Pt and 
PdML/M(111) surfaces, it was found that binding energies scale with the d-band 
center position, which is characteristic for a significant contribution of covalent 
interaction. Cu(111) and Au(111) interact with F adatom through the sp-band, 
while Pt and Pd-based surfaces interact through the d-band too. The obtained 
results indicate that the nature of interaction of the highly electronegative F atom 
with metallic surfaces depended significantly on the nature of the metal, making 
possible to tailor the adsorption characteristics of metallic surface solely through 
modification of the d-band structure, while the population of the d-states and 
work function can be kept approximately constant. In spite of its large electro-
negativity, it can be concluded that the F–metal interaction is not purely ionic.  
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И З В О Д  

АДСОРПЦИЈА ФЛУОРА НА ПОВРШИНAMA ПРЕЛАЗНИХ МЕТАЛA – DFT СТУДИЈА 

ИГОР А. ПАШТИ
1
, НЕМАЊА М. ГАВРИЛОВ

1
 и СЛАВКО В. МЕНТУС

1,2
 

1Универзитет у Београду, Факултет за физичку хемију, Студентски трг 12–16, 11158 Београд и 
2Српска академија наука и уметности, Кнез Михајлова 35, 11000 Београд 

На бази теоријe функционала густине испитивана је адсорпција флуора на повр-
шинама а) Cu(111), Au(111), Pd(111) и Pt(111), б) на монослојевима Pd преко површина 
монокристала Cu(111), Au(111) и Pt(111) и c) на површинама монокристала Pd(111) са 
убаченим монослојевима метала M (M = Cu, Au или Pt) одмах испод првог Pd слоја. 
Нису нађене значајне промене структурних параметара метала подлоге после адсорп-
ције. Највећа енергија везе од –4,91 eV нађена је у случају површине Cu(111). Повр-
шински атоми Cu(111) и Au(111) интерагују са адатомом флуора посредством sp-траке, 
док површински атоми Pt и Pd интерагују и посредством d-траке. У случају Pt и повр-
шина типа PdML/M(111), уочено је да се енергије везе корелишу са положајем центра 
d-траке, што је индикација значајног доприноса ковалентне интеракције приликом 
адсорпције. Добијени резултати указују да природа интеракције изразито електронега-
тивног флуора са металним површинама зависи значајно од природе метала. 

(Примљено 29. јула, ревидирано 21. септембра 2013) 
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A study of the low-lying singlet and triplet electronic states of 
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Abstract: Chlorophylls have been extensively investigated both experimentally 
and theoretically owing to the fact that they are essential for photosynthesis. In 
the reported study, two forms of chlorophyll, chlorophyll a and chlorophyll b, 
were investigated by means of the density functional theory. Optimization of 
the S0, S1 and T1 states was performed with the B3-LYP functional. The 
computed fluorescence lifetimes show good agreement with available experi-
mental data. The electronic adiabatic energies of S1 and T1 states are 2.09/2.12 
and 1.19/1.29 eV for chlorophyll a and chlorophyll b, respectively. The impli-
cations of these results on triplet formation are discussed. In addition, the cal-
culated vertical ionization potentials showed good agreement with the experi-
mental results. 

Keywords: electronic states, density functional theory, photosynthesis. 

INTRODUCTION 

Chlorophylls are green photosynthetic pigments found in plants, algae and 
cyanobacteria. They play a vital role in photosynthesis, a process in which plants 
transform light into chemical energy.1 They are arranged in and around pigment– 
protein complexes called photosystems, which are embedded in the thylakoid 
membranes of chloroplasts. Their function is twofold: to serve as collectors of 
photo-energy and as electron donors in reaction centers. The vast number of 
chlorophylls absorbs light and transfer that light energy by resonance energy 
transfer to a specific chlorophyll pair in the reaction center of photosystems. The 
excited state of the special pair of chlorophyll molecules is lower in energy than 
that for single chlorophyll molecules, allowing reaction centers to trap the energy 
transferred from other chlorophylls. The special pair undergoes a charge sepa-
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ration, a specific redox reaction in which the chlorophyll donates an electron into 
a series of molecular intermediates, called an electron transport chain. 

The multipurpose role of chlorophylls is a consequence of their chemical 
structure, which is that of a macrocyclic π-electron system. They contain chlorin, 
a dihydrogen-reduced ring skeleton of porphyrin, with a magnesium atom in its 
center, Fig. 1. The ring carbon atoms are labeled from 1 to 20 according to 
IUPAC nomenclature. Attached to the chlorin are side chains. There are several 
types of chlorophyll depending on the side chains. In this work, the two most 
common chlorophylls, chlorophyll a (Chl a) and chlorophyll b (Chl b), will be 
considered. Both Chl a and b have a long insoluble carbon–hydrogen (phytyl) 
chain. In addition, Chl a contains only methyl groups as short side chains while 
in Chl b, a methyl group at the C3 position on the chlorin ring is replaced with an 
aldehyde group. 

 
Fig. 1. The molecular structure and atom labels of Chl a (R=CH3) and Chl b (R=COH). 

Because of their fundamental significance to photosynthesis, the spectral and 
kinetic properties of Chl a and b have been studied extensively by both expe-
rimental2–20 and theoretical21–31 methods. The crystal structure of ethyl chloro-
phyllide a and b, chlorophylls that contain ethyl group instead of phytyl chain, 
was determined a long time ago.4,18 

The electronic spectrum of chlorophylls is similar to that of a free-base por-
phyrin (FBP). The low-energy spectrum of FBP consists of two major absorption 
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bands: a weak Q band in visible region (500–650 nm) and intense (Soret) B band 
in the near-UV region (350–400 nm). FBP belongs to the D2h point group and, 
therefore, each of these bands consists of two components polarized in the x and 
y directions. The Q and B bands are qualitatively understood by the Goutermann 
four-orbital model.30 They stem from electron promotions involving the two 
highest occupied molecular orbitals (HOMOs) and two lowest unoccupied 
molecular orbitals (LUMOs). In the case of chlorophylls, due to the presence of 
side groups, the electronic transitions are not degenerated and are therefore split 
into distinct x and y polarized bands (Qy, Qx, By and Bx). In addition, the Qy 
transition gains considerable intensity relative to those observed in porphyrins. 
Thomas et al.3 measured the spectrum of Chl a in ACN–MeOH solution and 
found that the splitting was much greater between the Qx and the Qy transitions 
than between the Bx and By bands. In addition, they observed four peaks in the 
region of Qx and the Qy transitions belonging to 0–0 transitions and combinations 
of the 1–0 and 2–0 transitions. The lowest frequency band was conclusively 
assigned to the Qy(0–0) transition but the precise location of the Qx(0–0) 
transition remains unclear. The band positions in the spectrum of Chl a depend 
on the solvent and temperature.5,11,19  

Shafizadeh et al.5 used a supersonic cooled molecular beams to observe light 
absorption and ionization of isolated Chl a. They found that the Qy band of Chl a 
was centered at 647 nm and the ionization potential was estimated to be 
6.10±0.05 eV. 

Kinetic studies showed that the lowest singlet excited state (S1) of Chl a and 
its derivatives decay on several timescales. These decays include fluorescence, 
intersystem crossing (ISC) and internal conversion (IC). In all, the quantum yield 
of fluorescence was 0.32 and its lifetime was 6.0 ns17. The IC and ISC rates were 
determined to be 1.7107 and 1.0108 s–1, respectively.17 In a room temperature 
pyrimidine solution, the fluorescence and triplet lifetimes were 6.3 ns and 4135 
s for Chl a and 3.2 ns and 55662 s for Chl b14. Interestingly, Renger and 
coworkers6,8 found a thermally activated ISC in the Chl b homodimer but not in 
the Chl a homodimer. 

The decay of the S1 state of photochlorophyllide a, a precursor in the 
biosynthesis of chlorophyll a, occurred on the time scales of 4.27 and 200 ps.9 
Dietzek et al.9 attributed these decay constants to solvent-induced vibrational 
cooling, formation of an intermediate state and its subsequent decay to the 
ground state, respectively. 

Density functional theory22,23,26–28,32,33 (DFT) has been the most frequently 
employed theoretical method to examine electronic states of chlorophylls, 
although the symmetry adapted cluster configuration interaction method,31 semi-
empirical29 and multireference configuration interaction methods based on den-
sity functional theory21 were used as well. This is due to the advantages of the 
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density functional over the other methods, which include features like calculation 
speed and reliability. 

The main goal of this contribution was to gain some insight into the 
characters and geometries of the low-lying excited states of Chl a and b. In this 
respect, the geometries of the ground, the first excited singlet and the lowest 
triplet state were optimized. The similarities and differences between the elec-
tronic states of Chl a and b were also investigated. 

In order to limit calculation to a manageable size, the phytyl ester in position 
17 was replaced in all calculations with the methyl ester (Fig. 1). The obtained 
molecule is called methyl chlorophyllide. It was found that the replacement did 
not yield substantial change in any of the properties of chlorophyll. Therefore, 
the use of the abbreviations Chl a and b for methyl chlorophyllide a and b was 
retained. 

COMPUTATIONAL DETAILS 
All calculations were performed with the TURBOMOLE34 program packages. We uti-

lized DFT, unrestricted DFT (UDFT), and time-dependent DFT (TDDFT)35 with the B3-LYP36 
functional implementation of TURBOMOLE for the ground-state and excited-state optimiza-
tions. It is known that the B3-LYP functional does not correctly describe charge transfer states 
that exist in chlorophylls.22 This is due to the self-interaction error in the orbital energies 
obtained in the ground-state DFT calculation.37 In this study, the transitions were limited to 
those that include only localized transitions. 

All calculations were performed in C1 point-group symmetry. SVP (Mg, 10s6p/4s2p; C, 
N, O, 7s4p1d/3s2p1d; H, 4s1p/2s1p) and TZVP (Mg, 14s7p/5s3p; C, N, O, 10s6p1d/4s3p1d; 
H, 5s1p/3s1p) basis sets from the TURBOMOLE was used. The structures of the ground and 
the lowest excited singlet, as well as the lowest triplet state were optimized using the SVP 
basis set. The vertical electronic excitation spectrum was calculated at B3-LYP/TZVP levels. 
This approach based on using a smaller basis set for geometry optimization and a larger for 
energy calculations previously gave good results.38,39 

RESULTS AND DISCUSSION 

The ground state geometry and vertical excitation spectrum 
The bond lengths of the optimized ground state geometries of Chl a and b 

are presented in Table I together with data from crystallographic analysis.4,18 For 
both molecules, the chlorin rings are planar with dihedral angles smaller than 2. 
Nevertheless, the dihedral angle C18–C17–C16–N24 is approximately 14. 
Moreover, in both molecules, the Mg atom is not centered in the middle of the 
chlorin ring but the N–Mg distances vary up to 0.160 Å. The N24–Mg bond is 
significantly longer than other N–Mg bonds. The average bond length difference 
between the optimized geometry and the crystallographic data for Chl a was 
0.005 Å. The largest deviations were encountered for C2–C3 (0.037 Å), C12–C11 
(0.036 Å), C13–C131 (0.034 Å), C18–C181 (0.035 Å) and O–C174 (0.042Å). 
Similarly, the average bond length difference for Chl b was 0.004 Å. The largest 
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deviations were found for C20–C1 (0.036 Å), C18–C181 (0.033 Å) and O–C174 
(0.035Å). In both molecules, the longest C–C bond is C131–C132. The bond 
length differences between Chl a and b are smaller than 0.010 Å, except for the 
C7–C8, C8–C9 and C7–C71 bonds that are located near the aldehyde group of 
Chl b. It was concluded that the ground state geometries of Chl a and b are very 
similar. In addition, although the structures were optimized with a relatively 
small basis set, the bond lengths were similar to the experimental results. 

TABLE I. Optimized S0, S1 and T1 state bond lengths of Chl a and b in Å. Experimental bond 
lengths are crystallographic data from the literature4,18 

Bond 
Chl a Chl b 

S0 S0 (Exp.) S1 T1 S0 S0 (Exp.) S1 T1 
C1–C2 1.454 1.451 1.443 1.442 1.457 1.456 1.442 1.441 
C2–C3 1.384 1.347 1.394 1.397 1.383 1.353 1.395 1.399 
C3–C4 1.467 1.476 1.468 1.454 1.471 1.453 1.470 1.454 
C4–N21 1.379 1.384 1.370 1.360 1.382 1.402 1.372 1.359 
C4–C5 1.394 1.370 1.413 1.443 1.389 1.384 1.408 1.444 
C5–C6 1.415 1.419 1.403 1.376 1.421 1.415 1.406 1.378 
C6–N22 1.362 1.361 1.372 1.390 1.356 1.359 1.368 1.389 
C6–C7 1.454 1.464 1.464 1.472 1.454 1.439 1.462 1.468 
C7–C8 1.381 1.362 1.376 1.367 1.397 1.370 1.391 1.381 
C8–C9 1.456 1.463 1.465 1.478 1.443 1.438 1.454 1.469 
C9–N22 1.376 1.388 1.372 1.357 1.382 1.399 1.376 1.359 
C9–C10 1.408 1.378 1.413 1.415 1.412 1.392 1.416 1.418 
C10–C11 1.401 1.415 1.405 1.404 1.396 1.397 1.402 1.401 
C11–N23 1.391 1.402 1.390 1.393 1.394 1.406 1.390 1.396 
N23–C14 1.334 1.347 1.338 1.335 1.332 1.335 1.339 1.334 
C14–C13 1.424 1.416 1.427 1.417 1.425 1.420 1.426 1.417 
C13–C12 1.393 1.405 1.394 1.403 1.390 1.372 1.392 1.409 
C12–C11 1.456 1.420 1.461 1.457 1.458 1.439 1.463 1.456 
C13–C131 1.465 1.431 1.462 1.459 1.466 1.447 1.463 1.460 
C131–C132 1.581 1.569 1.581 1.583 1.580 1.570 1.581 1.581 
C132–C15 1.536 1.535 1.533 1.534 1.536 1.531 1.532 1.534 
C15–C14 1.418 1.398 1.418 1.437 1.418 1.418 1.417 1.439 
C15–C16 1.385 1.365 1.389 1.367 1.384 1.393 1.382 1.366 
C17–C18 1.550 1.556 1.549 1.548 1.549 1.566 1.549 1.548 
C18–C19 1.525 – 1.522 1.523 1.525 1.532 1.522 1.523 
C19–C20 1.393 1.384 1.396 1.406 1.393 1.411 1.394 1.407 
C20–C1 1.413 1.389 1.416 1.409 1.413 1.377 1.418 1.409 
C19–N24 1.356 1.348 1.364 1.347 1.356 1.328 1.366 1.346 
N21–Mg 2.036 2.063 2.039 2.047 2.033 2.055 2.037 2.045 
N22–Mg 2.077 2.094 2.073 2.073 2.085 2.102 2.081 2.086 
N23–Mg 2.020 2.021 2.023 2.026 2.022 2.005 2.026 2.027 
N24–Mg 2.159 2.167 2.150 2.140 2.156 2.165 2.154 2.140 
C3–C31 1.464 1.476 1.457 1.461 1.463 1.440 1.456 1.461 
C31–C32 1.344 1.275 1.348 1.346 1.344 1.317 1.349 1.346 
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TABLE I. Continued 

Bond 
Chl a Chl b 

S0 S0 (Exp.) S1 T1 S0 S0 (Exp.) S1 T1 
C2–C21 1.498 1.496 1.498 1.497 1.498 1.508 1.498 1.498 
C18–C181 1.538 1.503 1.540 1.539 1.538 1.505 1.540 1.539 
C1–N21 1.360 1.377 1.374 1.380 1.358 1.363 1.373 1.382 
C16–N24 1.377 1.387 1.380 1.405 1.377 1.364 1.376 1.406 
C7–C71 1.499 1.501 1.497 1.497 1.462 1.460 1.461 1.466 
C71=O – – – – 1.218 1.233 1.219 1.216 
C8–C81 1.504 1.479 1.503 1.503 1.504 1.498 1.502 1.502 
C81–C82 1.539 1.494 1.539 1.539 1.540 1.541 1.540 1.540 
C12–C121 1.496 1.490 1.494 1.494 1.496 1.477 1.493 1.494 
C131–O 1.211 1.233 1.214 1.214 1.211 1.235 1.213 1.213 
C132–C133 1.523 1.501 1.523 1.522 1.524 1.538 1.524 1.523 
C133=O 1.208 1.184 1.208 1.208 1.208 1.189 1.208 1.208 
C133–O 1.343 1.337 1.343 1.343 1.342 1.339 1.342 1.342 
O–C134 1.428 1.443 1.428 1.427 1.428 1.410 1.429 1.428 
C16–C17 1.525 1.524 1.520 1.521 1.523 1.531 1.520 1.521 
C17–C171 1.546 1.534 1.549 1.547 1.547 1.520 1.549 1.548 
C171–C172 1.529 1.536 1.528 1.528 1.528 1.539 1.528 1.528 
C172–C173 1.515 1.495 1.516 1.516 1.516 1.478 1.516 1.516 
C173=O 1.207 1.213 1.207 1.207 1.207 1.216 1.206 1.206 
C173–O 1.348 1.339 1.347 1.348 1.348 1.336 1.347 1.347 
O–C174 1.428 1.470 1.428 1.428 1.428 1.463 1.428 1.428 

The frontier Kohn–Sham orbitals are presented in Fig. 2. The depicted 
orbitals have the same structure for both molecules. Generally, the occupied Chl 
b orbitals have lower energies than the Chl a orbitals, and the opposite is true for 
the unoccupied orbitals. All presented orbitals are  orbitals. The oxygen n orbi-
tals are lower in energy. The HOMO-1, HOMO, LUMO and LUMO+1 electron 
densities are located on the chlorin ring. 

In Tables II and III, the calculated first two singlet and four triplet excitation 
energies and oscillator strengths of Chl a are compared with those of other 
methods and experimental data. By comparing SVP and TZVP results, generally, 
it was found that triple zeta basis lowers the excitation energies by at most 0.05 
eV. In addition, no effect on the excitation energies was found upon adding a 
phytyl tail to methyl chlorophylide. 

The singlet excited states are Qy and Qx in accordance with other methods 
and experimental results. The oscillator strength of the Qy state is larger by an 
order of magnitude than that of the Qx state. Their energies are similar to expe-
rimental results, with respect that Qx is better described with the B3-LYP/CAM- 
-B3LYP functional. 

The triplet states have different electronic structures compared with those of 
the singlet states. The lowest triplet state comes predominantly from HOMO to 
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LUMO transition. Its energy is 0.8 eV lower than that of the S1 state, according 
to the B3-LYP results. There are three triplet states below the S1 state. The 
T2/T3/T4 states come primarily from HOMO-1 to LUMO/HOMO to LUMO+1/  
/HOMO-1 to LUMO+1 excitation. 

 
Fig. 2. Selected B3-LYP/TZVP frontier molecular orbitals and their energies. 

TABLE II. Vertical excitation spectrum of the ground state of Chl a. All energies are in eV. 
Oscillator strengths are given in parentheses 

State Excitation 

TDDFT/
B3-LYP/  
/TZVP, 

this work 

TDDFT/
B-P/  

/SV(P)23 

TDDFT/ 
/CAM- 

-B3LYP/ 

6-31G*22 

SAC-CI/ 

6-31G*22 

DFT/MRCI
/BH-LYP/ 
VDZP21 

Exp. 

S1 HOMOLUMO (85.0 %), 
HOMO-1 

LUMO+1 (14.5 %) 

2.11 
(0.2207) 

2.00 
(0.1820) 

2.10 
(0.2400) 

1.75 
(0.2900) 

2.01 
(0.4573) 

1.87,3 
1.88,15 
1.86,2 
1.925 

S2 HOMO-1LUMO (70.0 %), 
HOMOLUMO+1 (28.3 %) 

2.28 
(0.0247) 

2.04 
(0.0260) 

2.47 
(0.0260) 

2.26 
(0.0180) 

2.27 
(0.0444) 

2.14,3 
2.1615 

T1 HOMOLUMO (93.5 %) 1.32 – – – – – 
T2 HOMO-1LUMO (88.9 %) 1.54 – – – – – 
T3 HOMOLUMO+1 (90.8 %) 2.04 – – – – – 
T4 HOMO-1 

LUMO+1 (85.2 %) 
2.35 – – – – – 
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TABLE III. Vertical excitation spectrum of the ground state of Chl b. All energies are in eV. 
Oscillator strengths are given in parentheses 
State TDDFT/B3-LYP/ TPZV Exp. 
S1 2.14 (0.1303) 

HOMOLUMO (74.9 %), HOMO-1LUMO+1 (22.1 %) 
1.92 (in toluene2) 

S2 2.25 (0.0006) 
HOMO-1LUMO (56.7 %), HOMOLUMO+1 (40.5 %) 

– 

T1 1.44 
HOMOLUMO (86.9 %) 

– 

T2 1.58 
HOMO-1LUMO (86.4 %) 

– 

T3 1.84 
HOMOLUMO+1 (91.4 %) 

– 

T4 2.10 
HOMO-1LUMO+1 (86.9 %) 

– 

Chl b has similar electronic states to those of Chl a, but there are some minor 
differences. Its excited state energies and oscillator strengths are given in Table 
IV. The first two singlet excited states are Qy and Qx. They have energies that are 
very similar to those of Chl a. 

TABLE IV. Vertical excitation spectrum of the S1 state of Chl a and b. All energies are in eV. 
Oscillator strengths are given in parentheses 
State Chl a Chl b 
S0 0.05 0.06 

S1 2.09 (0.2377) 
HOMOLUMO (86.7 %) 

2.12 (0.1555) 
HOMOLUMO (78.9 %) 

S2 2.30 (0.0290) 
HOMO-1LUMO (69.7 %), 
HOMOLUMO+1 (28.2 %) 

2.25 (0.0002) 
HOMO-1LUMO (55.2 %), 
HOMOLUMO+1 (42.3 %) 

T1 1.28 

HOMOLUMO (94.7 %) 
1.39 

HOMOLUMO (90.6 %) 
T2 1.53 

HOMO-1LUMO (89.2 %) 
1.56 

HOMO-1LUMO (86.0 %) 
T3 2.05 

HOMOLUMO+1 (88.7 %) 
1.84 

HOMOLUMO+1 (88.4 %) 
T4 2.34 

HOMO-2LUMO (70.0 %) 
2.13 

HOMO-1LUMO+1 (70.2 %) 

The triplet states of Chl b have the same ordering and basically the same 
structure as those of Chl a. The T1 state is 0.7 eV lower than the S1 state. 
Moreover, B3-LYP predicts four triplet states below the S1 state, one more than 
in Chl a. This finding is in line with the work of Renger and coworkers6 on 
thermally activated ISC in chlorophylls. They proposed that the additional triplet 
state that is below the S1 state in Chl b is responsible for the thermally activated 
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ISC. The present calculation showed that it is 0.04 eV lower than the S1 state. In 
Chl a, the T4 state is 0.24 eV higher than the S1 state and it is not thermally 
accessible (kT ≈ 0.03 eV). Hence, a small difference in the structure of chloro-
phyll can significantly change the photophysical properties. 

The S1 state geometry and vertical excitation spectrum 

The optimized S1 state is the Qy state for Chl a and b. The optimized bond 
lengths are presented in Table I. The S1 state comes from HOMO to LUMO 
excitation so the change of electronic density is located on the chlorin ring. The 
largest changes are in the C–C bonds. For Chl a, C4–N21 (0.009 Å), C4–C5 
(0.019 Å), C8–C9 (0.009 Å) bonds elongate while C1–C2 (0.011 Å) and C5–C6 
(0.012 Å) bonds shrink. Similarly, for Chl b, the largest changes are for C1–C2 
(–0.015 Å), C4–C5 (+0.019 Å) and C5–C6 (–0.015 Å) bonds. The bond length 
changes are rather small indicating a small geometry displacement upon exci-
tation. This can be seen as well from the adiabatic energy that is 2.09 and 2.12 
eV for Chl a and b, respectively, as predicted by B3-LYP. Hence, the optimi-
zation stabilizes the S1 state by 0.02 eV, confirming that its geometry is close to 
the ground state geometry. The general spectroscopic consequence of this small 
geometry change is that the 0–0 transition should be pronounced in absorption 
spectrum if the Franck–Condon approximation were valid. However, in chloro-
phylls, the Franck–Condon approximation is not sufficient due to the small tran-
sition dipole moment at the equilibrium geometry of the ground state and hence 
the 0–0 transition is not dominant. 

The vertical singlet and triplet excitation energies for Chl a and b are given 
in Table V. The order and character of the excited singlet states of Chl a remain 
the same as at the ground state geometry. A similar situation was found for the 
triplet states, with the exception of the fourth state. This state comes predomin-
antly from HOMO-2 to LUMO excitation starting from the S1 optimized geo-
metry and from HOMO-1 to LUMO+1 transition from the true ground state. 

The fluorescence lifetimes were calculated using the oscillator strength and 
excitation energies. Chl a has a larger oscillator strength than Chl b and there-
fore, its fluorescence lifetime is larger as well. The calculated values are 7.3 and 
10.8 ns. The value for Chl a is close to experimentally determined values of 6.0 
and 6.2 ns in ether17 and toluene,2 respectively. The ISC decay rate is of the 
order of 10 ns for Chl a, making the radiative and non-radiative processes 
competitive. 

The T1 state and vertical excitation spectrum 

The lowest triplet state comes from HOMO to LUMO excitation. Its opti-
mized bond lengths are presented in Table I. The largest differences with respect 
to the ground state geometry are for the C4–C5, C5–C6, C6–N22 and C16–N24 
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bonds. The adiabatic energies of T1 state are 1.19 and 1.29 eV for Chl a and b, 
respectively. The T1 state energies are lower by 0.13 and 0.15 eV than at the 
ground state geometry. 

TABLE V. Vertical excitation spectrum of the T1 state of Chl a and b. All energies are in eV. 
Oscillator strengths are given in parentheses 
State Chl a Chl b 
S0 0.15 0.18 

S1 2.14 (0.2641) 
HOMOLUMO (89.5 %) 

2.19 (0.2050) 
HOMOLUMO (85.1 %) 

S2 2.41 (0.0357) 
HOMO-1LUMO (68.9 %), 
HOMOLUMO+1 (28.9 %) 

2.36 (0.0001) 
HOMO-1LUMO (50.6 %), 
HOMOLUMO+1 (45.9 %) 

T1 1.19 

HOMOLUMO (95.4 %) 
1.29 

HOMOLUMO (94.1 %) 
T2 1.68 

HOMO-1LUMO (90.4 %) 
1.72 

HOMO-1LUMO (84.2 %) 
T3 2.19 

HOMOLUMO+1 (90.1 %) 
1.96 

HOMOLUMO+1 (86.7 %) 
T4 2.41 

HOMO-2LUMO (80.1 %) 
2.28 

HOMO-2LUMO (70.9 %) 

The vertical singlet and triplet excitation energies at T1 geometry are given 
in Table V. At this geometry, the singlet states have slightly smaller energies 
than at the S1 geometry. 

The S1–T1 adiabatic energy gap is 0.90 and 0.83 eV for Chl a and Chl b, 
respectively. The lower value for Chl b has an implication on the ISC transition 
from S1 to T1 state. The energy gap law40,41 states that for electronic states with 
similar geometries, the smaller the energy gap, the larger is the ISC rate. Hence, 
in the case of Chl a and b, assuming the same spin-orbit matrix elements and 
geometries of the S1 and T1 electronic states, Chl b will have a faster ISC rate for 
triplet formation. 

The ionization potential 
Chlorophylls play an important role in the initial electron transfer step in 

photosynthesis. Thus, an estimation of their ionization potential is necessary in 
order to understand the electron transfer process. Recently, Shafizadeh et al.5 
measured the ionization potential (IP) of Chl a in a supersonic beam using a one 
color two photon experiment. They reported a value 6.100.05 eV. 

In order to obtain the vertical IP for Chl a and b, an unrestricted DFT 
calculation was performed on the cationic state at the respective ground state 
geometries. The IPs were determined to be 6.19 and 6.45 eV with the SVP basis 
set and 6.28 and 6.54 eV with the TZVP basis set for Chl a and Chl b, res-
pectively. The increase of the IP with the basis set is a consequence of the greater 
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stabilization of the cationic state with respect to the ground state. It was expected 
that Chl b would have a higher IP than Chl a because, according to a simple 
rule,42 the IP value is proportional to the negative energy of the HOMO orbital. 
The implication of this result is that it is easier to ionize Chl a than Chl b. 

A preliminary calculation with the SVP basis set showed that the IP of the 
full form of Chl a is 6.16 eV. This means that the phytyl tail had almost no 
influence on the IP. Hasegawa and Noguchi43 using a much bigger basis set 6-
311+G(d) obtained an IP of 6.23 eV. 

CONCLUSIONS 

Density functional theory and its time dependent variant were employed for 
an investigation of the structure and electron excitation to the four lowest singlet 
and triplet states of chlorophyll a and b. It was determined that the phytyl group 
did not significantly influence the electron spectra of the two investigated 
systems. Thus, the methyl ester was used instead of the phatyl ester in order to 
decrease the computational effort. The two structures optimized at the B3-LYP/  
/SVP level show good agreement with the available experimental data, even 
though a modest basis set was employed. Optimization of the lowest excited 
singlet and triplet states did not change the structures significantly. The electronic 
adiabatic energies of the S1 and T1 states are 2.09/2.12 and 1.19/1.29 eV for Chl 
a and Chl b, respectively. 

Vertical excitation energies and estimated fluorescence lifetimes were com-
parable with experimental literature values. Difference in positions of the energy 
levels in Chl a and Chl b explained the experimental finding that thermally 
activated intersystem crossing occurs in Chl b, and that Chl b has a larger 
intersystem crossing rate. On the other hand, the larger oscillator strength in Chl 
a explains its longer fluorescence lifetime. The computed ionization potentials 
were in good agreement with the previously reported measured values, and they 
imply easier ionization of Chl a compared to Chl b. 

The obtained results confirmed that DFT and TD–DFT calculations could 
provide useful information about structure and electron transitions (electron spec-
tra, excited state dynamics and ionization) in large systems, such as chlorophyll, 
and were able to explain the different behavior of different types of chlorophylls. 
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И З В О Д  

ПРОУЧАВАЊЕ СИНГЛЕТНИХ И ТРИПЛЕТНИХ ЕЛЕКТРОНСКИХ СТАЊА 
ХЛОРОФИЛА a И b 

МИХАЈЛО ЕТИНСКИ, МИЛЕНА ПЕТКОВИЋ и МИРОСЛАВ М. РИСТИЋ 

Факултет за физичку хемију, Универзитет у Београду, Студентски Трг 12–16, 11158 Београд 

Због огромног значаја за фотосинтезу хлорофили су доста проучавани експеримен-
тално и теоријски. Ми смо помоћу теорије функционала густине проучавали два облика 
хлорофила, хлорофил а и холорофил b. Опмизација S0, S1 и Т1 стања је извршена помо-
ћу B3-LYP функционала. Израчуната времена флуоросценције се добро слажу са дос-
тупним експерименталним подацима. Електронске адијабатске енергије S1 и T1 стања су 
2,09/2,12 и 1,19/1,29 eV за хлорофил а и хлорофил b. Продискутоване су последице ових 
резултатат на стварање триплетног стања. Такође, израчунати вертикални јонизациони 
потенцијали се добро слажу са експерименталним резултатима. 

(Примљено 6. августа, ревидирано 23. септембра 2013) 
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Abstract: Arylamide foldamers have been shown to have a number of biolo-
gical and medicinal applications. For example, a class of pyrrole–imidazole 
polyamide foldamers is capable of binding specific DNA sequences and pre-
venting development of various gene disorders, most importantly cancer. Mole-
cular dynamics (MD) simulations can provide crucial details in understanding 
the atomic level events related to foldamer/DNA binding. An important first 
step in the accurate simulation of these foldamer/DNA systems is the repara-
metrization of force field parameters for torsion around the aryl–amide bonds. 
Herein, the density functional theory (DFT) potential energy profiles and the 
derived force field parameters for four types of aryl–amide bonds for pyrrole 
and imidazole building blocks, which have been extensively employed in 
foldamer design for DNA-binding polyamides, will be highlighted. These 
results contribute to the development of computational tools for an appropriate 
molecular modeling of pyrrole–imidazole polyamide/DNA binding, and pro-
vide an insight into the chemical factors that influence the flexibility of 
pyrrole–imidazole polyamides and their binding to DNA. 

Keywords: foldamer, torsional energy profiles, force field reparametrization, 
DNA-binding polyamide. 

INTRODUCTION 

Foldamers are synthetic oligomers that adopt stable secondary structures in 
solution.1 Their functionality strongly depends on their conformation in solution. 
A number of important medicinal applications for foldamers have been demon-
strated.2,3 A particular class of aromatic polyamide foldamers, consisting of pyr-
role and imidazole monomers, has been shown to bind DNA sequences.4,5 Due 
to their ability to compete with DNA binding proteins, these polyamides have 
been used to block development of various diseases, including cancer.6 These DNA 
binders are composed of double-stranded pyrrole and imidazole carboxamides 
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(Fig. 1). Dervan and co-workers4 revealed that N-methylimidzole (Im) paired 
with N-methylpyrrole (Py) binds G–C base pairs, and that the Py–Im pair binds 
C–G base pairs, whereas the Py–Py pair binds both A–T and T–A pairs. Thus, 
pyrrole–imidazole oligomers can be designed for DNA sequence-specific targeting. 

 
Fig. 1. Structure of a hairpin pyrrole–imidazole polyamide synthetized by Dervan et al.6 as an 

antitumor candidate. 

Despite the importance of these polyamides, little is known about their 
dynamics in solution, in either free or in DNA-bound states. Molecular dynamics 
(MD) simulations can be used to shed light on the structural and dynamical cha-
racteristics of these DNA binding foldamers provided that accurate force fields 
are used.7 As the aromatic rings and peptide bonds are planar and rigid, the con-
formations of these polyamides are determined by only two types of bond rota-
tions: those around the Caromatic–Cpeptide (Ca–Cp) and Caromatic–Npeptide (Ca–Np) 
bonds (see Fig. 2). In a previous work,7 it was shown that the general AMBER 
force field (GAFF)8 overestimates the torsional potentials for rotations around 
the aryl–amide bond (the GAFF torsional barrier for the Ca–Cp rotation corres-
ponds to 29 kcal mol–1,8 whereas quantum mechanically (QM) derived barriers 
are ≈8 kcal mol–1).7 In addition, further studies9–12 showed that specific struc-
tural features significantly influence the rotational degree of freedom of an aryl– 
–amide bond. Examples include an intramolecular hydrogen bond (H-bond) 
between the amide NH and an ortho aromatic substituent or an ortho endocyclic 
oxygen or nitrogen atoms. Therefore, to represent accurately the structure and 
dynamics of these polyamides by MD simulations, first the effects of various 
structural characteristics and energetics of aryl–amide torsions were studied using 
high-level QM methods. Reparametrization of the building block specific torsio-
nal parameters for GAFF was then realized using these QM potential energy pro-
files. In this paper, the determined QM potential energy profiles of four different 
aryl–amide bond types and the derived force field parameters are reported. 
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COMPUTATIONAL METHODS 
The torsional profiles of four small molecules: N-(1-methyl-1H-imidazol-4-yl)acetamide 

(Im-N); N,1-dimethyl-1H-imidazole-2-carboxamide (Im-C); N-(1-methyl-1H-pyrrol-3-yl)-
acetamide (Py-N) and N,1-dimethyl-1H-pyrrol-2-carboxyamide (Py-C) are shown in Fig. 2. 
These molecules were used for the reparamerterization of the four different types of dihedral 
angles in the polyamides shown in Fig. 1. First, the molecules were optimized at several 
different levels of theory (HF, MP2 and B3LYP), and with basis sets ranging from B3LYP/6-
31G(d,p) to B3LYP/6-311G(3df,2p). A convergence study revealed that B3LYP/6-311G(d,p) 
agrees well with the higher levels of calculation, as was also shown in previous studies.7,10 
Therefore, the potential energy profiles were obtained by scanning the Ca–Cp and Ca–Np 
torsional surface in 20 increments at the B3LYP/6-311G(d,p) level of theory. At each scan 
point, all internal coordinates except the dihedral angle in question were optimized. The 
calculations were realized using Gaussian 03.13 Then these torsional profiles were employed 
to reparametrize the GAFF parameters for the torsions around the Ca–Cp and Ca–Np bonds. 
The new torsional parameters were obtained by the procedure described in a previous study,10 
i.e., by subtracting the non-bonded energies (calculated with restrained electrostatic potential, 
RESP,14 charges) from the ab initio torsional potential profile and then least square fitting of 
the GAFF torsional function to the “subtracted” ab initio torsional potential profile. Charges 
reported in this study were obtained by the RESP14 procedure.  

RESULTS AND DISCUSSION 

Torsional energy profiles with respect to the four types of dihedral angles are 
shown in Fig. 2. For compound Im-C, the global minimum is found with a 
dihedral angle Na1–Ca–Cp–Np at 180°. This is clearly due to the favorable 
H-bonding between the amide proton and the endocyclic unsaturated nitrogen 
(with a Na2–H distance of 2.28 Å). Upon rotation of the Ca–Cp bond, an energy 
maximum is reached at around ±90°. The related increase in energy (12.97 kcal 
mol–1) can be attributed to the loss of both the H-bond and the -electron delo-
calization between the aromatic ring and the peptide group, which are co-planar 
in the global minimum. The highest energy point corresponds to a Na1–Ca–Cp–Np 
dihedral angle value of 0°, which is at 15.42 kcal mol–1 with respect to its global 
minimum. This high energy barrier arises from several sources: a) destabilization 
due to the loss of the intramolecular H-bond discussed above; b) electrostatic 
repulsion between the carbonyl oxygen (Opeptide) and the endocyclic nitrogen 
(Na2) in the highest energy conformer (the Opeptide to Na2 distance is 2.80 Å) and 
c) the steric repulsion between the amide proton and the Na1–methyl group (the 
distance between amide proton and the carbon atom in the Na1–methyl group 
(Cmethyl) is 2.49 Å) in the highest energy conformer. The distance between the 
Opeptide and the carbon atom of the Na1–methyl group in the equilibrium con-
former is 2.87 Å, which is longer than the distance between the amide proton and 
the carbon atom in the N–methyl group in the highest energy conformer. A 
relatively flat energy region is observed at dihedral angles between 90° and 30° 
(or between –90 and –30°) which is due to a counter balancing effect of the 
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stabilizing (-electron delocalization) and destabilizing factors (electrostatic and 
steric repulsions described above). 

 
Fig. 2. Torsional energy profiles of the pyrrole and imidazole connected to the peptide bond 

through C and N atoms (Py-C, Py-N, Im-C, Im-N, respectively). Structures shown correspond 
to 0 and 180 torsional angle conformations. Dashed lines represent H-bonds. 

1 kcal mol-1 = 4.184 kJ mol-1. 

The global minimum of compound Im-N has the dihedral angle Ca–Ca–Np–Cp 
at 0°. Similarly to Im-C, this is due to stabilization by an H-bond between the 
amide proton and the endocyclic unsaturated nitrogen (with an Na2–H distance of 
2.48 Å). Rotation around Ca–Np leads to the energy maximum at 180°. The 
barrier of 10.55 kcal mol–1 with respect to the minimum arises from: a) the loss 
of the H-bond and b) the electrostatic repulsion between the peptide oxygen and 
the endocyclic nitrogen (the distance between them is 2.93 Å) in the 180° 
conformer. 

Compound Py-C has its minimum when the dihedral angle Na–Ca–Cp–Np is 
at 180°. At this conformation, the arrangement of its functional groups is the 
most favorable due to: a) stabilization by electron delocalization between the 
aromatic ring and the peptide bond and b) the fact that the peptide oxygen and 
the Na-methyl group (the distance between them is 2.85 Å) are not close enough 
for steric repulsion to have significant impact on the energy. Similarly to Im-C, 
rotation of the Ca–Cp bond leads to energy maximum at ±90° due to the loss of 
π-electron delocalization. The energy barrier of 7.63 kcal mol–1 for this maxi-
mum is lower than that of the Im-C compound. This is because there is no 
H-bond in the global minimum of Py-C. The potential energy decreases slightly 
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due to the increase of -electron delocalization when the dihedral angle Na–Ca– 
–Cp–Np changes from 90 to 20° (or from –90 to –20°) to reach a second mini-
mum at 5.27 kcal mol–1. Another energy maximum with the Na–Ca–Cp–Np 
dihedral angle at 0° is observed, which is attributed to the steric repulsion bet-
ween the amide proton and the Na–methyl group (H–Cmethyl distance of 2.38 Å). 

Finally, compound Py-N has the lowest energy barrier (4.38 kcal mol–1) of 
the four considered compounds because it has no H-bond acceptors on the 
aromatic ring or other substituents that influence rotation around the Ca–Ca–Np–Cp 
dihedral angle. The maximum is at ±90° because this conformer does not have -
electron delocalization between the aromatic ring and the peptide group.  

To improve the molecular mechanics description of the compounds, the ab 
initio torsional energy profiles were used to reparametrize the torsional para-
meters around the Ca–Cp and Ca–Np bonds in GAFF, as described in the com-
putational methods section. The atomic partial charges and the torsional para-
meters for the dihedral angles around the Ca–Cp and Ca–Np bonds are summa-
rized in Table I. These parameters can be used for accurate simulations of the 
pyrrole–imidazole polyamides and other structures containing the four torsional 
angles reparameterized herein. 

TABLE I. Selected atomic charges and the fitted torsional parameters (bottom row) for the 
dihedral angles around the Ca–Cp and Ca–Np bonds 

Im-C Im-N Py-C Py-N 
Na2   –0.5843 
Ca     0.1267 
Cp     0.5496 
Op   –0.5646 
Np    –0.3734 
Hp     0.2855 

Na2  –0.4984 
Ca     0.0529 
Np   –0.4625 
Hp     0.2780 
Cp     0.5848 
Op   –0.5627 

 
Ca    –0.1346 
Cp     0.5968 
Op   –0.5458 
Np    –0.4267 
Hp     0.2994 

 
Ca     0.0574 
Np   –0.3493 
Hp     0.2879 
Cp     0.5791 
Op   –0.5676 

Vn
a    10.0 Vn     3.0 Vn     7.63 Vn     3.0 

aIn kcal mol-1 (1 kcal mol-1 = 4.184 kJ mol-1).  n
torsion 1 cos n ,

2
VE f      n = 2 and f = 180 

CONCLUSIONS 

Generally, higher torsional barriers were observed for aryl–amide torsions in 
imidazoles than in pyrroles. For example, the barrier of Im-C is 2 times higher 
than that of Py-C (≈16 kcal mol–1 vs. ≈8 kcal mol–1), while the barrier of Im-N is 
≈3 times that of Py-N (≈11 vs. ≈4 kcal mol–1). This is due to the presence of the 
unsaturated endocyclic nitrogen (Na2) in the imidazoles, which results in: 1) an 
H-bond between the amide proton and Na2 in the global minimum and 2) the 
electrostatic repulsion between the Opeptide and Na2 in the energy maximum. The 
stabilization of the minimum by the H-bond and destabilization of the maximum 
by the repulsion together result in a much higher barrier for the imidazole com-
pounds.  
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Higher energy barriers were also observed in compounds Im-C and Py-C 
relative to those in Im-N and Py-N. There are two structural differences between 
the Im-C (or Py-C) and Im-N (or Py-N) molecules that need to be considered to 
account for the difference in the energy barriers. First, they differ in the type of 
connection (Ca–Cp vs. Ca–Np). The Ca–Cp connection type in Im-C results in a 
more favorable H-bond between the amide H and the endocyclic N (the H…Na2 
distance is 2.28 Å and the Np–H…Na2 angle is 107.5°) than that in the minimum 
of Im-N (the H…Na2 distance is 2.48 Å and the Np–H…Na2 angle is 72.2°). 
Therefore, it requires more energy to break the more favorable H-bond in Im-C 
than in Im-N. Secondly, the Na1-methyl is ortho to the aryl–amide bond in the 
Im-C and Py-C molecules, but meta in the Im-N and Py-N molecules. The latter 
difference results in a lower (or no) steric repulsion between the amide proton 
and the N-methyl group in the high-energy conformers of Im-N and Py-N than in 
the high-energy conformers of Im-C and Py-C. 

The force field parameters provided here are of immediate importance for 
proper modeling and binding studies of systems developed by Dervan and 
others.5,6 As has been shown in the past (with arylamides7), binding modes that 
result from MD simulations can be strikingly different, depending on the suit-
ability of the torsional parameters. Consequently, a realistic description of the 
flexibility of an oligoamide backbone requires carefully derived torsional para-
meters. 

This series of monomers allows for fine-tuning of the flexibility of oligomer 
backbones, as Im-C (15.42 kcal mol–1), Im-N (10.55 kcal mol–1), Py-C (7.63 
kcal mol–1) and Py-N (4.38 kcal mol–1) have distinct torsional barriers for the 
bonds involved in a polyamide scaffold. Thus, the choice of the monomer sequ-
ence could result in various levels of backbone flexibility. This design strategy, 
however, is of limited benefit when sequence specific binding is sought. In such 
cases, quantitative information about the relative torsional barriers provides an 
opportunity to use alternative design features (such as “closed” double stranded 
structures5) in a better-informed manner, to affect backbone flexibility.  

From a broader perspective, this and previous studies suggest caution against 
simply relying on chemical intuition in molecular design, since often the exact 
outcome of the interplay of several forces driving conformational stability cannot 
be predicted. Therefore, highly accurate QM calculations of the energetics of 
molecular building blocks and their analysis can be an important tool in mole-
cular design.  
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И З В О Д  

AB INITIO СТУДИЈА ПИРОЛ- И ИМИДАЗОЛ-АРИЛАМИДА 

ARA M. ABRAMYAN, ZHIWEI LIU и ВОЈИСЛАВА ПОПХРИСТИЋ 

Department of Chemistry & Biochemistry, University of the Sciences, Philadelphia, PA 19104, USA 

Фолдамери базирани на ариламидима се користе у биолошке и медицинске сврхе. На 
пример, једна класа пирол–имидазол полиамид-фолдамера се везује за одређене 
секвенције ДНК, и на тај начин спречава развијање разних генетских проблема и болес-
ти, укључујући и рак. Симулације молекулске динамике (МД) пружају могућност за 
увид у атомске детаље процеса који се одвијају при везивању фолдамера за ДНК. Од 
нарочите важности за поуздане МД симулације фолдамер/ДНК система је употреба 
исправних торзионих параметара за арил–амид везе. У овом раду, ми описујемо DFT (од 
енг. density functional theory; теорија функционала густине) торзионе потенцијалне 
површине и на основу њих изведене торзионе параметре, за четири типа арил–амид 
веза, које се појављују у пирол–имидазол мономерима коришћеним у дизајнирању фол-
дамер/ДНК комплекса. Овај рад описујe једно додатно средство које омогућава поуздане 
МД симулације пирол/имидазол фолдамер система. Такође, резултати представљени у 
овом раду дефинишу на који начин одређени структурни фактори утичу на флексибил-
ност полиамида и њихово везивање за ДНК. 

(Примљено 29. септембра, ревидирано 9. октобра 2013) 
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Investigation of the charge-transfer in photo-excited 
nanoparticles for CO2 reduction in non-aqueous media 
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Abstract: Photo-induced charge separation in TiO2 and Cu2O semiconductor 
nanoparticles was examined using electron paramagnetic resonance spectros-
copy in order to obtain insight into the photocatalytic reduction of CO2 in non-
aqueous media. For dissolution/grafting of CO2, carboxy-PEG4-amine was 
used with poly(ethylene glycol) 200 as the solvent. It was found that the 
reduction of CO2 in this system starts at a potential of –0.5 V vs. Ag/AgCl, 
which is significantly more positive than the potential for electrochemical 
reduction of CO2 in most organic solvents and water (–2.0 V vs. Ag/AgCl). 
The electron transfer from excited nanoparticles to CO2 is governed by both 
thermodynamic and kinetic parameters, namely by the redox potential of 
conduction band electrons and adsorption/binding of CO2 on the surface of the 
nanoparticles. 

Keywords: carbon dioxide reduction, photocatalysis, titanium dioxide, cuprous 
oxide. 

INTRODUCTION 

Carbon dioxide produced by consuming fossil fuels is regarded as the most 
significant source of greenhouse gases.1 Reducing the accumulation of CO2 in 
the atmosphere is one of the current major scientific and social challenges. 
Although the chemical industry currently uses CO2 as an inexpensive, non-flam-
mable and non-toxic C1 resource, the processes are conducted at relatively high 
pressures, at elevated temperatures and in the presence of catalysts.2–6 Thus, 
there is a need for the development of facile and inexpensive methods to convert 
CO2 to usable materials under mild conditions (temperature and pressure). Using 
solar light as an energy source and inexpensive semiconductor nanoparticles as 
photocatalysts is a promising approach for the photochemical transformation of 
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CO2 into fuels: CO, CH4, and CH3OH. Each of these fuels could be burned to 
produce CO2 and then regenerated by photochemical reduction. Alternatively, 
CO could be used as a starting material in the water gas shift reaction to generate 
hydrogen from water. In all these cases, energy would be produced in a CO2 
neutral fashion avoiding a net production of CO2. While most semiconductor-
assisted photocatalytic reductions of CO2 were realized in aqueous solution,7–10 
the yields were relatively low not only because of the low solubility of carbon 
dioxide in water, but also because adsorbed/dissociated water on the surface of 
nanoparticles competes with adsorbed CO2 for the photogenerated electrons.11 
Different strategies in improving CO2 sequestration are currently being pursued. 
Several groups12–14 have developed reversible CO2 capture utilizing a strong nit-
rogen-containing base in conjunction with a proton donor. Meanwhile, amido-
phosphoranes were also proved to be capable of capturing one equivalent of CO2 
through the insertion of CO2 into a P–N bond, resulting in the generation of car-
bamatophosphoranes.15 Very recently, Brennecke and co-workers16 designed an 
ionic liquid (IL) comprising an amino-functionalized anion and a long-chain 
alkyl phosphonium cation to capture CO2, while Liu17 et al. employed poly-
(ethylene glycol) (PEG) solution with amino acid salts. In both cases almost 
equimolar absorption of CO2 (1 mol CO2 per mol of IL, or per mol of amino acid 
in PEG) was obtained. 

In this work, the non-aqueous solvent PEG 200 was combined with short-
chain amine group salts to increase CO2 dissolution, and semiconductor nanopar-
ticles were employed to initiate light-induced CO2 reduction. For these studies, 
electron paramagnetic resonance (EPR) spectroscopy was used as a tool for exa-
mining the initial photo-induced charge separation and transfer in the presence of 
dissolved/grafted CO2. 

EXPERIMENTAL 
Materials 

All chemicals were of analytical grade and used as received, without further purification. 
Poly(ethylene glycol) 200 was purchased from J. T. Baker, carboxy-PEG4-amine, C11H23O6N, 
abbreviated in the text as CA(PEG)4, from Thermo Scientific, tetra(n-butyl)ammonium 
hexafluorophosphate, Bu4NPF6, from Aldrich, anatase nanoparticles (d = 20 nm) from 
SkySpring, and Cu2O colloidal nanoparticle (d = 30 nm) solution in ethanol from Aldrich. 
Research-grade carbon dioxide, 99.999 % (Airgas), was passed consecutively through two 
hydrocarbon traps (Supelco) to remove even trace amounts of impurities. 
Instrumentation 

X-Band continuous wave EPR experiments were conducted on a Bruker Elexsys E580 
spectrometer equipped with an Oxford CF935 helium flow cryostat with an ITC-5025 
temperature controller. The EPR spectra of the photogenerated charges were recorded at 
cryogenic temperatures from 4.5 to 77 K. The g factors were calibrated for homogeneity and 
accuracy by comparison with a coal standard, g = 2.002850.00005. Simulations were 
performed using Bruker SimFonia, version 1.25. Samples in the EPR cavity were illuminated 
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using a 300-W Xe lamp (ILC) with water as the cut-off IR filter. Cyclic voltammetry 
measurements were performed with a three-component system containing a glassy carbon 
working electrode, Pt as the counter electrode, and Ag/AgCl as the reference electrode, using 
a BAS-100B/W (Bioanalytical Systems, USA) workstation with a single compartment closed 
quartz cell. Absorption spectra were recorded on a Shimadzu UV-1601 spectrophotometer. 

RESULTS AND DISCUSSION 

Electrocatalytic reduction of CO2 in non-aqueous media has recently gathered 
increased interest,18 while semiconductor-assisted photocatalytic reduction is 
mainly focused on metal oxides in aqueous media. In photocatalytic processes, 
semiconductor metal oxide nanoparticles are used as light-harvesting materials. 
Nanocrystalline semiconductors are capable of coupling single photon events to 
the accumulation of multiple redox equivalents (photogenerated electrons) that 
participate in catalytic reduction of CO2. The semiconductors Cu2O (p-type), 
because of its favorable electronic properties for CO2 reduction, Fig. 1, and TiO2, 
because of its proven ability to convert carbon dioxide to methane in the presence 
of proton donors,7–11 were chosen as photocatalysts of interest. The low yield of 
methane production in aqueous solutions is due to the competition of water and 

 

Fig. 1. a) Schematic presentation of 
the band positions and band gap 
energies and b) absorption spectra 
of Cu2O and TiO2 semiconductor 
nanoparticles. Optical pathlength: 
0.5 cm. 
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carbon dioxide for the photogenerated electrons combined with the low solubility 
of carbon dioxide in water. Thus, the highest yields were achieved using a 
CO2/water vapor (2:1) combination.11 The redox potentials of CO2 reduction pro-
ducts in aqueous solution are also indicated in Fig. 1a. In the absence of proton 
donors (as in non-aqueous solvents), the major product is carbon monoxide.  

In order to increase the solubility of CO2, 10 mM carboxy-PEG4-amine, 
CA(PEG)4 in PEG 200 solvent was used. The choice of CA(PEG)4 was based on 
its high solubility in PEG 200 and because the amine group can effectively graft 
CO2. It was shown previously that amino and amine groups capture CO2 via the 
sequestration formation of the carbamic acid or carbamate pathways in a high 
yield.17 In order to gain insight into the photocatalytic reduction of CO2 in non-
aqueous media, photo-induced charge formation, separation and transfer in 
semiconductor nanoparticles were examined in CA(PEG)4/PEG 200 solution 
saturated with N2 or CO2. 

CO2 in non-aqueous amine solution 

The ability of CA(PEG)4 dissolved in PEG 200 to sequester CO2 efficiently 
was demonstrated using cyclic voltammetry. The voltammograms of the solu-
tions saturated with N2 and CO2 are presented in Fig. 2a, from which it can be 
seen that the reversible one-electron redox process of CA(PEG)4 with E1/2 = 
= –0.84 V vs. Ag/AgCl occurred in the absence of CO2. At the same time, when 
solution was bubbled with CO2, a quasi-reversible electron transfer occurred. 
Moreover, the reduction of amine-grafted CO2 starts at a potential of –0.5 V, 
while the electrochemical reduction of CO2 occurs at rather negative potentials 
(more negative than –2 V) at low temperatures in most organic solvents. In the 
absence of CA(PEG)4, no significant changes in the voltammograms of PEG 200 
with and without CO2 could be observed, Fig. 2b, showing that CO2 does not 
dissolve in PEG 200 very efficiently, and confirming that the –NH2 group is 
essential for the dissolving/grafting of CO2. 

Not only the increased solubility, but also the measured relatively positive 
potential for CO2 reduction in this system made it the medium of choice for 
further studies and possible applications.  

Light-induced charge transfer 
The photo-excitation of TiO2 (anatase) with energies greater than its band 

gap (3.2 eV) results in the formation of conduction band electrons and valence 
band holes (charge carriers):  

 2 2TiO (e h )TiO  
h  (1) 

EPR spectroscopy has been widely used to examine paramagnetic species in 
illuminated titania, starting with the seminal work of Howe and Gratzel.19 At cryo- 
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Fig. 2. Cyclic voltammograms of a) PEG 200 solutions containing 10 mM carboxy-PEG4- 

-amine, CA(PEG)4, and 20 vol. % acetonitrile, saturated with N2 and CO2; b) solutions 
without CA(PEG)4 measured as a control under the same conditions. All solutions contain 5 
mM Bu4NPF6 as a redox relay. Glassy carbon as working, Pt as auxiliary and Ag/AgCl as 

reference electrodes were used. Scan rate 20 mV s-1. 

genic temperatures, photogenerated charge carriers localize in the interior of 
TiO2 nanoparticles or migrate to the surface where they localize at surface trap 
sites. The signals associated with the trapped electrons are those due to lattice 
(Ti3+)latt, sharp signal at g = 1.990 and g = 1.961, and surface (Ti3+)surf cen-
ters, broad signal with g = 1.924, Fig. 3a. The observed signals are characteristic 
of the electron in the Ti 3d orbital of the anatase lattice and surface.20 
Simultaneously, no signal due to the oxygen-centered radical, (Ti4+O)surf, i.e. 
holes, was observed. The observed signal with g = 2.001 is due to the reaction of 
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photogenerated holes with carboxy-PEG4-amine. The 6-line spectrum with the 
intensity ratios of 1:2:3:3:2:1 presented in Fig. 3b corresponds to CH3CH2

 
radicals,21 and is the result of C–O bond scission.22 The efficient scavenging of 
holes by carboxy-PEG4-amine is facilitated by the strong binding of carboxyl 
groups on TiO2.23 

 

 
Fig. 3. EPR Spectra of TiO2 in a solution of 10 mM carboxy-PEG4-amine in PEG 200 

measured under UV illumination at a) 5 K, power, 2 mW, modulation amplitude, 0.5 mT and 
b) 60 K, power, 0.2 mW, modulation amplitude, 0.3 mT. The gray line presents the simulated 

spectrum. The conditions of EPR measurements were adjusted to better resolve the signal 
from the CH3CH2· radical. 
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By increasing the temperature from 5 to 77 K, the electrons from the interior 
of the TiO2 nanoparticle had enough energy to detrap and move to the surface 
where they localize at mid-gap states. The decrease of the signal for lattice-
trapped and the increase of the signal that corresponds to the surface-trapped 
electrons, can be seen for a solution saturated with N2, Fig. 4a. 

 
Fig. 4. EPR Spectra measured in the dark (at 5 K) after illumination at 5 and 77 K of a PEG 
200 solution containing 10 mM carboxy-PEG4-amine, CA(PEG)4, and TiO2 saturated with 

a) N2 and b) CO2. Power, 2 mW, modulation amplitude, 0.5 mT. 

On the other hand, dissolved CO2 acts as an electron acceptor, Eq. (2). The 
R–CO2 in equations represents grafted CO2, most probably carbamate:17 

 2 2 2e (TiO ) R CO R CO 
     (2) 

It was found that at the elevated temperature of 77 K, detrapped lattice elec-
trons do not localize on the surface, rather they react with CO2, Fig. 4b. Con-
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sequently, no increase in the signal due to the surface-trapped electrons that were 
present at 5 K accompanies the decrease in the signal of the lattice-trapped elec-
tron. This means that i) the energy of mid-gap surface trapped electrons is below 
the redox potential for CO2 reduction and ii) only conduction band electrons can 
react with CO2. Although the driving force for CO2 reduction with TiO2 con-
duction band electrons is not high (Fig. 1), the efficient scavenging of photo-
generated holes by CA(PEG)4 enables a relatively high yield of the reduction 
reaction. 

The conduction band electrons of cuprous oxide (Cu2O) have a more nega-
tive potential than those of TiO2; thus, the thermodynamic parameters favor 
reduction of CO2. However, Cu+ is a non-paramagnetic ion and light-induced 
charge separation and transfer cannot be detected by EPR directly. As the Cu2O 
nanoparticles used in this study did not have a protective ligand on their surface, 
a slow oxidation of bare nanoparticles occurred in air, resulting in the formation 
of thin layer of copper oxide (CuO) on the surface. This was confirmed by EPR 
spectra measured in the dark before illumination, Fig. 5. The spectra show hyper-
fine structure that is characteristic of Cu2+ (I = 3/2). In both cases (N2 vs. CO2 
saturated solutions), the values of g and gsatisfy the relation g > g > ge = 
= 2.0023 (ge represents the g-tensor of free electron), indicating that the Cu2+ 
were coordinated by six ligand atoms in an axially distorted octahedron, that is 
characteristic of copper ions in CuO. However, the values for parallel and normal 
component differ, g = 2.256 and g = 2.036 for N2, and g = 2.276 and g = 2.038 
for CO2, which suggests that CO2 adsorbs/binds strongly to the surface of CuO, 

 
Fig. 5. EPR Spectra measured at 5 K in the dark of Cu2O/CuO in PEG solution containing 

10 mM carboxy-PEG4-amine, CA(PEG)4, saturated with N2 or CO2. 
Power, 2 m; modulation amplitude, 1 mT. 

_____________________________________________________________________________________________________________________

Copyright (C)2013 SCS

Available online at www.shd.org.rs/JSCS/



 CO2 REDUCTION IN NON-AQUEOUS MEDIA 1805 

not only to carboxy-PEG4-amine, affecting the hyperfine structure of surface 
Cu2+. The binding of CO2 onto Cu2O/CuO was previously observed in aqueous 
solutions.24 

Under illumination with visible light ( > 400 nm), an increase in the 
concentration of Cu2+ was observed in the presence of CO2, Fig. 6, due to 
electron transfer: 

 2 2

+ 2
2 2 2

Cu O (e h )Cu O

(e )Cu O R CO Cu OCu R CO

  

  

 

    

h
 (3) 

In the absence of CO2, no change in the signal associated with Cu2+ was 
observed (Fig. 6a) because of the fast recombination of the photogenerated 
electrons and holes. The redox potential of valence band holes of Cu2O is not 

 
Fig. 6. EPR Spectra measured at 5 K in the dark and under illumination of Cu2O/CuO in PEG 

solution containing 10 mM carboxy-PEG4-amine, CA(PEG)4, saturated with a) N2 and b) 
CO2. The magnetic field was centered on the normal component of the Cu2+ signal. 

Power, 2 mW; modulation amplitude, 1 mT. 
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positive enough to allow oxidation of carboxy-PEG4-amine as no signals of orga-
nic radicals were observed in this system; thus, recombination of the charges was 
the favorable process. Therefore, the electron transfer from excited Cu2O to CO2 
at the extremely low temperature of 5 K was due to the combined effects of the 
favorable redox potential of Cu2O conduction band electrons and strong adsorp-
tion/binding of CO2 on the nanoparticles. 

CONCLUSION 

Carboxy-PEG4-amine, C11H23O6N, when dissolved in poly(ethylene glycol) 
200 efficiently sequesters CO2. The grafting of CO2 not only increases its solub-
ility but enables reduction of CO2 at a significantly more positive potential than 
the electrochemical reduction of CO2 in most organic solvents or aqueous solu-
tions. The efficiency of the one-electron transfer from photo-excited TiO2 and 
Cu2O nanoparticles to CO2 was in the order Cu2O > TiO2, because of the prefe-
rential electronic and surface properties of the cuprous/cupric oxide nanopar-
ticles.  
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И З В О Д  

ИСПИТИВАЊЕ ПРЕНОСА НАЕЛЕКТРИСАЊА У ЕКСЦИТОВАНИМ НАНОЧЕСТИЦАМА 
ЗА ФОТОКАТАЛИТИЧКУ РЕДУКЦИЈУ CО2 У НЕВОДЕНОЈ СРЕДИНИ 

НАДА М. ДИМИТРИЈЕВИЋ 

Chemical Sciences and Engineering Division, and Nanoscience and Technology Division, Argonne 
National Laboratory 9700 S. Cass Ave., Argonne, IL 60439, USA 

Раздвајање наелектрисања у побудјеним CO2 и Cu2O полупроводничким наночес-
тицама је испитивано електронском парамагнетном резонантном спектроскопијом да 
би се добиле информације о фотокаталитичкој редукцији CO2 у неводеној средини. Да 
би повећали растворљивост и везивање CO2 користили смо карбоксил-PEG4-амин у 
полиетилен гликолу 200 као растварачу. Нађено је да у том раствору редукција CO2 
почиње на потенцијалу од –0,5 V према Ag/AgCl, што је значајно позитивније него 
електрохемијска редукција у већини органских растварача и води (–2,0 V према 
Ag/AgCl). Ефикасност преноса електрона са побуђених наночестица на CO2 зависи од 
термодинамичких и кинетичких параметара, наиме зависи и од потенцијала електрона у 
проводној траци и од адсорпције/везивања CO2 на површину наночестица. 

(Примљено 27. јула, ревидирано 19. септембра 2013) 
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Abstract: Recent advances in synthesis, characterization and application of the 
selected conducting/semiconducting and redox-active oligomers and polymers 
of arylamines are reviewed. A brief historical background of the selected topics 
is given. The overview of the preparation, structure and properties of poly-
aniline, substituted polyanilines, especially those obtained by the oxidative 
polymerization of p-substituted anilines, poly(1-aminonaphthalene) and its 
derivatives, carbocyclic and heterocyclic polyaryldiamines such as poly(p-phe-
nylenediamine) and polydiaminoacridines, is presented. The mechanism of for-
mation of polyaniline nanostructures is discussed. Recent approaches to the 
preparation of one-dimensional polyaniline nanostructures are concisely reviewed, 
with special attention paid to the template-free falling-pH method. Current and 
potential future applications of oligo/polyarylamines are briefly discussed. 

Keywords: polymer, oligomer, oxidative polymerization, arylamine, polyanil-
ine, nanostructure. 
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5.1.1. Oxidative polymerization of p-phenylenediamine 
5.2. Oxidative polymerization of diaminoacridines 

6. CONCLUSIONS AND OUTLOOK 

1. OXIDATION VERSUS OXIDATIVE POLYMERIZATION OF ARYLAMINES 

Chemical oxidations of arylamines can proceed in two different ways.1 Oxi-
dants with a relatively high oxidation potential, which do not contain a reactive 
oxygen atom, can remove electron(s)/hydrogen from the arylamine molecule. 
The in situ formed reactive species, e.g., arylamine cation radicals, arylnitrenium 
cations, etc., undergo further reaction with the parent arylamine molecules 
leading to the formation of arylamine dimers (N–N, N–C, or C–C coupled dimers 
in the reduced and/or oxidized form), oxidatively cyclized diarylamine products, 
such as substituted phenazines, and higher linear/branched oligo/polyarylami-
nes.1 Oxidants that contain a reactive oxygen atom can either donate an oxygen 
to the arylamine molecule, thus leading to oxygen-containing products of aryl-
amine oxidation (arylhydroxylamine, nitrozoarene, nitroarene, substituted amino-
phenols and aminonaphthols, substituted benzoquinones and naphthoquinones, o-
aminoaryl sulfate, etc.), and/or remove electron(s)/hydrogen from the arylamine 
molecule.1 Perphosphoric acid, peroxomonosulfuric acid, and percarboxylic acids 
are well-known efficient oxygen donors, while Fe(III), Ce(IV), Cu(II), Au(III), 
Pt(IV), Pd(II) and Ag(I) compounds are frequently used electron acceptors. Oxi-
dants such as H2O2 and peroxydisulfate salts behave as both oxygen donors as 
well as electron acceptors. High temperatures and alkaline conditions are favor-
able for the oxygen donor mechanism, whereas low temperatures and acidic con-
ditions are favorable for the electron acceptor mode of action of oxidants such as 
H2O2 and peroxydisulfate. The electrochemical oxidation of arylamines can also 
lead, depending on the reaction conditions (electrode type, anodic potential, cur-
rent density, electrolyte, solvent, pH, temperature, arylamine concentration, etc.) 
to oxygen-containing monomeric/dimeric products and/or oligo/polyarylamines.1 
Depending on the arylamine concentration, the oxidation of the arylamine can 
lead to its degradation or polymerization.1 

Boyland and Sims reported in the 1950s the extension of Elbs peroxydi-
sulfate (S2O82–) oxidation of phenols in alkaline solution, leading to the pre-
valent formation of p-hydroxyaryl sulfates, to the oxidation of arylamines in 
alkaline solution with S2O82–.26 Arylamines (Scheme 1, 1) were found to be 
prevalently converted to the corresponding soluble o-aminoaryl sulfate (Scheme 
1, 2) under conditions similar to those used for the Elbs oxidation: room tempe-
rature or below, aqueous alkali media, and equimolar quantities of arylamine and 
S2O82–.212 Subsequent hydrolysis in highly acidic aqueous solutions leads to 
corresponding o-aminophenols (Scheme 1, 3). 
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Scheme 1. Boyland–Sims oxidation of aniline (R1=R2=H) and its N-alkyl/aryl-substituted 

derivatives with S2O8
2-. 

The involvement of free radical arylamine species (cation radicals and neut-
ral radicals), as highly reactive products of single-electron oxidation of aryl-
amines, in the formation of the o-aminoaryl sulfates was excluded because radi-
cal traps had no effect on the formation of the o-aminoaryl sulfates.7 Arylnitre-
nium cations, as initial reactive products of two-electron oxidation of pri-
mary/secondary arylamines in acidic as well as alkaline solutions, have not been 
considered as reactive species involved in the formation of o-aminoaryl sulfates 
because the knowledge about arylnitrenium cation chemistry became well estab-
lished more than four decades after the discovery of the Boyland–Sims oxide-
tion.13 Behrman noted that “a nitrene mechanism is not consistent with the fact 
that tertiary anilines behave in a similar manner to primary anilines”.11 Based on 
the fact that electron-releasing substituents at the aromatic ring accelerate the 
oxidation of arylamines with S2O82–,7 and taking into account some other experi-
mental findings,11 Behrman proposed that the nucleophilic SN2 displacement by 
the arylamine nitrogen on the peroxide oxygen of S2O82– represents the rate-
determining step of the Boyland–Sims oxidation which leads to the formation of 
arylhydroxylamine-O-sulfonate intermediates.11 This classic mechanism did not 
explain the regioselectivity of the Boyland–Sims oxidation and the fact that some 
arylamines, such as benzidine, cannot be transformed to the corresponding ami-
noaryl sulfates by Boyland–Sims oxidation,2 but rather give iminoquinonoid 
compounds upon two-electron oxidation with S2O82–. 

The yields of aminoaryl sulfates in Boyland Sims oxidation are significantly 
lower than those of hydroxyaryl sulfates in the Elbs oxidation, especially in the 
case of primary and secondary arylamines, due to the competitive oxidative poly-
merizations of arylamines leading to the formation of insoluble materials, 212 
which were described in many papers as humic acid-like polymers. Synthetic 
organic chemists paid no attention to their structural characterization since these 
precipitates were considered as undesirable by-products in the Boyland–Sims 
oxidation,212 whereas scientists working in the field of conducting polymers 
became interested in the elucidation of the molecular structure and the mecha-
nism of formation of these oligoarylamines, e.g., oligoanilines,1418 because 
recent studies had revealed the crucial template function of in situ formed oligo-
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anilines in the synthesis of polyaniline nanostructures by the oxidative poly-
merization of aniline with ammonium peroxydisulfate (APS) under falling pH 
conditions.14,1921 

Marjanović et al.22 recently proposed a revised mechanism of the Boyland–
Sims oxidation of arylamines based on the unique role of arylnitrenium cations in 
the case of primary and secondary arylamines, and arylamine dications and/or 
immonium cations in the case of tertiary arylamines. The revised mechanism 
comprehensively explained the formation of soluble aminoaryl sulfates and 
insoluble oligoarylamines in a manner more consistent with the experimental evi-
dence than previous mechanistic schemes. It was revealed that the two-electron 
transfer between arylamine and peroxydisulfate, accompanied by the deproto-
nation, leading to the formation of arylnitrenium cations/arylamine dications/  
/immonium cations and sulfate anions, represents the rate-determining step, 
while the subsequent reaction between arylnitrenium cations/arylamine dicat-
ions/immonium cations and sulfate anions represents a regioselectivity-deter-
mining step (Scheme 2).22 In accordance with the experimental findings of Boy-
land and Sims, it was computationally confirmed by both the AM1 and RM1 
semi-empirical quantum chemical methods that the reactions of arylnitrenium 
cations or arylamine dications/immonium cations with sulfate anions lead to the 
prevalent formation of o-aminoaryl sulfates.22 The C6–O–SO3 rather than 
C2–O–SO3 coupled aminoaryl sulfates were also computationally confirmed to 
be the major products of Boyland–Sims oxidation in the case of meta-substituted 
anilines that have unsymmetrical ortho positions. Moreover, the computations 
confirmed the known experimental findings that para substitution occurs if both 
ortho positions are blocked by substituents. The reactions between arylnitrenium 
cations and peroxydisulfate in an aqueous solution were found to have regio-
selectivities quite similar to those of the reactions between arylnitrenium cations 
and sulfate; i.e., they lead to the prevalent formation of o-aminoaryl peroxydisul-
fates, which undergo rapid reduction to the corresponding o-aminoaryl sulfates 
(Scheme 2).22  

The formation of insoluble precipitates during the Boyland–Sims oxidation 
of arylamines was explained by the oxidative oligomerization of arylamines, in 
which the dimerization phase is the reaction of arylamines with arylnitrenium 
cations (Scheme 2),22 and by the oxidative co-oligomerizations of arylamines 
with aminoaryl sulfates and aminophenols, formed in the reaction of arylnitre-
nium cations/arylamine dications/immonium cations with both hydroxide anions 
in highly alkaline solution and water molecules in highly dilute aqueous solu-
tions.22 Fully oxidized branched oligoarylamines, containing mainly substituted 
phenazine and iminoquinonoid units with the presence of iminoquinone/phe-
noxazine segments, were proposed to constitute the insoluble precipitates in Boy-
land–Sims oxidations.22 
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Scheme 2. Formation of prevalent products (4, 7, 12–14), through the most stable 

intermediates (5, 6, 9–11), in reactions of the aniline nitrenium cation (8) with SO4
2-, 

S2O8
2-, aniline, OH- and H2O. Reprinted22 with permission. 

Copyright (2011) American Chemical Society. 

2. OXIDATIVE POLYMERIZATION OF ANILINE  

Polyaniline (PANI) has been the most extensively studied polyarylamine 
during the past three decades because of its high electrical conductivity, pro-
nounced redox-activity, good environmental stability, simple acid–base doping– 
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–dedoping, ease of preparation by chemical and electrochemical oxidative poly-
merization of aniline and its salts, and versatile applicability in various areas of 
modern technologies, such as rechargeable batteries, sensors and indicators, 
catalysts, shielding of electromagnetic interference, microwave and radar absorb-
ing materials, non-linear optical and light-emitting devices, electron field emit-
ters, field-effect transistors, Schottky diodes, erasable optical information sto-
rage, digital memory devices, asymmetric films, membranes, electrochemical 
capacitors (supercapacitors), electrochromic devices, electromechanical actua-
tors, electrorheological (ER) fluids, antistatic and anticorrosion coatings, and fuel 
and solar cells.1,23 PANI has a variety of redox and acid–base forms24 with quite 
different optical, magnetic, electrical and other properties. The most important 
form of PANI is the green emeraldine salt, which attains a conductivity of about 
1–10 S cm−1 for granular PANI powders,25 ≈102 S cm–1 for PANI powders with 
nanospherical morphology26 and ≈103 S cm–1 for PANI films.27 Emeraldine salt 
contains, depending on the preparation method and isolation procedure, various 
proportions of diamagnetic [(–B–NH+=Q=NH+–B–NH–B–NH–)n](A–)2n and 
paramagnetic [(–B–NH+–B–NH–)n](A–)n units; in the preceding formulae B, Q, 
and A denote a benzenoid ring, a quinonoid ring, and a dopant anion, respecti-
vely. Chemical/electrochemical oxidative polymerization of aniline in aqueous 
solutions of strong acids (pH < 2.0) at room temperature is a typical method for 
the preparation of conducting PANI emeraldine salt.1,25 Besides APS and Fe(III) 
compounds as the most frequently used oxidants in PANI syntheses, various 
other oxidants were recently used, e.g., transition metal compounds such as 
Mn(III), Mn(IV), Mn(VII), Cr(VI), Ce(IV), V(V) and Cu(II) compounds, KIO3, 
H2O2, and benzoyl peroxide,1 as well as noble metal compounds such as Au(III), 
Pt(IV), Pd(II) and Ag(I) compounds.28 Mixtures of oxidants were also used, e.g., 
FeCl3/H2O2 and KIO3/NaClO.1  

In numerous performed oxidative polymerization experiments with “equi-
molar” quantities of commercially available aniline and the corresponding acid 
(which serves as a dopant, enabling the high conductivity of the final PANI 
emeraldine salt), there was up to a few percent surplus of aniline or acid because 
researchers assumed incorrectly that used aniline and acid were 100 % pure 
despite the fact that commercially available aniline is most frequently ≥ 99.0– 
–99.5 % pure while the majority of employed acids (especially organics, e.g., 
camphorsulfonic acid) are ≥ 98 % pure. These subtle differences in the initial 
aniline/acid molar ratio led to significant differences in the initial pH of the 
oxidative polymerization process, known to have a crucial impact on the poly-
merization mechanism and molecular/supramolecular structure of 
PANI.14,15,1921,2935 Since the initial pH of the reaction mixture was usually 
not recorded, this variation in the initial pH could be the major reason for the 
pronounced irreproducibility of most of the previously published results in the 
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field of PANI research noticed by MacDiarmid et al.36 who made the well 
known statement – “there are as many different types of polyaniline as there are 
people who make it!” Therefore, it could reasonably be expected that the 
polymerization of purified aniline salts would provide much more reproducible 
results. Furthermore, it should be noted that the handling of solid aniline salts is 
much less hazardous than the handling of liquid aniline. Finally, because the 
anilinium cation is much less oxidizable than the non-protonated aniline mole-
cule,29 crystalline aniline salts are much more resistant in comparison with liquid 
aniline against oxidative degradation by atmospheric oxygen during storage. 
However, the performed oxidative chemical polymerizations of commercially 
available aniline salts, such as hydrochloride and sulfate, gave PANI salts that 
were almost insoluble in common solvents. This lack of solubility limits the 
processability of ordinary PANI emeraldine salts (chlorides/sulfates), which must 
be transformed by a dedoping–redoping procedure to a more processable PANI 
doped with functionalized acids. Many attempts to synthesize processable PANI 
salts by the oxidation of aniline with S2O8

2– in the presence of various 
functionalized acids failed because hydrogen sulfate, formed as a by-product 
during the polymerization (nC6H5NH2 + nS2O82–  (–C6H4NH–)n + 2nHSO4–), 
was incorporated into the PANI structure instead of a functionalized dopant 
anion, especially in the cases of salts of aniline and weak acids.37 Therefore the 
quest for an aniline salt with functionalized acid which could be directly oxidized 
with APS or other oxidants to the processable conducting PANI emeraldine salt 
presents a challenge up to the present time.  

It was reported that PANI solubility, crystallinity, thermal and electroche-
mical stability, and anticorrosive properties were improved using 5-sulfosalicylic 
acid (SSA) as the dopant.3841 Conducting PANI–5-sulfosalicylate (PANI–SSA) 
was successfully prepared by chemical and electrochemical oxidation of aniline 
in the presence of SSA using a mole ratio [SSA]/[aniline] in the broad range from 
0.25 to 10.0.19,30,38,39,41 It was observed that PANI–SSA nanotubes and nano-
rods were formed using the ratio [SSA]/[aniline] = 0.25, while granular PANI–SSA 
was obtained at [SSA]/[aniline] ≥ 0.5.19 Anilinium 5-sulfosalicylate was recently 
prepared, recrystallized, and polymerized to processable conducting PANI–SSA,42 
which had mass-average molar mass and polydispersity index of 22,900 g mol−1 
and 2.7, respectively, and exhibited high thermal stability. An elemental analysis 
and FTIR spectroscopic study of PANI–SSA revealed the doping level and the 
oxidation state between the emeraldine and protoemeraldine salt, while corres-
ponding studies of the PANI base indicated a small extent of covalent bonding of 
SSA anions to the PANI chains.42 
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2.1. Polyaniline nanostructures 
Interest in the study of PANI nanostructures has dramatically increased 

during the last decade due to the significantly enhanced dispersibility and pro-
cessibility as well as substantially improved performance of nanostructured 
PANI materials in many applications, e.g., sensors, catalysts, electron field emit-
ters, field-effect transistors, corrosion protection, data storage, actuators, mem-
branes, solar cell devices, rechargeable batteries, fuel cells, ER fluids, Schottky 
diodes, supercapacitors, electromagnetic interference shielding, microwave absorp-
tion and antistatic coatings, in comparison with ordinary granular PANI mate-
rials.1,43 PANI nanostructures have also been successfully used as precursors in 
the process of carbonization leading to the formation of nitrogen-containing car-
bon nanomaterials that have versatile applicability.44–57 The formation, mole-
cular structure, properties and applications of PANI nanostructures were reviewed 
during the last several years.1,43,58–67 PANI nanostructures were also reviewed 
within the frame of review articles devoted to nanostructured conducting poly-
mers.68–75 

Colloidal PANI nanoparticles (NPs) can be simply prepared by dispersion 
polymerization of aniline in the presence of various colloidal stabilizers.76 Seve-
ral physical methods for the fabrication of PANI nanofibers (NFs) and/or nano-
rods (NRs) from granular PANI are known, e.g., electrospinning, ultrasonication, 
spin coating, and irradiation of the freestanding PANI film with a pulsed electron 
beam.1,43 Various template methods for the preparation of 1-D PANI nano-
structures (NFs, nanowires (NWs), NRs or nanotubes (NTs)) via the oxidative 
polymerization of aniline, e.g., hard template methods (nanoporous template, 
nanostructured seed template and the reactive template method) and soft template 
methods (oligomer-, polymer-, surfactant- and amphiphilic acid-assisted syn-
theses) were developed during the last two decades.1,43 Template-free methods, 
e.g., not-shaken/not-stirred, aqueous/organic interfacial, rapid-mixing and dilute 
polymerizations; photo-assisted, radiolytic, sonochemical, solid-state mechano-
chemical and electrochemical syntheses (voltammetric, potentiostatic, galvano-
static, etc.), as well dopant-free, falling-pH, “pH-stat” and hydrophobic surface 
methods for the synthesis of 1-D PANI nanostructures were also reported in the 
last decade.1,43 The falling-pH method was the most frequently used template-
free method for the preparation of PANI–NTs accompanied with PANI–NRs,19,77 
while in some cases, PANI–NRs were prevalently obtained (Fig. 1).78,79 Special 
attention was paid to the oxidative polymerization of aniline in water without any 
added acid as the simplest falling-pH method for the preparation of 1-D 
nanostructured PANI (Fig. 2).14,15,20,21,33,80–89 
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Fig. 1. SEM (A) and TEM (B) images of PANI 3,5-dinitrosalicylate NRs prepared by the 
chemical oxidative polymerization of aniline with APS at mole ratios [3,5-dinitrosalicylic 

acid]/[aniline] = 0.5 and [APS]/[aniline] = 1.25. Adapted51 with permission. 
Copyright (2012) Elsevier. 

 

Fig. 2. TEM image of PANI hydrogensul-
fate/sulfate NTs prepared by the chemical 
oxidative polymerization of aniline with APS 
in water without any added acid. The cor-
responding SEM image is shown in the inset. 
Adapted85 with permission. Copyright (2011) 
Elsevier. 

The molecular structure of nanostructured PANIs obtained by the falling-pH 
method (starting from slightly acidic or neutral media) is much more complex 
than that of ordinary PANIs prepared in strongly acidic media (Scheme 3),85 as 
was predicted by semi-empirical quantum chemical computations29,31,32 and 
confirmed by spectroscopic data (Fig. 3).14,15,19,78,85 

The redox-activity and paramagnetic behavior of nanostructured PANI was 
frequently confirmed, e.g., in the case of PANI–NRs prepared in the presence of 
tannic acid (Fig. 4).79 

Substantial efforts have been made in order to understand the mechanisms of 
formation of PANI nanostructures during aniline oxidative polymeriza-
tion.1,43,64,65 It was found that PANI–NFs/NWs/NRs are naturally formed during 
the chemical oxidative polymerization of aniline in acidic aqueous solutions,1,43 
whereas PANI–NTs/NFs/NWs/NRs and/or PANI nanosheets are formed by self-
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assembly under falling-pH conditions.1,43 The theoretical approach of Stejskal et 
al. to the genesis of PANI nanostructures under falling-pH conditions was based 
on the oligoaniline-guided self-assembly process,65 while an expanded PANI 
nanostructure self-assembly model, based on a multi-layered approach incorpo-
rating intrinsic PANI morphologies (NFs, nanosheets and NPs) was proposed by 
Travas-Sejdic et al.64 

 
Scheme 3. Acid–base and redox equilibria between protonated (A and B) and deprotonated 

(C) oligoaniline/PANI backbones that contain N-phenylphenazine (R=H), substituted 
N-phenylphenazine (R = oligoaniline), ortho-aminophenyl sulfate, and iminoquinone/4-ami-

nophenol units (R = H and/or R = oligoaniline), besides the classic aminophenyl and 
N-phenyl-1,4-benzoquinonediimine units. Reprinted85 with permission. 

Copyright (2011) Elsevier. 

3. OXIDATIVE POLYMERIZATION OF SUBSTITUTED ANILINES  

Oxidative polymerization of ring/N-substituted anilines was extensively stu-
died during the past three decades. Investigations were focused on the oxidation 
of ortho/meta- and N-substituted anilines90–98 because it was expected that these 
monomers could give prevalently N–C4 coupled oligomers/polymers upon oxi-
dation, similarly to aniline. Considerable attention was also paid to the oxidative 
polymerization of para-substituted anilines.99178 
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Fig. 3. Raman spectra of oligoaniline intermediate (submicro- and microspheres) and 

PANI–WPA (submicro- and microspheres / nanorods) produced in the presence of 12-tungs-
tophosphoric acid (WPA) at an initial pH 5.7 (weight ratio WPA/aniline = 0.5) with the 

corresponding SEM images. Bands attributed to phenazine-like segments are seen at 1405 
and ≈1630 cm-1. Adapted77 with permission. Copyright (2010) Elsevier. 

 
Fig. 4. A) EPR spectrum of PANI–NRs and B) first three consecutive cyclic voltammograms 

of PANI–NRs deposited on a glassy carbon electrode, recorded in 0.1 M aqueous H2SO4 
solution at a sweep rate of 50 mV s-1. PANI–NRs were prepared by the oxidative 
polymerization of aniline with APS in the presence of tannic acid, at mole ratios 
[tannic acid]/[aniline] = 0.01, [APS]/[aniline] = 1. Adapted79 with permission. 

Copyright (2012) Elsevier. 

3.1. Oxidative polymerization of para-substituted anilines 
The oxidative polymerization of para-substituted anilines,99178 e.g., 

CH3 (p-toluidine),99102 CH3CH2,103 (CH3)3C,104 C6H5,105 H2NC6H4–  
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–(benzidine),106114 NC,104,115 HOOC (4-aminobenzoic acid),115119 
F,104,120122 Cl,102104,115,121,123,124 Br,104,115,121,124 I,124 H2N (p-phe-
nylenediamine),107,112,125151 C6H5NH (4-aminodiphenylamine),152163 
H2N–C6H4(CH3) (o-tolidine),164 O2N,104,115,165 HO (4-aminophe-
nol),166173 CH3O (p-anisidine),115 CH3CH2O (p-phenetidine),115 HO3S 
(sulfanilic acid)116,174176 and H2NO2Ssubstituted aniline (sulfanilamide),177 
was reported. Peroxydisulfates were most frequently used as oxi-
dants.102,103,112114,122,124,129,140145,153156,164,165,173 Bromine,126 iodine,140 
Fe(III) compounds,103,139,152 metal chelate/O2,138 tetrachloroauric acid,150 
H2O2 without catalyst146 and with horseradish peroxidase,147,166 cis-bisgly-
cinato-Cu(II)-monohydrate/Co(II)-dionemonoxime,149 silver nitrate151 and sodium 
dichromate177 were occasionally employed. The enzyme-catalyzed oxidative 
polymerization of p-substituted anilines was also studied.123,147,148,166 Elec-
trochemical oxidative polymerizations were also widely used for the synthesis of 
poly(p-substituted anilines).99101,104111,115121,127137,157163,167172,174176 
Molar mass distribution measurements revealed that the products of oxidative 
polymerization of p-substituted anilines were low- to high-molar-mass oligomers 
rather than polymers. 

Spectroscopic methods for structural characterization combined with semi-
empirical quantum chemical studies of the polymerization mechanisms were 
proved to be powerful tools in the elucidation of the molecular structures of 
oligo/poly(substituted anilines).155,178 The course of the oxidation of 4-amino-
diphenylamine (4-ADPA) with APS in acidic aqueous ethanol solution as well as 
the properties of the oxidation products were compared with those of 2-ami-
nodiphenylamine (2-ADPA) oxidation.155 Semiconducting oligomers of 4-ADPA 
and non-conducting oligomers of 2-ADPA of mass-average molar masses of 
3,700 and 1,900 g mol–1, respectively, were prepared using an oxidant to mono-
mer mole ratio of 1.25. Molecular orbital calculations revealed the prevalence of 
Nprim–C10 coupling reaction of 4-ADPA, while Nprim–C5 was found to be the 
main coupling mode between 2-ADPA units. FTIR and Raman spectroscopic 
studies confirmed the prevalent formation of linear Nprim–C10 coupled oligomers 
of 4-ADPA and suggested chain branching and formation of phenazine structural 
units in the oligomers of 2-ADPA. 

Electroactive paramagnetic ortho-coupled aniline oligomers functionalized 
with ethyl ester groups were recently synthesized by the oxidation of 4-(ethoxy-
carbonyl)aniline, the well known anesthetic benzocaine, with APS in an acidic 
aqueous medium at room temperature.178 Molecular orbital AM1 and RM1 com-
putations, combined with the MM2 molecular mechanics force-field method and 
the conductor-like screening model (COSMO) of solvation, indicated that oligo-
benzocaines contain N–C2 coupled dibenzocaine units as the major structural 
segments, which can exist in both the reduced (aminobenzenoid) and the oxi-
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dized (iminoquinonoid) form (Scheme 4). Quantum chemical prediction of ben-
zocaine oligomerization pathway was consistent with the results from FTIR spec-
troscopic analysis, which confirmed the transformation of the 1,4-disubstituted 
benzene ring of the monomer to 1,2,4-trisubstituted and 1,2,3,5-tetrasubstituted 
rings in oligobenzocaines containing unchanged ethoxycarbonyl ester groups (Fig. 
5). The FTIR and Raman spectra also proved the presence of phenazine-like units 
in the benzocaine oligomers, while paramagnetism, caused by the existence of 
cation radical dibenzocaine structural segments, and electroactivity of the oligo-
benzocaines were proved by EPR and cyclic voltammetry, respectively. 

 
Scheme 4. Formation of prevalent products (3 and 5) in reactions of benzocaine nitrenium 

cation (1) with benzocaine and the sulfate anion. Reprinted178 with permission. 
Copyright (2011) Elsevier. 

4. OXIDATIVE POLYMERIZATION OF 1-AMINONAPHTHALENE AND ITS 
DERIVATIVES 

Oligomers and polymers of 1-aminonaphthalene179186 and its derivatives, 
such as N-phenyl-1-aminonaphthalene,187,188 2-methyl-1-aminonaphthalene,189–191 
1,5-diaminonaphthalene,192194 1,8-diaminonaphthalene,195 5-amino-1-naph-
thol,196205 5-amino-2-naphthol,206 5-amino-1,4-naphthoquinone,207 2-methyl- 
-5-amino-1,4-naphthoquinone,208,209 2-(5-amino-1-naphthyloxy)acetic acid,210 
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2-(5-amino-1-naphthyloxy)-2,2-difluoroacetic acid,210 3-(5-amino-1-n-naphthyl-
oxy)-1-propanesulfonic acid210 and sodium 4-amino-3-hydroxynaphthalene-1- 
-sulfonate,211 have received increased attention in the past two decades. These 
oligomeric/polymeric materials were suggested for application in corrosion pro-
tection,204,212,213 sensors,181,182,214216 electrocatalysts,194,202 adsorbents179 
and electrochromic devices.184,196,198 

 
Fig. 5. FTIR spectra of benzocaine and its oligomers produced by chemical oxidative 

polymerization. The new bands that appeared in the spectrum of the oligomers are marked by 
arrows; the bands of monomer that disappeared in the spectrum of the oligomers are marked 

by asterisks. Reprinted178 with permission. Copyright (2011) Elsevier. 

Semiconducting electroactive polymeric materials that were water soluble, 
were synthesized by the electrochemical polymerization of sodium 4-amino-3- 
-hydroxynaphthalene-1-sulfonate (AHNSA–Na) in aqueous solution.211 Gel-per-
meable chromatography (GPC) proved the presence of oligomeric chains with 
molar masses up to ≈6,300 g mol–1 and showed that octamers to dodecamers were 
the dominant oligomeric species. FTIR and NMR (1H and 13C) spectroscopic 
findings, which indicated the formation of new covalent bonds on the naphtha-
lene ring in poly(AHNSA–Na), were correlated with the prevalent coupling 
modes of monomeric units determined by PM3 semi-empirical quantum-chemi-
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cal computations. It was found that poly(AHNSA–Na) contained mainly N–C6 
and N–C8 coupled dimer units. The paramagnetic nature of poly(AHNSA–Na) 
was proved by EPR spectroscopy, while the redox activity was confirmed by 
cyclic voltammetry. The ratio of the intensity of the two newly formed bands in 
the UV–vis spectrum, attributed to the polaron (delocalized poly(cation-radical)) 
and bipolaron form of poly(AHNSA–Na), as well as the presence of 
naphthoiminoquinonoid and benzenoid segments detected by FTIR and Raman 
spectroscopes, indicated that partly and fully oxidized bipolaron forms of 
poly(AHNSA–Na) prevailed. Homopolymers of AHNSA and its salts AHNSA–
HCl, AHNSA–Na and AHNSA–Na2, soluble in polar solvents, were also 
obtained by the standard chemical oxidative polymerization route.217 It was 
shown that the use of AHNSA salts, instead of AHNSA, leads to polymeric 
materials with higher   w,   p, and PDI values. The conductivity of the AHNSA 
polymers was in the range of 10–5–10–7 S cm–1, poly(AHNSA–HCl) showing the 
highest value of 1.3×10–5 S cm–1. The IR spectra and elemental analysis 
combined with MNDO-PM3 quantum chemical calculations revealed that the 
polymerization proceeded mainly through the oxidation of the amino group in the 
studied pH range, accompanied by considerable elimination of sulfonic groups. 
The resulting functional polymers represent polynaphthylamine-like structures 
with naphtho-iminoquinonoid and benzenoid N–C1, N–C5 N–C6, N–C7, and N–
C8 dimer units, bearing free OH and sulfonic groups in the chains. 

5. OXIDATIVE POLYMERIZATION OF ARYLDIAMINES 

Oligomers and polymers of carbocyclic aryldiamines (phenylenediami-
nes,107,112,125151,218 aminodiphenylamines,152163 diaminonaphthale-
nes,192195,219223 diaminoanthraquinones,224228 benzidine,106114 substituted 
benzidines164 and naphthidines229) and heterocyclic aryldiamines (diaminopy-
ridines,230,231 diaminophenazines,232 diaminoacridines233 and diaminocarbazo-
les234) have received increasing attention during the last two decades.235 Molar 
mass distribution measurements revealed that the products of oxidative poly-
merization of aryldiamines are low- to high-molar-mass oligomers rather than 
polymers. Aryldiamines are susceptible to oxidative polymerization via oxidation 
of one or both amino groups to give linear poly(aminoarylamines), polymers/oli-
gomers containing phenazine units and ladder polyphenazines. Oligo/polyaryl-
diamines have shown tunable electroactivity,236 high permselectivity to various 
electroactive species,237,238 unique electrochromism,239 linear sensitivity of the 
conductivity to moisture,240 controlled variation of the conductivity with tem-
perature241 and an external electric field,242 high sensibilities of polymer-modi-
fied electrodes to biosubstances at an extremely low concentration,243,244 good 
ability in detecting electro-inactive anions,245 pronounced electrocatalytic pro-
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perties,246,247 effective adsorption of heavy-metal ions,248252 strong adhesion to 
metals,253 anticorrosion ability213 and high capacitance.254,255 

5.1. Oxidative polymerization of phenylenediamines 
Polyphenylenediamines are the most frequently studied polyaryldiami-

nes.107,112,125151,218 Phenylenediamines are very susceptible to oxidative poly-
merization via the oxidation of one or both amino groups to give linear azopoly-
mers, polyaminoanilines, ladder polyphenazines and phenazine/iminoquinonoid- 
-unit-containing polymers. Molar mass distribution measurements revealed that 
polyphenylenediamines are low- to high-molar-mass oligomers rather than poly-
mers, their molar mass being below 10,000 g mol–1. Due to their complex mole-
cular structure, oligo/polyphenylenediamines showed the unique characteristics 
of redox oligomers and versatile applicability in electrocatalysis, sensors and 
heavy metal ion removal. Mechanisms of the formation of oligo/polyphenylene-
diamines and their structures are still under debate. 

5.1.1. Oxidative polymerization of p-phenylenediamine  
A century ago, it was predicted that the products of a single-electron 

oxidation of p-phenylenediamine (PDA) are free radicals (Wurster dyes/salts) 
that may polymerize in a sufficiently concentrated solution at low temperature or 
in the solid state.125 Chemical112,126,129,138146,148,150,151 and electrochemi-
cal107,127137 oxidative polymerizations have been widely used for the synthesis 
of poly(p-phenylenediamine) (PPDA), whereas enzyme-catalyzed oxidative 
polymerization has been rarely used.148,149 Acidic aqueous solutions were the 
most frequently applied polymerization media. It should be noted that dissolved 
aerial oxygen without any catalyst and/or co-oxidant is sufficient for the che-
mical oxidative polymerization of PDA. For example, PDA can polymerize in 
boiling aqueous acetic acid solution to semiconducting PPDA.140 Depending on 
the synthetic route, there were several proposals for the molecular structure of 
PPDA, i.e., a ladder structure with phenazine rings,129 an iminoquinonoid Band-
rowski base-like structure,145 a linear structure with hydrazo148 and azo 
bonds,138 and an emeraldine-salt form of PANI.132 

The oxidation of PDA with silver nitrate in aqueous solutions of both acetic 
and nitric acids, using an initial concentration [PDA] = 0.2 M and various 
[AgNO3]/[PDA] mole ratios in the range from 2.5 to 7.5 was recently found to 
lead to the formation of highly conducting micro/nanostructured poly(p-phe-
nylenediamine)–silver composites (PPDA–Ag), which significantly exceeded the 
conductivities of PANI–Ag analogs and commercial silver–polymer compo-
sites.256 The conductivity of PPDA–Ag composites synthesized in acetic acid 
were generally much higher than that of composites prepared in nitric acid. The 
highest conducting PPDA–Ag composite (σ = 13,200 S/cm) containing PPDA in 
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salt form was prepared in 1 M acetic acid using the mole ratio [AgNO3]/[PDA] =  
= 3.75, whereas the most conducting PPDA–Ag composite (σ = 31,700 S/cm) 
containing PPDA in base form was prepared using the mole ratio [AgNO3]/  
/[PDA] = 7.5.256 The organic component was composed of oligomeric and poly-
meric fractions, their proportions varying depending on the employed concentra-
tion of AgNO3. In 1 M acetic acid, the formation of a true polymer fraction is 
marked. Molecular orbital AM1 computations, combined with the MM2 mole-
cular mechanics force-field method and COSMO, indicated that PPDA macro-
molecules contain both N–C2(6) coupled PDA dimer units and Bandrowski base-
like PDA trimer segments, which can exist in both the reduced (aminobenzenoid) 
and oxidized (iminoquinonoid) forms (Scheme 5).256 The quantum chemical pre-
diction of the PDA oligomerization pathway was consistent with the results from 
FTIR spectroscopic analysis of the samples, which confirmed the partial transfor-
mation of 1,4-disubstituted benzene ring of monomer to 1,2,4-trisubstituted, 
1,2,3,5-tetrasubstituted, and 1,2,4,5-tetrasubstituted rings in positively charged 
PPDA chains containing nitrate counter-ions.256 The FTIR and Raman spec-
troscopy results also indicated the presence of phenazine-like units and cation 
radicals in PPDA.256 

5.2. Oxidative polymerization of diaminoacridines 
There is only one report regarding the electropolymerization of ethacridine 

(2-ethoxy-6,9-diaminoacridine) by potentiostatic and cyclic voltammetric 
methods,233 however, without any structural characterization of the poly(ethacri-
dine) film at the Pt electrode. Glucose oxidase was simultaneously incorporated 
into the matrixes of the thin poly(ethacridine), which was developed to fabricate 
a glucose sensor that exhibited good stability and fast amperometric response to 
glucose.233 

Electro-active paramagnetic ethacridine oligomers were recently synthesized 
by the oxidation of ethacridine lactate with APS in acidic aqueous solution.257 
MALDI–TOF MS evidenced the presence of oligo-ethacridine species from 
dimers up to hexamers. Oligo-ethacridines protonated by both hydrochloric acid 
and in situ formed sulfuric acid, as revealed by the elemental analysis, were non-
conducting (≈6.510–9 S cm–1) and had fragmental and submicro/micro-layered 
morphology. Molecular orbital RM1 computations, combined with the MM2 
molecular mechanics force-field method and COSMO, indicated that oligo-
ethacridines contained N(C6)–C5 coupled the diethacridine unit as the major 
structural segment that can exist in both the reduced (aminobenzenoid) and oxi-
dized (iminoquinonoid) form (Scheme 6).257 Quantum chemical prediction of the 
ethacridine oligomerization pathway was consistent with the results from FTIR 
spectroscopic analysis, which confirmed the oxidative transformation of the 
NH2(C6) group of the monomer. The formation of oligomers, as well as the presence 
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Scheme 5. A) The oxidation of monoprotonated PDA with Ag+ leading to the formation of 
[H-PDA]2+ cation radicals and metallic Ag, followed by the recombination of [H-PDA]2+ 

cation radicals and the formation of the prevalent PDA dimer in the most stable triprotonated 
form (2) through the deprotonation of the most stable N-C2(6) coupled dimer intermediate 

(1); B) formation of Bandrowski base PDA trimer. Adapted256 with permission. 
Copyright (2011) Wiley. 
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Scheme 6. Oxidative dimerization of protonated ethacridine with peroxydisulfate. 

Reprinted257 with permission. Copyright (2012) Elsevier. 

of both reduced and oxidized structural units in the oligomers was proved by 
UV–Vis spectroscopy. FTIR and Raman spectroscopies also proved the presence 
of phenazine-like units in the ethacridine oligomers. 

6. CONCLUSIONS AND OUTLOOK 

Significant progress in conducting/semiconducting and redox-active oligo-
mers and polymers of arylamines, including the well-known polyaniline, was 
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achieved in the 21st century. New important quantum-chemical insights into the 
mechanism of polymerization of arylamines combined with the rapid develop-
ment of knowledge regarding the spectroscopic characteristics of oligo/polyaryl-
amines allowed much better elucidation of their molecular structure recently. 
Considerably increased understanding of the structure-properties relationship of 
oligo/polyarylamines opened up quite new perspectives regarding the applicabi-
lity of these macromolecules in modern technology. Advances in the controlled 
preparation of various micro/nanostructured oligo/polyarylamines, especially 
polyaniline nanostructures, give today the opportunity to design new conduct-
ing/semiconducting redox-active nanomaterials with exciting properties and 
enhanced applicability in the fabrication of rechargeable batteries, sensors and 
indicators, catalysts, microwave and radar absorbing materials, non-linear optical 
and light-emitting devices, electron field emitters, field-effect transistors, Schot-
tky diodes, digital memory devices, asymmetric films, membranes, supercapa-
citors, electrochromic devices, electromechanical actuators, electrorheological 
(ER) fluids, antistatic and anticorrosion coatings, fuel and solar cells.  
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И З В О Д  

НАПРЕДАК У ИСТРАЖИВАЊИМА ПРОВОДНИХ/ПОЛУПРОВОДНИХ И РЕДОКС-
АКТИВНИХ ОЛИГОМЕРА И ПОЛИМЕРА АРИЛАМИНА 

АЛЕКСАНДРА ЈАНОШЕВИЋ
1
, БУДИМИР МАРЈАНОВИЋ

2
, АЛЕКСАНДРА РАКИЋ

3
 

и ГОРДАНА ЋИРИЋ-МАРЈАНОВИЋ
3 

1Фармацеутски факултет, Универзитет у Београду, Војводе Степе 450, 11221 Београд, 2Центрохем, 
Вука Караџића бб, 22300 Стара Пазова и 3Факултет за физичку хемију, Универзитет у Београду, 

Студентски трг 12–16, 11158 Београд 

У овом ревијалном раду приказан је напредак остварен у последњих неколико 
година у синтези, карактеризацији и примени неких проводних/полупроводних и ред-
окс-активних олигомера и полимера ариламина. Дат је кратак приказ историјског раз-
воја појединих области. Представљени су поступци синтезе, структура и својства поли-
анилина, супституисаних полианилина, посебно оних добијених оксидативном полиме-
ризацијом пара-супституисаних анилина, поли(1-аминонафталена) и његових деривата, 
карбоцикличних и хетероцикличних полиарилдиамина, као нпр. поли(пара-фенилен-
диамина) и полидиаминоакридина. Дискутован је механизам формирања наноструктура 
полианилина. Недавно развијени синтетички поступци за добијање једнодимензио-
налних наноструктура полианилина су концизно приказани, а посебна пажња посвећена 
је методама без темплата. Приказан је и кратак преглед актуелних и потенцијалних 
будућих примена олиго/полиариламина. 

(Примљено 9. августа 2013) 
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