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Single molecular experiments carried out in the group of Prof. Wild in ETH Zurich, as well as the experi-
mental and theoretical studies of several research groups in Taiwan, have been summarized in this review. It is
shown that with the contemporary technologies, single molecular experiments can be carried out under a
broad range of physical conditions. These includes low and room temperatures; in vacuum, in solution, in the
air, or with specific pressure applied on the sample; in applied direct-current or alternating-current electric
fields; on molecules in solid matrices, in gel, or even functioning biomolecules in vitro. Theoretical efforts
have been able to help identifying the interactions of single molecules with their surroundings that modulate
their static or time-resolved spectroscopic properties. The joint experimental and theoretical effort to develop
the research techniques in single molecular experiments is shown to be fruitful, and future works in this direc-
tion are important for many fields in chemistry, physics, and biology.
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1. INTRODUCTION

The efforts of chemical and physical scientists to ex-

plore the behavior of individual molecules have been mani-

fold. Molecular beam techniques were developed to investi-

gate effectively isolated molecules or isolated product-

molecule pairs in gas phase with well defined conditions of

the molecules under study. The data collected in such experi-

ments are nevertheless ensemble data in nature. Optical or

magnetic trapping techniques (commonly referred to as opti-

cal or magnetic tweezers) as well as STM or AFM manipula-

tions of atoms and molecules allow us to observe fixed single

atoms or molecules in space, in more varieties of environ-

ments like on surfaces or in solids or solutions. In these ex-

periments, mechanical forces are involved either to access a

single molecule or to detect the mechanical or elasticity prop-

erties of single molecule (SM) systems. Meanwhile, many in-

spiring ideas showed that actually single molecules can be

observed in conditions similar to that of conventional ensem-

ble experiments in a less difficult way than imagined. Con-

ventional spectroscopic and microscopic techniques can be

employed, with some modifications and improvements, to

achieve the goal. The most important idea in this type of ex-

periments is that, to observe a single molecule, we need to

make sure that in the volume in which the probing system acts

on there be only one molecule we want to study. In principle,

it can be achieved by reducing the sample molecule concen-

tration and then using spectroscopic methods, that is, the

molecule under study can be picked up by monitoring a spe-

cific light-matter interaction process which occurs on the

sample molecule, but not on the other surrounding molecules.

In such so-called single molecule spectroscopy (SMS) stud-

ies, generally the difficulty in achieving single-molecular ob-

servations is not the observation of single molecules them-

selves, but is the rejection of unwanted information from the

environment. In an earlier review,1 the practical consider-

ations of the experimental conditions are discussed in detail.

The possibility of assigning each molecule with a dif-

ferent spectroscopic property by manipulating its environ-

ment also has potential applications. For example, if the mod-
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ifications on the properties of individual molecule can be ‘re-

membered’ by these molecules and be ‘read out’ later, then

we may use these molecules for information storage, or they

can even be used as devices for “molecular computation”.

That is, ability to actively manipulate the single molecules

extends the range of application of these techniques to more

practical usages.

From the theoretical point of view, we can briefly out-

line the important information that SMS studies can provide

in the following:

1. The spectral properties of an SM or a certain number

of SMs before ensemble average is made, in which the

inhomogeneities are suppressed and can be recovered by av-

eraging over many SMs;

2. Influence on SMs by controlled external parameters

such as temperature, pressure, electric field, or even the pres-

ence of reactive species such as oxidant or deoxidant in the

environment;

3. Rrandom dynamics of the spectral properties of SMs

induced by fluctuations of the surroundings that can only be

measured accurately in SMS experimental conditions;

4. Time trajectory of the observation of some properties

which can be used to deduce the kinetics of an SM from the

time domain information directly.

In the following sections, we shall focus our attention

on several typical SMS experiments that have been con-

ducted or even first developed in the authors’ group, based

on the plenary lecture by Prof. U. P. Wild at the Second

Worldwide Chinese Theoretical and Computational Chem-

istry Conference in Academia Sinica, Taipei. The efforts of

many other colleagues in the same field are so numerous

that they cannot all be included in this review. We shall cite

relevant literatures to help readers to get more detailed in-

formation or as support for the ideas. Those works not men-

tioned in this review were left out only due to the limited

scope of this article. On the other hand, even though the de-

tails of the experimental setup are a very important and in-

teresting part of the SM studies, they cannot fit into one re-

view article. In this paper, we often point the readers to the

theses written by members from this group for more details.

Most of the theses cited can be obtained from the Disserta-

tions Online service provided by ETH Zurich. The URL is

http://e-collection.ethbib.ethz.ch/diss/.

2. LOW TEMPERATURE STUDIES OF SINGLE

MOLECULES IN SOLIDS

The spectrum of an organic compound in a solid is a

broad (hundreds or thousands wavenumbers) Gaussian line,

made up of a broad distribution of single-absorber lines.2,3

The absorption resonance frequency of individual molecules

are defined by the local environment of the molecules (See

Fig. 1). Figure 2 shows a simulated inhomogeneous lineshape

produced by the superposition of a large number of individual

homogeneous absorption profiles. When the concentration of

the guest molecules in a solid is high, the sample spectrum is

structureless. At a lower concentration the spectrum becomes

more “noisy” and this noise is nothing other than the summed-

up spectra of single absorbers at each frequency position. In
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Fig. 1. Every molecule has a slightly different environment and the resonance absorption frequencies differ from molecule
to molecule. The light grey circle indicates the excitation spot. The spectra in the right panel are real data.6



contrast to spectral noise, these spectral features are repro-

ducible and are called statistical fine structure (SFS). When

the concentration is dropped down to a ratio of one guest mol-

ecule per 1012 host molecules, the spectra of single absorbers

can be resolved. See the lowest part of Fig. 2.

2.1 Fundamentals of SMS

Energy levels of a single molecule in solids (Jablonskii

diagram)

The energy level scheme for an organic single molecule

in a solid (a so-called Jablonskii-diagram) is shown in Fig. 3.

The lowest electronic energy levels are two singlets S0 and S1

(left side of the picture), and a triplet T1 (right side of the pic-

ture). S0, S1 and T1 are electronic states, each of which in-

cludes correspondingly sets of vibrational states �, �� and ��
(see Fig. 3). The transition of the molecule from the ground

state S0 to the lowest excited state S1 can be induced by laser

light. This can be a purely electronic transition, which does

not involve any molecular vibration (see �00 in Fig. 3). It also

can be a vibronic transition � which additionally involves the

excitation of molecular vibrations. In solid state matrices all

molecular vibrations relax into the vibrational ground state of

the respective electronic state through the creation of phon-

ons on a picosecond timescale. This is called vibrational re-

laxation (VR). The non-radiative transition from S1 to S0 is

called internal conversion (IC), because the transition occurs
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Fig. 2. Simulated inhomogeneous broadening: from broad inhomogeneous line down to single molecule spectra.



between states with the same spin. Vibronic transitions (S0, �
= 0 � S1, �� = n) are studied in the work of Nonn et al.4 After a

molecule has been excited to S1 manifold, there are several

pathways to relax to S0, � = 0. First of all, the radiative transi-

tions to one of the vibrational sublevels of S0 - the fluores-

cence, normally detected in single molecule spectroscopy. In

single-molecule experiments only the Stokes-shifted fluores-

cence is detected. The total radiative decay rate 2� for terryl-

ene molecules is typically 230 � 106 rad/s. A competing pro-

cess to radiative transition is the nonradiative transition to the

triplet state T1 via ISC with probability of about 10-3 (this will

vary from system to system). The transition between states

with different spins, for instance S1 � T1, is referred to as

inter-system crossing (ISC). Radiative relaxation from T1 to

S0 leads to the emission of the so-called phosphorescence.

Transitions between the singlet and triplet manifold are

spin-forbidden. They require spin-orbit coupling which is

weak in hydrocarbons. Therefore the triplet state has a very

long lifetime. The lifetime of the first excited singlet state S1

is in the order of nanoseconds, while for triplet states the life-

time ranges from micro- to milliseconds. Intensively fluores-

cent molecule spend almost no time in the triplet state. Good

candidates for single molecule spectroscopy therefore must

fulfill the requirement that kST/2� and kST/kTS are small. For

instance, for terrylene molecule is typically kST/2� = 10-5 and

kST/kTS = 0.27.

Zero-phonon lines (ZPL)

The transition probability of a guest molecule in a host

matrix depends on the coordinates of the surrounding atoms

and is a function of the density and of the frequency of the vi-

brational states of the solid. Crystal lattice vibrations (phon-

ons) are part of the ground state wave function. The phonon

state population depends strongly on the temperature of the

crystal, which in turn makes the absorption spectrum of the

sample strongly dependent on the temperature. At room tem-

peratures, the thermal motion has energy of about kT ~ 300
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Fig. 3. Scheme representing the lowest energy levels of an organic single molecule embedded into a solid (Jablonskii dia-
gram). Sets of �-levels represent vibrational levels, and lighter drawn multiple lines are energy levels of the host’s
phonons. The radiative transitions are shown with solid lines, inter-system crossing (ISC) transitions with broken
lines and internal conversion (IC) with waved lines. � � frequency of the absorbed laser light, �00 � frequency of the
purely electronic transition with no phonons created (zero-phonon line), kST and kTS are the rates of the singlet-triplet
and triplet-singlet transitions.



cm-1 which is enough to excite a wealth of phonons, and the

spectrum of the whole sample is tens to hundreds of cm-1

broad. With a decrease in temperature, the number of phon-

ons is decreased. Thus, there appears a probability for elec-

tronic transitions without phonons involved, such are called

zero phonon transitions, and the corresponding lines in spec-

tra are called zero phonon lines (ZPL) (see Fig. 3). The lower

the temperature, the narrower and more intense are the ZPL.

The width of the ZPL is given by the inverse value of the ex-

cited state’s lifetime. The study of ZPLs of single terrylene

molecules in polyethylene at T0 = 30 mK which is the lowest

temperature so far was reported in the work of Donley et al.5

The important property of ZPL’s is that they provide charac-

teristics of individual impurity molecules, which are defined

by a molecule’s environment (see Fig. 1). While the peak

count rate of the lines reaches almost 10000 counts/s the

background signal remains below 10 counts/s. This means

that single molecules can be detected with a signal-to-

background ratio of almost 1000.6

Lorentzian lineshape

The analytical expression describing the absorption

lineshape of a single molecule can be obtained by solving

time-dependent Schrödinger equations, leading to a system

of Bloch equations.7 For a two-level system shown in Fig. 3,

the Bloch equations are:

� ( )	 �	 	 	11 22 21 122
2


 � �i R�
(1)

(2)

(3)

where � is the radiative decay constant, �R is the Rabi fre-

quency �R =
�
d12·

�
EL/�,

�
d12 is the transition moment of the mol-

ecule,
�
EL is the laser field,  is the laser frequency, and 0 is

the resonance transition frequency of the molecule.

The steady state solution of the Bloch equation (�	11 = �	22

= 0) gives us the rate of the spontaneous emission:

(4)

According to Eq. 4, the spontaneous emission rate R has a

Lorentzian lineshape with full width at the half maxima

(FWHM) equal to half of the radiative decay rate (reciprocal

to the lifetime of the excited state). Fig. 8 shows a typical sin-

gle molecule spectrum recorded experimentally, with a width

of about 8.9 MHz. The lifetimes of the excited state of indi-

vidual molecules are different due to the local environment of

the molecules. Fig. 7 shows the histograms of the linewidths

of 54 perylene molecules in n-nonane. The lifetime limit esti-

mated from the histogram is around 7.4 ns (136 MHz), while

the maximum of the distribution is at about 20 ns (50 MHz).

In most of the experiments, the average FWHM is less than

several hundred MHz.

A more detailed theoretical and experimental analysis

of the lineshape, leading to a slight deviation from Lorentzian

line, is given in the work of Nonn.6

Absorption cross-section (ACS)

ACS represents the effective area that a molecule has to

capture a photon. The radiative peak absorption cross-section

(PACS) of a free atom is:8

(5)

where � is the vacuum transition wavelength at the absorp-

tion maximum. The peak absorption cross-section of a ZPL is

reduced by the Debye-Waller factor �DW(T) and by non-

radiative and dephasing processes, as compared to the free

atom case:

(6)

where the factor �(�) takes the linear polarization of the exci-

tation light into account, with �(�) = 3cos2�, � being the angle

between the electric vector of the excitation light and the di-

rection of the transition moment of the molecule, n is refrac-

tive index of the matrix.9-11 A rough estimate for terrylene in

n-hexadecane (�DW = 0.5, � = 0.5, n =1, � =572) gives a PACS

�(T) � 2.2 � 10-10 cm2, which is five orders of magnitude

larger than geometrical ACS of terrylene 9 � 10-15 cm2.

Basic SMS setup

A general experimental scheme for single molecule de-

tection at low temperatures is shown in Fig. 4. The sample is a

transparent solid (also called host) doped with dye molecules

(called guests or impurities). The sample is inserted into a

cryostat and cooled with liquid helium down to � 2 K. The

SMS experiments are performed at low temperatures (~ K),

because at low temperatures the spectral lines are narrow and

can be resolved with a tunable narrow-band laser beam (�� �
1 MHz). For a terrylene molecule in a naphthalene matrix, the

linewidth increases from about 45 MHz at 30 mK to 80 MHz

at 2.2 K.12 At higher (or room) temperature, the individual

molecules still can be detected if the concentration is low

enough, but the spectral information will be lost. When the

laser frequency is in resonance with the frequency of a guest

molecule transition from the ground state S0 to the first ex-

cited state S1, the molecule absorbs S0 � S1 and emits a pho-

ton S1 � S0. Emitted photons are registered with a sensitive

Single Molecule Spectroscopy J. Chin. Chem. Soc., Vol. 50, No. 3B, 2003 481

R
22 11 21 122 ( )

2
i	 �	 	 	
�


 � � ��

R
12 0 12 22 11 12( ) ( )

2
i i	   	 	 	 �	

�

 � � � � ��

2
R

22 2 2 2
0 R

/ 4
2

( ) 4 / 2
R �	

  �
�


 

� � � �

2

r
2

�
�

�



rad r
DW 2

hom

( ) ( ) ( )
( )

T T
T n

� �
� � � �

�





detector. To distinguish the guest molecule fluorescence

from Rayleigh scattering from the matrix, filters in front of

the detector are used.

Spatial and spectral selection of a single molecule

The concept of single molecule selection is shown in

Fig. 5. The way down to the detection of only one molecule

begins with spatial selection. For low-temperature single

molecule spectroscopy the impurity concentration in the

sample volume should be about 10-7 M. The reduction of the

sample volume (to a few hundreds �m3) is done by taking the

sample in the form of a thin, 1 �m, layer (a film for polymer

matrices and a drop between two glass plates for liquid sam-

ples). Also, the laser beam is focused into a tiny spot (100 �m

in diameter) on the sample. Thus, in the detection volume

there will be about 104 dye molecules among 1012 solvent

molecules. The next step � spectral selection, is based on the
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Fig. 4. General scheme of a low-temperature single molecule spectroscopy experiment.

Fig. 5. An illustration of spatial selectivity by focusing the laser beam into a tiny spot (about 100 �m in diameter) and spec-
tral selectivity by scanning with a laser over the wings of the inhomogeneously broadened line.



fact that the entire sample spectrum consists of single ab-

sorber lines which are 103���4 times narrower than the whole

spectrum. By scanning over the wings of the inhomogene-

ously broadened line (where the single absorbers can be re-

solved) with the narrow-band laser, we can spectrally select

one guest molecule out of 1012 matrix molecules (this ratio

corresponds to a single letter in the 20-volume Oxford Eng-

lish Dictionary).

Figure 6 shows the fluorescence excitation spectra of a

very low concentration sample of pentacene molecules in p-

terphenyl at 1.8 K. The total frequency scan range shown is

10 cm-1. Each of the peaks represents a single molecule, al-

lowing approximately 450 molecules to be distinguished.

2.2 SMS experimental setup

In this section we discuss important parts of a low tem-

perature single molecule experiment: light sources, cryostat,

sample holding, detection system and optical filtering. One

of the experimental setups which embodies these priciples is

shown in Fig. 9.13

Light sources

To probe individual absorbers spectral lines with a typi-
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Fig. 6. Spectra of 450 single molecules. Measured by Frank Guettler and Marco Pirotta (using Autoscan laser). Sample was
pentacene in p-terphenyl.81



cal width of a few MHz, a narrow-band detunable laser

should be employed. For instance, to excite single terrylene

molecules, whose excitation wavelength is about 572-578

nm, a single-mode dye laser (Coherent, model CR 599-21)

with Rhodamine 6G (Radiant dyes) pumped by Argon Ion la-

ser (Coherent, Innova 310) can be used. For experiments on

perylene molecules, whose frequency of excitation is about

450 nm, a tunable blue laser light is required. This light can

be generated by frequency doubling the IR output of argon

ion laser pumped with a single-mode Ti:sapphire laser (Co-

herent 899-29) using an external cavity (wavetrain, LAS

GmbH).14 The laser provides an output power of about sev-

eral tens of mW. Before the laser beam interacts with the

sample, it should go through an interference filter to reject the

direct light from the pump laser. An optical fiber can be em-

ployed to improve the beam profile and a half-wave plate can

be placed in the laser beam path to rotate the polarization for

the minimal angle between the molecular transition dipole

moment and the polarization. To balance intensity changes

during a frequency scan, the laser intensity has to be stabi-

lized by a power stabilizer, for instance by one which uses a

Pockels cell (Cambridge research, model LS100).14 The laser

484 J. Chin. Chem. Soc., Vol. 50, No. 3B, 2003 Latychevskaia et al.

Fig. 7. Distribution of linewidth of 54 molecules in different perylene/n-nonane samples at 1.7 K. The maximum value of the
FWHM is at 136 MHz, the lower cut-off is 28 MHz.13

Fig. 8. A typical spectrum of a single molecule.



light should be focused to a tiny spot onto the sample, in order

to fulfill the spatial selectivity requirement, described in the

previous section. The focusing can be done by placing an

achromat lens in front of the cryostat window, at a distance

corresponding to the focal length of the lens.

Cryostat

Another important component of a low-temperature ex-

periment is the cryostat. Gas-flow cryostat (Janis SVT 200)

can be used for works with samples in liquid helium as well as

in a gas-flow regime.15,16 The core of the cryostat is the sam-

ple chamber, which is surrounded by the liquid helium cham-

ber and by the nitrogen chamber. Layers of vacuum isolate

the liquids from other chambers and from the environment.

Once having a good sample, one can keep it for weeks in a

crystal state by re-filling the cryostat with liquid nitrogen.

Oxford cryostats have a large enough helium reservoir to op-

erate below the �-point for more than 24 hours.4 A special

type of home built Oxford cryostat provides very low temper-

atures down to 30 mK and single molecule spectra detected

with such a cryostat at 30 mK are described in the PhD thesis

of Donley.17

Sample holding

A typical way to hold a sample in a cryostat is to make a

so-called “sample sandwich’’ and fix it onto a sample holder

(see Fig. 10). The sample can simply be placed between two

thin pieces of glass or filled into a thin cuvette. Different

modifications of this arrangement (in the cases of Stark and

pressure effect experiments) will be discussed later in the

corresponding sections.

Microscope objectives

In order to collect the SM fluorescence coming out of

the sample at a very wide angle, a microscope objective (for

instance, Newport M-60, NA = 0.85) should be placed right

behind the sample (see Fig. 10). When immersed in super-

fluid helium, the objective’s resolution deteriorates due to a

change in focal length caused by the slightly different index

of refraction of the space-filling superfluid helium between

the lenses as compared to air. Refocusing at the liguid helium

temperature is performed by moving the objective along the

optical axis using a stepper motor (for instance, Princeton Re-

search vacuum stepper motor, home-rebuilt for working in

helium).16,18

Filters

There are some typical filters almost used in every SMS

setup: interference filter (Oriel, 580FS10-50 for � = 574 nm)

to clean the excitation laser light before it enters the sample,
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Fig. 9. An example of a low-temperature single molecule setup. M denotes mirrors, L are lenses, D are diaphragms, B1 is a
beamsplitter. For details see PhD thesis of Marco Pirotta.14



notch filter in front of the detector to separate the fluores-

cence from the laser light, and sometimes a cut-off glass filter

to reject excessive stray light. For instance, the scheme

shown in Fig. 10 uses a holographic notch filter (HNPF, Kai-

ser Optical System, center rejection wavelength 574 nm) and

cut-off filters (KV, Schott RG610). In some experiments, the

optics with flat surfaces (filters or microscope objective) can

be tilted to avoid interference fringes that increase the back-

ground signal.6

Detectors

The maximum total efficiency, Ctot, of detecting fluo-

rescence photons is given by a combination of collection effi-

ciencies and transmission factors:

(7)

Cmax angle describes the maximum angle of light, from which

light can be collected with the MO, and completely deter-

mined by the numerical aperture of the MO:

(8)

for details of this formula see Ref. 14 and 19. For an MO with

NA = 0.85, maximum angle is Cmax angle = 0.05. Transmission

efficiency of the notch filter is about 55%, giving us Tfilters =

0.55. The overall transmission through the optical parts, for

instance, for the scheme shown in Fig. 9, consisting of 12 op-

tical elements, is: Toptics = 0.962�12 = 0.38. The quantum effi-

ciency of a PM varies between 10�20%. Thus, the maximal

collection efficiency of the apparatus is:

Ctotal ~ 0.2% (9)

To detect single molecule fluorescence, such detectors as a

sensitive CCD camera (Hamamatsu C2400-25 with image in-

tensifier), photomultiplier (PM) (dry-ice cooled PM tube

RCA, C31034) or avalanche photodiode (APD) can be used.

Samples

How many photons are needed to see a single mole-

cule? Ideally, a guest molecule excited by laser light to reso-

nate, circulates between its ground and first excited states and

emits one photon every ~ 10-9s. This means that there should

be 109 photons emitted every second, which is more than

enough to detect the molecule which requires 106 photons per

second. The presence of a long living (up to a few ms) triplet

state dramatically decreases the amount of emitted photons.

Good guest candidates for single molecule spectroscopy

should have a short living triplet state, which leads to the high

emission rate of the molecule. Guest molecules should have a

high absorption cross section. There also should not be no
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Fig. 10. Schematic drawing of the arrangement of sample and microscope objective in the sample holder body. The cap is
fixing the sample “sandwich”. The distance between the microscope objective and the sample is adjusted with a
home-built stepper-motor while the sample-holder is immersed into the liquid helium at 1.7 K.14
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emission from the host molecules. A resent overview on a

guest-host system studied by SMS can be found in.20

Sample preparation

So-called Shpol’skii systems, used in low-temperature

SMS, are obtained by simply dissolving a tiny amount of dye

in liquid n-alkane. The crystals are formed under a fast cool-

ing procedure.15

Naphthalene16 or p-terphenyl9 crystals doped with dye

molecules are prepared in a sublimation tube, see Fig. 11. A

tiny speck of terrylene and a mixture of the naphthalene iso-

topes become molten under magnetic stirring. The melt is

filled into the glass tube, sealed with the cold finger and

flushed with dry nitrogen gas for half an hour. Meanwhile,

the polyethylene glycol bath is heated to 180 ,C. Then, the

glass tube is immersed into the heat bath so that the cold fin-

ger is about 1 cm above the level of the glycol surface and

kept there for about 1 hour. During the sublimation, the tube

is constantly flushed with dry nitrogen and the cold finger

with water at 20,. Small crystal platelets (surface < 1 mm2)

are quickly formed at the top of the finger, larger crystal (sur-

face > 1 mm2) condense slowly at the upper part. After about

one hour, the heating can be switched off and the crystals can

be carefully collected from the cold finger and stored at -18

,C for several weeks.

The spin-coating technique is used to produce thin

polymer films doped with dye molecules. The sample is a

co-solution of a polymer, for instance 10% polymethyl-

metacrylate (PMMA) (10 mg/mL) and a dye (10-9 M) in tolu-

ene. A drop of the solution is put onto a spinning microscopic

coverslip, which has been prelimiarily heated at about 300 ,C

for several hours in order to remove potential fluorescence

contamination.

Parallel spatial and spectral detection of many single

molecules

Most of the low temperature techniques use wide-field

illumination, when many molecules can be excited at a time

by a 100-200 �m diameter laser spot. The spatial resolution

of the system is then dominated by the optical resolution of

the microscope. The advantages of such technique are two-

folded. Firstly, the molecules in the illuminated area are ex-

cited and detected at the same time, so that we can be more

certain that all of the molecules are studied under identical

macroscopic conditions. Secondly, except for analyzing the

property of an individual SM, the measured property of indi-

vidual molecules can be easily averaged to bridge the SM re-

gime to the bulk sample regime. A result of such an experi-

ment is shown in Fig. 12. The picture shows a 3-D plot repre-

senting spatial intensity distribution of the fluorescence sig-

nal at a given excitation frequency. The three obvious peaks

represent three SM. The three 2-D plots in the insets show the

spectral dependencies of the three molecules, recorded while

the laser frequency was scanned. Though, all three molecules

have maxima of fluorescence almost at the same frequency

(at the frequency where the spatial 3D plot was made), they

have different spectral behaviour. Molecule � even disap-

peared half way during the frequency scan, causing a sharp

drop in the spectral line shape, indicating perhaps a chemical

reaction which quenched the molecule.

Further details about single molecule experimental set-

ups can be found in the literature.6,9,14-16,21

2.3 Low temperature single molecules experimental

technigues

2.3.1 Fluorescence excitation spectra

The first detection of single molecules absorption lines

was performed in an absorption experiment22,23 with fre-

quency modulation (FM) spectroscopy to eliminate low-

frequency laser noise. One year later, Michel Orrit24 pro-

posed another technique for single molecule detection: fluo-

rescence-excitation spectroscopy. Since then, most single

molecule experiments at low-temperature have been per-

formed using the fluorescence excitation technique. In this

technique, the wavelength of the excitation light is scanned,

and the total Stokes shifted fluorescence as a function of the

excitation frequency is recorded (see Fig. 3). Typical setup
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Fig. 11. Apparatus for the fabrication of naphthalene
crystals doped with dye molecules.



for fluorescence excitation study has already been discussed

in the previous section (see Fig. 9). The next sections are ded-

icated to the special techniques developed in Wild’s group to

resolve vibronic, emission and absorption spectra of single

molecules.

2.3.2 Vibronic excitation spectra

The purely electronic transition line corresponds to a

transition of the chromophore from the ground to the elec-

tronic excited state: S0, � = 0 � S1, �� = 0, where molecular

vibrations are not excited. However, it is also possible to

study the transitions of the chromophore from the ground

state to the electronic excited state S0, � = 0 � S1, �� = n or the

so-called vibronic lines, which involve the excitation of a lo-

cal phonon at the same time.4,6 Since the lifetime of the local

phonon lies in the range of several picoseconds, the width of

vibronic lines at liquid helium temperature is about 1 cm-1.

Figure 13 shows two regions of the fluorescence excitation

spectrum of terrylene in naphthalene. The left part is charac-

terized by sharp purely electronic absorption lines of individ-

ual terrylene molecules. The right part is dominated by two

broad almost structureless bands �1 and �2 corresponding two

vibronic transitions. To extract the individual vibronic spec-

tra from the broad bands, a two-laser scheme was proposed6

(see Fig. 14). The principle of the technique is as follows: one

laser is pumping at a single molecule resonance frequency

and the other laser’s frequency is scanned over. The transi-

tion of the molecule in resonance with the pumping laser is

saturated, and this molecule will not show up in the spectra

(see Fig. 15). This technique demonstrates how it is possible

to remove the contribution of individual molecules to excita-

tion spectra. Figure 16 shows two spectra of the first vibronic

band �1. One spectrum was recorded with laser I only, and the

other spectrum was recorded with lasers I and II, with laser II

in resonance with the purely electronic transition of a single

molecule. The difference between the two spectra yields the

single-molecule vibronic line as shown in Fig. 17.

2.3.3 Emission spectra

While most low temperature single molecule experi-

ments employ fluorescence excitation technique, there is also

the possibility to excite the molecule with a fixed frequency

in the maximum of its absorption line and disperse the emit-

ted fluorescence light by a monochromator. With this so-
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Fig. 12. Fluorescence image of DBATT (dibenzanthanthrene) single molecules in Xe crystal.36



called spectral imaging technique, the vibrationally resolved

fluorescence spectrum of a single molecule can be recorded.

A vibrationally resolved fluorescence spectrum provides

more information about a single molecule, which has been

shown in several investigations.25-30 Emission spectra on sin-

gle terrylene molecules in naphthalene matrix were recorded

by Hermann Bach in his PhD work.16 For spectral imaging,

the sample fluorescence is imaged onto the entrance slit of a

0.27 m imaging spectrometer (JOBIN YVON-SPEX 270M)

equipped with a 1200 g/mm holographic grating and detected

with a liquid-nitrogen-cooled CCD chip (1024 � 256 pixels,

27 �m pixel size, quantum efficiency 50%). In this configura-

tion, the spectral resolution is about 3 cm-1 at detection wave-

length near 600 nm with a 50 �m wide entrance slit and 75 nm

spectral range can be covered by the chip. The dispersed

emission spectra were calibrated in frequency using dye laser

lines and the neon-emission lines from calibration lamps

(PEN RAY). To record the emission spectrum of an ensemble

of molecules, the entrance slit was 50 mm and the signal was

integrated over the vertical dimension of the chip for one sec-

ond. For spectral imaging of many single molecules in paral-

lel, the entrance slit was opened to 2 mm and 1024 � 256 pixel

images were recorded by accumulating the signal for 5 s. To

locate the spatial position of the molecules, the spectrometer

was used in two different configurations. First, the fluores-

cence light that passed the notch filter, which was dispersed

by the grating into the first diffraction order, was recorded.

Afterwards the total luminescence that was long-pass-

filtered by the notch and the cut-off filters and reflected into

the zeroth diffraction order was registered. In the first case,

spectrally dispersed images � referred to as first-order im-

ages � are obtained and the horizontal axis of the CCD chip

comprises a frequency and a spatial dimension. In the latter

case, the CCD chip serves simply as a two-dimensional de-

tector for the total luminescence of the sample and images re-

ferred to as zeroth order images are obtained. First and zeroth-

order images are combined to yield the spectral image. The

monitored sample area depends on the magnification of the

objective and on the entrance slit and chip dimensions. For a

slit width of 2 mm, a sample area of approximately 20 mm

(horizontal) by 80 mm (vertical) was imaged onto the chip.

Figure 18(a) shows the emission spectrum of an ensem-

ble of terrylene molecules in naphthalene d8 recorded by inte-

grating the dispersed fluorescence light that passed the notch

filter and the 50 �m wide entrance slit along the vertical di-

mension of the CCD chip for 1 s.16 The position of the vibra-

tionless transition is given by the attenuated laser line that

was subsequently recorded. All other peaks belong to transi-
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Fig. 13. Fluorescence excitation spectra of terrylene in naphthalene. To the left, narrow lines owing to the excitation of the
purely electronic transition of individual molecules are visible. To the right, vibronic bands of two low frequency vi-
brations of terrylene appear.6



tions from the vibrational ground state of the electronic first

excited state to higher vibrational levels of the electronic

ground state. The ground-state vibrational frequencies can be

obtained by determining the spectral distance between the

emission peaks and the frequency position of the laser line.

Without integrating over the vertical chip dimension, the

spectral image depicted in Fig. 18(b) is obtained by signal in-

tegration for 5 s. The dark colored vertical stripes correspond

to fluorescence emission from molecules out of focus at the

entrance slit. When the entrance slit is opened to 2 mm, the

spectral image Fig. 18(c) is obtained by combining the zeroth

order and the first order image. In the spectrally dispersed en-

trance slit image (first order image), fluorescence emission

peak sequences of single molecules focused at different spa-
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Fig. 14. Experimental setup for the observation of the vibronic transitions in single molecules. The frequency of laser I is
scanned, laser II is used to remove the contribution of single molecules to the spectrum.6
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Fig. 15. An illustration of removing a single molecule from spectra by using two-laser technique. The lower spectra is re-
corded with one laser only (laser I in Fig. 14). Five peaks correspond to five single molecules. The upper spectra has
been taken over the same molecules, when the second laser is tuned into the 5-th molecule’s resonance frequency.
Obviously, the peak from the 5-th molecule disappeared.6

Fig. 16. Two spectra of the �1 vibronic band. The black spectrum is recorded with one laser, and the grey spectrum is re-
corded with two lasers. One molecule is missing in the grey spectrum.6



tial locations in the entrance slit plane emerge on top of the

background from molecules that are out of focus. The peak

sequences are horizontally shifted relative to each other re-

flecting the different spatial locations of the focused mole-

cule images in the entrance slit plate. A fluorescence emis-

sion spectrum is obtained from the data by integrating the flu-

orescence signal in a pixel array centered on single molecule

emission peaks followed by background subtraction.

2.3.4 Absorption spectra

The first spectroscopic investigation of single mole-

cules was an absorption measurement which used a compli-

cated double-modulation scheme.22,23 It was based upon opti-

cal frequency-modulation spectroscopy (FMS)31 with modu-

lation frequencies �m between 51 and 91 MHz to eliminate

low-frequency laser noise. FMS experiments are affected by

residual amplitude modulation (RAM) which produces spuri-

ous background signals owing to unavoidable imbalances be-

tween the amplitudes of the two laser side-bands.32 Hence, a

secondary modulation had to be used to eliminate the RAM.

Two different techniques were applied, namely, AC Stark

modulation (modulation frequency fm = 2-5 kHz) and ultra-

sonic modulation (fm = 2-5 MHz). Both techniques cause a

periodic shift of the molecular absorption frequency. With

both methods, single-molecule spectra could be recorded but

the signal-to-noise ratio (SNR) was only about two or three.22,23

Shortly afterwards, the first fluorescence-excitation experi-

ment on single molecules was performed which provided a

much better SNR with a simpler set-up.24 Therefore, all sub-

sequent experiments used the fluorescence excitation scheme.

Although the absorption experiment reported in the present

work repeats the first single molecule experiments,22 it em-

ploys a less sophisticated electronic scheme.33

The experimental set-up is schematically depicted in

Fig. 20. The optical scheme is analogous to a standard SMS

scheme described in Sec. 2.2 with the following differences:

the microscope objective is placed in front of the sample to

focus the laser beam on a single molecule; no filters are used

in front of the detector. For experimental details see the PhD.

work of Latychevskaia.18

When a radio-frequency (RF) electric field is applied to

a single molecule its absorption line moves in the spectral do-

main with the same frequency �m. In the case of low modula-

tion frequencies, the single molecule absorption line oscil-

lates with the frequency of modulation �m:
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Fig. 17. Result of subtraction of the two spectra in Fig. 16. Fitting a Lorentzian to the data yields a linewidth of 37(2) GHz
and a peak count rate of 4530(160) counts/s.6
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Fig. 18. (a) Fluorescence emission spectrum of an ensemble of terrylene molecules in naphthalene d8. (b) Spectral image re-
corded with the spectrometer’s entrance slit narrowed. Dark colors correspond to high fluorescence intensity. The
emission spectrum of a single molecule focused in the entrance slit plane appears as a sequence of dark spots along
the horizontal axis. The dark stripes belong to fluorescence from defocused molecules. (c) Spectral image compris-
ing the spectrally dispersed image (first order image) and the image reflected in zeroth diffraction order recorded
with the entrance slit opened (See Ref. 16 for details).



(10)

where �E

max is the maximum frequency excursion owing to the

linear Stark effect:

(11)

�hom is the molecular homogeneously broadened linewidth,

�
Eext,0 is the amplitude of the RF field, �

�
�ind is the difference of

the induced dipole moments in the excited and the ground

state of the molecule, fL is the Lorentz factor determining the

local electric field strength inside the solid matrix, h is

Planck’s constant, �m is the modulation frequency and -m is

the phase relative to the local oscillator (molecule).

The signal at the detector output consists of a DC com-

ponent and a time-varying component proportional to the am-

plitude of the modulation of the transmitted light beam:
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Fig. 19. Emission spectra of terrylene in naphthalene d8. a) and b) are spectra of single terrylene molecules, c) is the ensem-
ble emission spectrum with the vibrational frequencies assigned to the peaks.
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exp(�G(�/ t)).

(12)

To extract the DC component or to demodulate the photo-

current signal, a mixer is used. Phase-sensitive demodulation

of the photo-current signal in the mixer yields a line shape

which is proportional to the derivative of the molecular ab-

sorption line (for sufficiently small modulation amplitudes):

(13)

where 0 1 represents the time average. This is analogous to the

phase-sensitive ultrasonic modulation of hole spectra34 and

also to standard experiments in electron paramagnetic reso-

nance (EPR).35

Figure 21 shows the absorption signal of a single terrylene

molecule in n-hexadecane. The laser wavelength was 572.097

nm, the modulation frequency being 1 MHz. The laser fre-

quency was scanned over 2 GHz range and then back in the re-

versed direction with the same rate. Hence, two copies of the

absorption line appear in the plot. The line shape represents

the derivative of a Lorentzian profile with equal amplitude

above and below the baseline so that we can conclude that this

molecule shows a linear Stark effect. The signals at 2 0.6 GHz

have a slope of the opposite sign; hence, the corresponding

molecule shows a Stark shift in the opposite direction.

2.3.5 Matrix isolation technique

Matrix isolation is a technique for trapping reactive

species at very low temperatures, where a guest molecule is

fully surrounded by host molecules. With the matrix isolation

technique, spectra of single molecules in such matrices as

rare gases can be recorded.36,37 Details of the experimental

apparatus for the single molecule detection and spectroscopy

are described elsewhere.36-38 Mixture of a rare gas (Xe or Kr)

with high-temperature vapours of guest molecules (DBATT

or terrylene) is sprayed directly onto the surface of the mirror

objective, forming a matrix. The objective is mounted in an

electrolytic copper holder and the whole assembly is attached

by screws to the cold finger of a cryostat. The matrix deposi-

tion procedure begins with pre-cooling the objective down to

40-60 K, then the probe molecules crystals (DBATT or

terrylene) are heated inside the nozzle and the rare gas flow

starts. When the temperature of the nozzle reaches about 510

K, the objective surface is exposed to the stream (flow rate 1

mmol/h) for about 1 min. The presence of DBATT or terryl-

ene molecules is checked by detection of the fluorescence

signal. The deposition procedure is repeated when no fluores-

cence is observed. After the deposition, the cryostat is filled

with liquid helium. The experimental results are shown in

Fig. 12. The experiment was performed in a far-field regime

and the image shown as a 3-D plot represents the intensity of

the fluorescence signal over the observed area for a given flu-

orescence frequency. The three peaks represent three single

molecules. The three 2-D plots in the insets shows the spectra

of the three molecules. Molecule � disappeared half way dur-

ing the frequency scan, causing a sharp drop in the spectral

line shape, indicating perhaps a chemical reaction which

quenched the molecule. Such a sudden drop of intensity is

very common for single molecules embedded into the matrix

with the matrix isolation technique.37

2.4 Effects, observed on single molecules

2.4.1 Pressure effect

In this section we present the typical results of pressure
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Fig. 20. Schematic plot of the SM absorption experi-
ment setup. MO�microscopic objective, S�
sample, APD�avalanche photodiode, RF�RF
generator, PS�RF power splitter, AMP�RF
amplifiers, M�mixer, LPF�5 MHz low-pass
filter, PMPA�postmixer preamplifier, RC�
RC circuit.

Fig. 21. Single-molecule absorption signal of terrylene
in n-hexadecane matrix.
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effect studies. We begin with the theoretical background of

the pressure effect. The transition energy of a single molecule

can be presented as:

(14)

where 0
0 is associated with the transition energy between the

ground and the first excited states and 30(R) denotes the

spectral shift due to the interaction between the guest and

host molecules as a function of environment variables. Here

R is the distance between the molecule under the study and a

solvent molecule. The spectral shift due to a group of host

molecules can be expressed as:

(15)

where K is the constant related to the polarizability of the

guest molecule. If host molecules are randomly distributed,

then we can use

(16)

where V = 4�R4
3 /3, and R0 represents the nearest distance be-

tween the relevant molecule and the surrounding molecule.

In the approximation R0 << R4 applies, the spectral shift is:

(17)

Using the relation

(18)

where p is the external pressure and � is the compressibility

factor, we can see that the spectral shift can be written as

(19)

This result is obtained under the assumption of a random dis-

tribution of host molecules. For a general case, the integra-

tion in Eq. (16) should be replaced by a summation.39

The experimental setup for studying pressure effect on

SM spectra can be found in PhD thesis of Mauro Croci.9 The

cryostat part of the experimental setup is combined with a

pressure cell as shown in Fig. 22. The home-built pressure

cell consists of a small-volume chamber made of copper, with

two quartz windows sealed with indium. The cell fits in the

bottom of the cryostat and is connected through a steel capil-

lary to the outside, where a pressure gauge, the helium sup-

ply, and the vacuum pump are located. During an experiment

the cell is immersed in superfluid liquid helium at a tempera-

ture of 1.8 K. Helium condenses in the chamber and in the

lower part of the capillary. The pressure of the helium gas in

the upper part of the capillary, which is controlled by the gas

supply and the vacuum pumps, is transmitted by the con-

densed helium to the sample. Hydrostatic pressures from 10

to 1000 hPa can be achieved.

The spectra of a single pentacene molecule at 1.8 K at

592.327 nm, measured for different pressure changes relative

to the lowest pressure (typically around 15 hPa) and cor-

rected for laser drifts, are shown in Fig. 23. The baseline of

the spectra have been shifted vertically, proportional to the

pressure change. The projection of the center of the molecule

resonance peak onto the baseline is indicated by circles. The

molecule resonance shifts with increasing pressure to the red,
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as emphasized by the solid line. There are no detectable

changes in signal strength and width with pressure in contrast

to the hole-burning experiments. This observation opens the

possibility of extending the experiment to the high pressure

regime by following the shift of a single molecule over a

greater range, without the drawback of the signal fading. This

could be achieved for the molecules which do not undergo

spectral diffusion.40

The measured shifts �� of the resonance frequency for

3 different molecules are shown in Fig. 24. Linear fits to the

measured data are also plotted. The numbers near the points

of molecule M2 (black circles) indicate the temporal se-

quence in which the data were collected. The shifts were

completely reversible within the resolution of our experi-

ments. The slope of the linear fits for the five molecules in-

vestigated varied from -0.74 to -1.0 MHz/hPa. The average

shift is -0.9 2 0.1 MHz/hPa.

2.4.2 Stark effect

In SMS literature, Stark effect means the spectral shift

of the SM spectral lines with the applied electric fields. The

first measurement on single molecules (pentacene in p-

terphenyl crystal) in an electric field was performed in 1992

by Wild et al.41 In the following years, Stark effect was mea-

sured for different host/guest systems: perylene in n-non-

ane,14 terrylene in naphthalene,16 terrylene in polyethylene,42

dibenzanthanthrene in naphthalene and in n-hexadecane,43

and diperinaphthylenpyren in n-hexadecane.44

The measured Stark shift of a single molecule’s reso-
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Fig. 23. Fluorescence excitation spectra of a single pentacene molecule at a wavelength of 592.327 nm measured at 1.8 K for
different pressures. The pressure differences are relative to the lower spectrum which was measured at 15 hPa. The
spectra have been corrected for laser drifts. The solid line indicates a linear shift of the line centers to lower frequen-
cies (emphasized by the gray dots) with increasing pressure.9



nance frequency �� is:

(20)

where �W(S0) and �W(S1) are the changes of the energy of

the molecular ground and first excited states, a and b are the

expansion coefficients:

(21)

where ��indcos� is the projection of the difference of the in-

duced dipole moments �
�
�ind =

�
� ind

S1 �
�
� ind

0S onto the direction of

an external electric field, and � �� is the difference of the

polarizabilities in the ground state S0 and the first excited

state S1: �� = � �S S1 0
� . From a measured spectral trajectory

of a single absorber in an external electric field, its induced

dipole moment (projection) and polarizability can be defined.

When a centrosymmetric molecule is inserted into a po-

lar matrix, its symmetry is broken by strong matrix fields and

the molecule gains an induced dipole moment. The more the

distortion of the molecule caused by the matrix is, the larger

the value of the induced dipole moment is and the larger the

linear shift of the molecule’s resonant frequency in an elec-

tric field is. A recent theoretical work of M. Hayashi et al. is

dedicated to the mechanism of the formation induced dipole

moment of a guest molecule immersed into a host matrix.45

The main part of the experimental setups for perform-

ing Stark effect is the electrodes. The electrodes can be a sam-

ple sandwich using pieces of ITO glass as shown in Fig. 25;13

in this configuration Eext is fixed perpendicular to the laser

field (see Fig. 26). The electrode system can be also a micro-

chip with interdigitated golden electrodes (see Fig. 27); with

this geometry, the polarization of the laser beam and the ex-

ternal applied electric field are co-planar (see Fig. 28).

Linear Stark shifts of several molecules under identical

conditions are shown in Fig. 29, where a total laser scan range

of 12.1 GHz and an applied electric field strength of -6.7 kV/

cm 6 Eext 6 6.7 kV/cm was performed. The lines plotted in

Fig. 29 represent the fluorescence of molecules whose ab-

sorption maxima shifted in the (�L, Eext)-plane. The dark re-

gions are background areas, where no molecules could be ex-

cited. From linear Stark trajectory, induced dipole moment of

molecule �
�
�ind can be estimated.

Historically, quadratic Stark effect was the first re-
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Fig. 24. The spectral shifts of the zero phonon lines are plotted against the changes in the hydrostatic pressure for three dif-
ferent pentacene molecules in the O1 site of a p-terphenyl crystal. Linear fits to the data are also plotted. The numbers
indicate the temporal sequence in which the data for molecule M2 (black circles) were collected. The process is com-
pletely reversible to within our experimental accuracy.9
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ported Stark effect on single molecules, measured in Wild’s

group in 1992.41 Spectra of four single pentacene molecules

recorded in that experiment, demonstrating quadratic Stark

effect, are shown in Fig. 30. From the quadratic coefficients,

the polarizabilities of molecules can be calculated. Report on

negative quadratic Stark shifts can be found in the PhD thesis

of Hermann Bach.16

Recently, a higher-order Stark effect was observed on a

dibenzanthanthrene molecule in naphthalene matrix by

Christian Brunel and co-workers.43 Cubic Stark effect was re-

produced on several terrylene and diperinaphthylenpyren

molecules in hexadecane matrix in Wild’s group.18,44 Two

molecules demonstrating higher-order (cubic) Stark effect

are shown in Fig. 31. Higher order Stark effect can be ex-

plained in terms of inhomogeneous internal field of the ma-

trix.44

Different experimental techniques for studying Stark

effect in constant and in alternating electric fields can be

found in the literature.14,16,18,44

2.4.3 Spectral jump

To date, the spectral jump phenomena have been one of

the most exciting experimental observation in single mole-

cule spectroscopy. An example of spectral jump is shown in

Fig. 32. The displayed molecule is spectrally jumping be-

tween two states during experiment.

Anderson et al.46 and Phillips47 independently intro-

duced a TLS (two-level system) model explaining the “anom-

alous” behavior of the specific heat and thermal conductivity

in glasses. TLSs are the simplest representation of the multi-

dimensional energy surface. At any point within the sample,

certain groups of atoms or molecules have access to two (or

more) potential energy minima and can switch between these

two minima by a tunneling process as, for example, ammonia

molecule does. A TLS involves an asymmetric double poten-

tial well, (see Fig. 33). The surface consists of three regions
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Fig. 25. “Sample sandwich” for Stark effect experiments. Notice that ITO coated cover glasses and an additional pinhole foil
is used on the emission side.13

Fig. 26. In the “sample sandwich” configuration of
Stark effect experimets, the laser propagation
direction

�
k is always parallel to

�
Eext. The polar-

ization
�
P is rotated by  around the y-axis to

minimize the angle � between
�
P and the transi-

tion dipole moment of a molecule.13



represented by L, R and M. Transitions between the two wells

represent changes in the local structure of the material. One

or several TLSs distributed randomly in the matrix might in-

teract with a single molecule. At helium temperatures the

thermal energy is lower than the potential barrier so that a

transition between the wells is caused by tunneling along a

generalized coordinate Q�, which characterizes the degrees of

freedom involved. The Q� coordinate might represent the po-

sition of one atom or a center of mass of a larger system, or a

rotation angle of some group of atoms. Although the effects

of TLSs has been observed in a wide variety of chemically

different systems for two decades, the nature of these degrees

of freedom is not known. However, to explain spectral dy-

namics of single molecules at low temperature, the two-level

system, is often used.48-53

In the system represented by Fig. 33, the Hamiltonian

operator is approximately given by

(22)

Here �HL and �HR represent the Hamiltonian operator of L and

R, respectively.

For the case in which vibrational relaxation is much

faster than reaction, a thermal average should be introduced

to write the transition probability W from L to R as54-56

(23)

where PL represents the Boltzmann distribution, and XR and

XL denote the wavefunctions for R and L, respectively. Sup-
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Fig. 27. Sample-holder with electrodes. (a) Picture of the sample-holder. (b) Teflon washer with chip. A drop of sample is
placed between the chip and a microscope slide. (c) Pyrex chip with interdigitated electrodes.

Fig. 28. (a) The geometry of the electric field on the chip with electrodes.
�
Eext � externally applied electric field vector,

�
k �

the laser propagation vector,
�
P is the laser polarization vector, and

�
H is the magnetic component of the laser beam.

(b) Sum of images recorded in white and laser light. The black stripes are the chip electrodes. The bright spots are the
fluorescence signals from single molecules. The crystal structure of the sample can be seen.

L M R R M L
ˆ ˆ ˆ ˆ ˆ ˆ ˆ .H H V V H V V
 � � 
 � �

2

L R MR L R L
L R

2 ˆ| | ( )W P X V X E E
�

3
 �77
�



pose that the transition between L and R is through coupling

of one promoting mode � (the reaction coordinate being Q�),

and that we can write the wavefunctions as

(24)

and

(25)

where Qi is the coordinate of the i-th mode in L and Qi

' is that

of the same mode in R, while �i and ��i are the vibrational

quantum numbers of those modes, respectively. 8Lvi
is the

wavefunction of the i-th mode in L, and so on. Here we as-

sume that they are harmonic modes. Substituting Eqs. (24)

and (25) into Eq. (23) yields

(26)

where the time-correlation functions G�(t) and Gi(t) are given
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Fig. 29. Molecular linear Stark effect. The most intensely fluorescing molecules are labeled with “A” to “F”. The dashed line
indicates the mirror symmetry axis in the experiment. The rectangular inset, which is a blown up section of the cir-
cled region, shows a spectral jump in Stark trace D. 500 sweeps, accumulated with an electric field ramp repetition
rate of 433 Hz, were summed up to obtain one scan at a fixed laser frequency. The laser frequency step size was ��L

= 48 MHz.
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by

(27)

and

(28)

More complicated cases can be also be treated in the same

manner.

For displaced harmonic oscillators, Gi(t) can be ex-

pressed as56,57

(29)

where i is the vibrational frequency of the i-th mode, Si is the
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Fig. 30. Quadratic Stark effect measured on four single pentacene molecules in p-terphenyl matrix.41 The circles denote the
resonance position of a single molecule.

Fig. 31. Two single Tr and DPNP molecules showing a higher order Stark effect. The lower parts of the picture show molecu-
lar spectra in the absence of an external electric field. The scans with and without external field were performed in al-
ternating fashion in order to eliminate laser drift from the data.
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coupling constant, and ni is the thermal-average occupation

number of that mode. That is,

(30)

Using Eq. (29) we obtain

(31)

For the strong coupling case, we can use the short-time ap-
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Fig. 32. Resonance frequency changes for a single terrylene molecule. (a)-(f): Six sequential fluorescence excitation spectra
with 40 s per scan, 0.32 W/cm2 laser intensity, and the time between scans varying from 2 to 10 min. Inset: gray-scale
image of continuous “fast” 1 GHz (only 90% plotted) excitation spectra. The x-axis is the laser frequency detuning,
the y-axis corresponds to the time axis (scans are plotted consecutively from bottom to top), and the darkness of the
image represents the fluorescence intensity. There are a total of 2220 scans acquired over 5683 s, with 10 ms/point,
256 points/scan, and 1.1 W/cm2 probing intensity.

Fig. 33. The two-level model often used in treating the
spectral jump phenomena.

Fig. 34. The particular potential energy surface used in
the model of spectral jump in this work.
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proximation:

(32)

In the classical limit, Eq. (32) becomes Arrhenius equation.

From the above treatment we can see that up to this

point, the details of the potential surfaces along the reaction

coordinate Q� is not specified. For this purpose, we consider a

particular case,

(33)

Notice that

(34)

where

(35)

For the approximate case G� = |08R �0
�
|VMR|8L0

�
1|2, we find

(36)

where

(37)

If > << 1, then

(38)

That is, G� shows an isotope effect. For example. for hydro-

gen H and deuterion D, we have

(39)

In other words, the transition is slower for heavier isotopes.

Thus a correct tendency is predicted.

Asymmetric double well model can also be solved in

the similar manner, and it is more suitable for describing the

spectral jump phenomena in SM, but the algebra involved is

more complicated so we do not discuss it further here.
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Fig. 35. Frequency shifts of terrylene in hexadecane interpreted by TLS model.
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3. SINGLE MOLECULES AT ROOM TEMPERATURE

A big advantage of doing room temperature single mol-

ecule detection is an opportunity to perform biological exper-

iments. A scheme of confocal setup for detection single mol-

ecules at room temperature is shown in Fig. 38. In this config-

uration, the illumination spot size is diffraction limited and is

in order of nm. Figure 39 shows a wide-field illumination

setup which can be obtained from confocal setup by introduc-

ing a lens into the excitation beam, which enlarges the laser

spot up to 10-20 �m in diameter. Thus, a room temperature

experimental setup can be switched between confocal and

wide-field illumination by inserting a flipping lens. The mol-

ecules are excited at an average power of 500 W/cm.2

3.1 “Oxygen” effect

One of the easiest and most demonstrative room tem-

perature single molecule experiment is the observation of

triplet lifetime quenching by molecular oxygen.58 Images

taken during such an “oxygen” effect experiment are shown
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Fig. 36. Detection electronics. An external clock (and a time divider) gives the timing (dashed line) to the experiment. Upon
receiving a trigger signal in their LBRC-inputs, the binary counters load their buffers with the current data and reset
the counter. The data are read from their buffers by Digital 488, which receives the same trigger pulse in its
EDR-input. The signal consists of 40 bits divided in two times 16 bits from the counters and 8 bits not used. This data
is then transferred to the computer. The laser frequency is driven by a digital-to-analog converter. A voltage ramp is
stored in its buffer, and upon receiving a trigger signal, the device is programmed to output the next value stored in
its buffer.9
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Fig. 37. Three scans over the same terrylene molecule, excited with three different laser powers. Spectrum(a) was recorded
with 350 mW/cm2, and consists of 1540 scans lasting � 58 min. Spectrum (b) was recorded with 1 W/cm2, and con-
sists of 2000 scans, � 85 min long. Finally spectrum (c) was recorded with 3.1 W/cm2, and consists of 1680 scans, �
71 min long.9

Fig. 38. Confocal setup for room temperature single molecule microscopy.
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Fig. 39. Confocal setup switched into regime of wide-field illumination.

Fig. 40. Sequence of images illustrating the influence of oxygen on the fluorescence intensity of individual DiI18 molecules
when the sample is flushed with nitrogen [(a) and (c)] and oxygen [(b) and (d)], respectively. Below the integrated
intensity of a sequence of 510 images is plotted. The intensity time traces of two individual spots illustrate the photo-
chemical bleaching58



in Fig. 40. The probe molecule was DiI18 embedded into a

PMMA matrix by the spin-coating technique. The sample

was flashed with oxygen and nitrogen, while images were ac-

quired with a CCD camera (wide-field configuration of the

setup). The recorded images clearly show increase of the in-

tensity when the sample was exposed to air (oxygen), and al-

most complete “off” intensity when the sample was exposed

to nitrogen flow. In Fig. 40, images taken at an integration

time of 100 ms impressively illustrate the effect of oxygen

when the nitrogen flow to the sample is stopped and switched

on, respectively. The number of fluorescing single molecules

decreases during exposure to air due to photochemical

bleaching.

By positioning individual molecules within the confo-

cal volume of the SCOM system (actually the experimental

setup is “switched” into the SCOM configuration as de-

scribed above), the transient intensity shown in Fig. 41 was

obtained by counting single-photon detection from a single

molecule. The distribution of the “on” and “off” time of the

fluorescence has been analyzed over 248 DiI18 molecules.58 It

is found that, during exposure to oxygen, the triplet lifetime

was lowered by two orders of magnitude. The quenching ef-

fect was shown to dramatically increase the average emission

intensity in comparison to the absence of oxygen. With fur-

ther analysis, it was found that the (radiative) decay time

from S1 to S0 was 3.3 ns, and the triplet lifetime of T1 was

about 320 �s. The intersystem-crossing quantum yield YISC

was determined to be 3.3 � 10-4 (see the summarizing dia-

gram in Fig. 42).

3.2 Rotary motion of F0F1 ATP synthase

This subsection is dedicated to the single molecule

room temperature observation of ATP. ATP is the universal

biological energy source; it is formed by F0F1 ATP synthases

from ADP and inorganic phosphate with the use of energy

from a transmembrane ion potential established by photo-

synthetic or respiratory processes. F-type ATP synthases are

widely distributed in nature and occur in the cytoplasmic

membrane of bacteria, the inner membrane of mitochondria

and the thylakoid membrane of chloroplasts. All known F0F1

ATP synthases show conserved structural and functional fea-

tures and are composed of two distinct subcomplexes termed

F1 and F0. The F1 sector is membrane-associated and harbors

the catalytic sites of ATP synthesis, while the F0 sector is

membrane-intrinsic and contains the coupling ion trans-

location machinery. The elucidation of the structure and the

enzymatic mechanism of F0F1 earned Paul D. Boyer and John

E. Walker the 1997 Nobel Prize for Chemistry.

In the case of P. modestum, ATP synthase comprises

eight different subunits with a stoichiometry of �3�3�3 > for F1
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Fig. 41. Fluorescence intensity time trace of a single molecule under being flushed with nitrogen and air (oxygen). The arrow
indicates the termination of the nitrogen flush. It can be seen from the two lower pictures that, while the intensity of
the emitted fluorescence remains constant, the duration of the dark periods is changed.58



and ab2c11 for F0 (see Fig. 43). As indicated by electron mi-

crographs, the F1 moiety is connected to the F0 sector via a pe-

ripheral stalk, formed by subunit 3 and the subunit b dimer,

and a central stalk, formed by the > and � subunits.59 An elec-

tron density map obtained from crystals of a yeast sub-

complex comprising all F1 and the c subunits of F0 showed a

ringlike arrangement of 10 c subunits which are in close con-

tact with the central stalk units � and >.60 The X-ray structure

of the �3�3� portion of bovine F1 revealed an alternating hex-

agonal arrangement of three � and three � subunits around a

centrally located � subunit, which interacts asymmetrically

with the catalytic � subunits.61 This finding led to the pro-

posal of a rotational catalysis, triggered by the � subunit

(Binding Change Mechanism62).

To drive ATP synthesis, ions flow along an electro-

chemical gradient through the F0 part down the interface be-

tween the a subunit and the c11 complex. The unique structure

of this interface permits the F0 motor to convert the trans-

membrane ion motive force into a rotary torque. The key fea-

ture of the c subunit is that the ion-binding site, consisting of
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Fig. 42. The rates of the dynamic processes related to the fluorescence property of DiI18 molecule observed in the “oxygen”
experiment. YISC stands for the inter-system crossing quantum yield from S1 to T1.58

Fig. 43. Left: X-ray structure of the mitochondrial F-ATPase from S. cerevisiae at 3.9 Å resolution [102]. Right: Drawing de-
scribing the sub-unit composition of the Na+-translocating F-ATPase from P. modestum.63



Q32, E65 and S66 (Fig. 44 left), is probably located at the cy-

toplasmic side of the membrane. Thus the sodium ion binding

sites of the rotor have direct access to the cytoplasm. To de-

scribe the consecutive stages of ion transport, the illustration

in Fig. 44 has been taken from Ref. 63. Rotational diffusion

eventually carries an unoccupied, negatively charged site

into the hydrophilic strip at the right edge of the stator (A).

Once inside, it is quickly captured by the Coulomb attraction

of the stator charge, Arginine R227 (B). By thermal fluctua-

tions the site can escape in both directions. Since the entrance

channel is aqueous, most of the membrane potential drops

across the hydrophilic strip. Therefore, it is more likely for

the site to move to the left than to the right. This way, the ver-

tical potential gradient is converted to a driving force acting

tangentially to the rotor. A rotor site that fluctuates to the left

cannot pass through the dielectric barrier that forms the left

side of the channel, for this requires more than 45 kBT (C).

However, once exposed to the periplasmic channel it will

quickly pick up an ion, thus neutralizing its charge (D). It is

now free to cross the barrier (E), lose the ion into the cyto-

plasm, and then it cannot diffuse backwards into the stator

(F). The motion to the left is additionally aided by the capture

of the next free binding site, reflected by the maximum in the

dashed line. One cycle decreases the free energy of the sys-

tem by an amount equal to the electromotive force: �� = �@
�2.3(RT/F)�pNa, where R is the Rhydberg constant, F is the

Faraday constant, and pNa is the negative logarithm of the Na

concentration. To produce ATP at the observed rate of 30-50

s-1 the rotor must exert a torque of 40-50 pN.nm.

This torque is transferred from the F0 to the F1 part by

the coiled-coil structured � subunit. The rotation of the � sub-

unit in turn induces conformational changes in the catalytic

sites of ATP sythesis at the � subunits. Finally these con-

formational changes trigger binding, phosphorylation, and

release of the nucleotides.64 ATP synthesis is strictly depend-

ent on the membrane potential, but is accelerated in the pres-

ence of sodium ions.65 The motor action is completely revers-

ible. During ATP synthesis the motor turns clockwise if

viewed from the periplasmic side of the membrane. How-

ever, if no membrane potential is applied and ATP is present,

the enzyme hydrolyses ATP and turns counter-clockwise.66

A number of single-molecule experiments have been

performed in the hydrolysis mode using only the F1 part.

Video microscopy was used to monitor the rotation of a mi-

cron-sized dye-labeled actin filament attached to subunits �66

or >/67 respectively, or the rotation of a gold bead attached to

the � subunit.68 Single-fluorophore polarization microscopy

further provided prove that the drag of the filament has only a

minor effect on the enzyme’s activity.69 These results offered

valuable information on the dynamics of the F1 motor. The ro-

tation occurs step-wise in three double steps. Each previously

reported 120, step70 is actually composed of one 90, step

upon ATP binding ([ATP] dependent), and one 30, step upon

ADP release (about 2 ms later).68 The torque of about 40

pN.nm during rotation remains constant over a broad range of

speed, load, and ATP concentration.71 The energy conversion

efficiency approaches 100%: Nearly all of the energy pro-

vided by ATP hydrolysis (�G = -100 pN.nm) is converted

into mechanical work.

Several single-molecule studies went towards observ-

ing the rotation of the intact F0F1 holoenzyme during ATP hy-

drolysis. However, the first claim for observing a rotating c
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Fig. 44. Model proposed by Dimroth63 describing the rotor activity of F0 in terms of potential profiles and thermal ratchets.
Left: sketched structure of the ion channel. The sodium binding site is formed by residues Q32, E65 and S66. Right:
Free energy diagram for an ion binding site in the vicinity of the channel. The solid line is the potential seen by an un-
occupied, negatively charged binding site; the dashed line is seen by an occupied, neutral site. For more detailed ex-
planations see text.



subunit72 was doubtful, because rotation could only be ob-

served in the presence of detergent and could not be blocked

by F0 specific inhibitors. A probable explanation is that the F0

sector of the complex had lost its structural integrity.73 In bio-

chemical studies evidences for a co-rotation of subunits c and

> have been obtained indirectly by chemical cross-linking.74

Each of these studies suffers from the fact that the coupling

between rotation during ATP hydrolysis and ion transport,

typical for F0F1 complexes under physiological conditions,

was severly disturbed and could never be observed in sin-

gle-molecule approaches applied so far.75 Thus, a challeng-

ing question was whether the functionally active F0F1 holo-

enzyme shows a coupled rotational behaviour during ATP

hydrolysis and, more fundamentally, whether rotation can be

observed in the ATP synthesis mode of the enzyme.

To address these two questions the polarization-resolved

confocal microscopy has been used, and the rotation of an in-

dividual fluorophore, specifically attached to the c subunit of

the whole F0F1 ATP synthase, was monitored. Coupling of

ion transport during ATP hydrolysis is studied on holo-

enzymes directly immobilized on a cover slip. To observe ro-

tation during ATP synthesis, the enzyme was incorporated in

liposomes for application of a membrane potential.

Fluorescence-polarization-resolved confocal micro-

scope was the major tool employed for these studies. The de-

tail of such experimental techniques and the studies per-

formed on F0F1 ATP synthase has been described in a thesis76

and several articles.77,78

The sample system that was studied was a hybrid

protein consisting of the F0-part and the 3 subunit of Pro-

pionigenium modestum, a chimeric P. modestum/E.coli �
subunit, and the ��>-part of Escherichia coli (G. Kaim, un-

published results). The a, b, and c subunit and the F1-part of

the enzyme were overexpressed separately in E. coli and

were subsequently purified. In order to reconstitute the

holoenzyme, the lipophilic F0-part was reconsituted into

liposomes and the hydrophilic F1-part was added. After the

reconsituted liposomes were incubated with 1% detergent

(Triton X-100) the protein was purified by affinity chroma-

tography and stored in liquid nitrogen.

The cyanine dye Cy3 was chosen as a label and the ex-

perimental procedure of Adachi et al.69 was followed. Only

the c subunits are labeled by cysteine maleimide chemistry.

Then, the proteins are immobilized on a glass surface. The

immobilization chemistry is based on the well documented

histidine nickel chelate complex. This procedure leads to pro-

tein immobilization with sufficiently low mobility to observe

rotation of the F0 subunit.

The polarization-resolved fluorescence emission inten-

sity of single proteins described above is detected. A sche-

matic representation of the sample and its environment under

which the experiment was performed is shown in Fig. 45. The

exciting laser light is circularly polarized. Rotation of the

fluorophore is observed by computing the emission polariza-
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Fig. 45. Schematic representation of the preparation of sample for experimental observation of the rotation of ATP synthase
under different concentration of ATP or Na+.76



tion

(40)

which does not depend on the emission intensity. Since the

emission dipole has no intrinsic direction, rotation of the di-

pole by 180, leads to a modulation of the polarization by an

entire period.

The time resolution of single-molecule experiments is

limited by shot noise of the fluorescence intensity. Under the

described conditions, individual steps can not be resolved at

high ATP concentrations. By exploiting autocorrelation tech-

niques it is possible to increase the time resolution by averag-

ing over a certain time interval. The autocorrelation function

ACF used here is defined as

(41)

Some of the properties of the ACF are:79,80 (1) For a periodic

signal, the ACF is also periodic with the same frequency. (2)

On the other hand, a random process, like stepping with expo-

nentially distributed dwell times leads to an exponentially de-

caying ACF, which has additional periodic contributions. (3)

The ACF of white noise is 1 at time-lag 0, and 0 otherwise. (4)

The Fourier transform of the ACF of a time-series is equal to

its power spectrum.

Figure 46 shows examples of the polarization signal of

single F0F1 ATPases, immobilized via His-tags at the � sub-

units. The first two traces were recorded in sodium-free

buffer containing 0.5 �M ATP (Fig. 46 (a) and (b)). The po-

larization of +0.65 and -0.5 indicate a constant steady state

orientation and low rotational mobility of the fluorophore as

well as the whole protein. In most of the observed molecules,

well oriented fluorophores were found. Interestingly, in the

presence of ATP only (0.5 �M), no rotation was observed.

However, after addition of 2 mM sodium chloride (saturation

conditions) discrete orientational steps could be resolved

(Fig. 46 (c) and (d)), similar to previous experiments.67,69,70

The fact that Na+ ions are obligatory for rotation reflects the

tight chemo-mechanical coupling typical for F0F1 holo-

enzymes under physiological conditions.

At higher ATP concentration these steps could not be

resolved any more due to the insufficient signal to noise ratio.

Also see Adachi et al.69 The use of auto-correlation tech-

niques enabled us to analyze rotation even at saturating ATP

and sodium concentrations. First, the polarization time-series
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Fig. 46. Typical time-series of the polarization of immobilized F0F1 ATPases without [(a) and (b)] and with 2 mM sodium
[(c) and (d)]. The ATP concentration was in both cases 0.5 �M. Discrete steps are clearly visible only in the presence
of Na+ ions.76
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(Fig. 47(a)) and the corresponding auto-correlation function

(ACF) of a slowly stepping enzyme at 0.5 �M ATP is shown

(Fig. 47(b)). The time series has a periodicity of about 150

ms, leading to an ATP hydrolysis rate of 10 s-1. The stepping

rotation is reflected in the ACF by the slow decay at short

times. The distance to the first maximum is again about 150

ms. At ATP saturation conditions fast rotation leads to a fluc-

tuating polarization signal (Fig. 47(c)). Fig. 47(d) shows the

corresponding ACF with a fast decay and pronounced oscil-

lations of about 20 ms periodicity. The inset shows magnified

ACFs of three individual enzymes with similar kinetics. The

decay and the first minimum are reproducible, whereas sub-

sequent oscillations are different from molecule to molecule.

Without sodium the decay and the oscillations in the ACF are

absent, even at high ATP concentration.

The yield of rotating single molecules can be deduced

by counting the number of rotating and non-rotating ATP

synthases. It is found that 90% of all observed ATPases show

no rotation in sodium-free buffer with or without ATP. From

the selected molecules, about 80% rotate after addition of

Na+. This is the highest yield of functional F-ATPases re-

ported so far. It has to be compared to about 0.4%72 and 5%75

in other studies.

Using the reconstituted F0F1 holoenzyme, consisting of

the sodium translocating part (F0) and the ATP synthezising

part (F1), the rotary motor can be also run in the ATP synthe-

sis mode. In order to do so, F0F1 was incorporated in mono-

disperse liposomes (� 100 nm diameter).

To start the ATP synthase activity, a sodium motive

force had to be generated. At this point a sodium gradient

equivalent to 60 mV but no membrane potential is present.

Under these conditions no rotation can be observed (Fig.

48(a)). Addition of valinomycin, a hydrophobic ionophor for

potassium, increases the membrane’s permeability for potas-

sium dramatically. In this way, a potassium/valinomycin dif-

fusion potential was established leading to an influx of potas-

sium ions. As demonstrated previously, it is the voltage com-

ponent of the electro-chemical Na+ gradient that finally initi-

ates ATP synthesis.65 Under these conditions rotation of F0F1

during ATP synthesis can be observed (Fig. 48(b)). A change

in directionality of the rotation compared to ATP hydrolysis

can not be resolved with single-fluorophore experiments.
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Fig. 47. Time-series of the polarization again with 0.5 �M ATP and 2 mM Na+, showing discrete steps (a), and with 50 mM
ATP, where the stepping rate is too fast to be resolved (c). (b) The polarization auto-correlation function (ACF) of
(a) reveals a significant decay and oscillations with a 150 ms periodicity. The two horizontal dashed lines indicate
the confidence interval (1�). (d) The ACF of (c) also reveals a significant decay and oscillations. Inset: ACFs of 3 in-
dividual molecules (B) and an example without Na+ (---) showing no correlation.76



The polarization response is equal regardless of the direction

of rotation.

So far, any attempt to specifically inhibit the rotation of

single F0F1-ATPases by dicyclohexylcarbodiimide (DCCD)

failed.72 It has been argued that this failure is due to the pres-

ence of detergent, in which F0F1 loses its structural integ-

rity.73 Here, with F0F1 being incorporated in liposomes, this

problem has been overcome without the need for detergent,

and rotation is clearly blocked after addition of 20 �M DCCD

(Fig. 48(c)).

According to the results of this study, without an ap-

plied membrane potential, no rotation is observed and thus no

ATP synthesis takes place, again underpinning previous en-

semble experiments.65 After addition of valinomycin, which

generates a membrane potential of about 95 mV (positive in-

side), 75% of the analyzed molecules rotate. Addition of 20

�M DCCD inhibits the rotation in over 90% of all cases ana-

lyzed.

In summary, the results obtained in this single-fluoro-

phore polarization study are: (i) The step-wise rotation of the

c-subunit in a functionally coupled F0F1 holoenzyme has

been shown. The presence of sodium is proven to be an oblig-

atory precondition for both rotation and ATP hydrolysis. (ii)

For the first time, rotation during ATP synthesis could be ob-

served in single F0F1 molecules. Enzymes incorporated in

liposomes showed no rotation in the presence of an Na+ con-

centration gradient alone. However, after applying a K+/

valinomycin diffusion potential, F0F1 rotated producing three

ATP molecules per turn. Furthermore, it was possible to in-

hibit the rotation by the addition of DCCD, giving additional

evidence that the enzyme used in this study was structurally

and functionally the same as in vivo assembled F0F1 com-

plexes.

Received January 3, 2003.
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