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1
Introduction

1.1
1.1.1

Real contact area
Real and apparent contact area

The goal of this project was to develop and characterize methods that enable direct visualization of the real contact area between solid objects. The real contact
area is more often than not significantly different from the apparent contact area
that we perceive macroscopically. This is illustrated in Fig. 1.1 a), where we show
a cartoon of an apparently smooth object lying on a flat, and apparently smooth
substrate. The contact area we would macroscopically observe between such objects would resemble the one shown in Fig. 1.1 b). If, however, we would image
both surfaces by atomic force microscopy (or some other appropriate method), we
would observe that our initial assumption about the smoothness of the surfaces
was incorrect for either of the two objects. The surface of any real object consists of hills and valleys that are commonly referred to as asperities (Fig. 1.1 a)).
The real contact area between the touching objects, then, is not the contact area
that we perceive macroscopically (Fig. 1.1 b)), but the area of contact that is
formed between the asperities on the surfaces of the objects in contact (see Fig.
1.1 a) and c)). Visualization of microscopic contacts between objects is, however,
challenging to do experimentally. Atomic force microscopy, for example, provides
resolution that is sufficient to detect and measure roughness of most materials,
but it is inherently unable to image contacts between macroscopic objects. 1 When
touching objects are transparent, the contact area between them can, in principle,
be imaged by looking at the interference pattern of light that is reflected by both
surfaces. 2 Interference-based contact imaging methods have, however, limited ability to distinguish contacts from non-contacts in experimental situations such as
the geometries examined in this thesis (Chapters 7 and 8), and presumably, many
others.
Our motivation to visualize contacts on such small scales comes from the fact
1
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that real contact area is closely related to friction: 1,3,4 a force that resists relative
motion between objects that are in mutual contact. 3 Examples where friction plays
an important role can be found everywhere: from cars or bikes in the street, trains,
airplanes, people having a walk, et cetera. One can imagine many examples where
friction is useful. If there was no friction we couldn’t walk or drive. Without
friction playing ice hockey and musical instruments would not be possible. But in
many cases, we would like to minimize its influence. For example, an average car
uses only 21.5 % 5 of the fuel to perform useful work (moving the car). The rest of
the energy is "wasted" on overcoming friction. In this example, friction not only
causes environmental damage, but also costs a lot of money. The wasted energy in
our cars is, however, only a small fraction of the total energy losses where friction
plays an important role. It is estimated that around 30 % of the world’s energy
consumption is due to friction. 6

1.1.2

A brief historical look on friction and its relation to the
(real) contact area

Friction is truly a subject of immense importance. It is, therefore, no wonder that
the human race has been trying to manipulate friction one way or another for more
than 400 000 years. 7–11 The earliest documented example of a systematic research
conducted on friction dates all the way back to the 15th century: Leonardo da
Vinci. 11 Da Vinci made two important observations. The first one was that the
frictional force FF R is directly proportional to the applied load L. In other words,
if he would double the weight of the object he was trying to move, he would also
need to double the invested force F (see Scheme 1.1 a)) in order to move it. His
second observation was that frictional force remained the same, no matter which
way he turned the object relative to the surface (Scheme 1.1 b)). Because of this,
he concluded that the frictional force is independent of the (macroscopic) contact
area between the sliding objects.
These observations were confirmed by Amontons (17th-18th century) and are
since then referred to as Amontons first and second law of friction. 12 The proportionality factor between load and frictional force is given by µ, the friction
coefficient (see Eqs. 1.1 and 1.2). This coefficient assumes different values if the
object is at rest (static friction coefficient, µs ) or is already moving (dynamic fricFigure 1.1: a) Illustration of
the apparent and the real contact area which is formed between two surfaces.
Due to
the inherent material roughness,
real contact area differs from the
apparent contact area; b) the
macroscopically perceived apparent area of contact; c) real
contact area.

a)

b)

Apparent contact area:

c)

Real contact area:

1.1 Real contact area
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Scheme 1.1: Schematic representation of Leonardo da Vinci’s experimental
observations: a) if the load is doubled, the force needed to move the object doubles
as well; b) the force needed to move the object remains the same no matter how
the object is positioned relative to the surface.

tion coefficient, µk ). In the 18th century, Coulomb observed that the frictional
force does not change with the sliding velocity v and this observation came to be
known as the third law of friction. 13 The three laws of friction can be mathematically expressed by Eq. 1.1. Although this expression is known not to be valid for
certain situations (especially if adhesion forces are present 14,15 ), it describes the
majority of situations rather well. 1 Even today, this equation is in wide-spread
use, and the values of µ can be found tabulated in textbooks and handbooks.
#»
F fr
µs = #» , (if v = 0))
L

(1.1)

#»
F fr
µk = #» , (if v = 0))
(1.2)
L
In spite of the fact that Eqs. 1.1 and 1.2 do not consider the area of contact
between objects, our everyday experience points to a different conclusion. One
example that comes to mind is when we rub our hands together in order to warm
them during a cold winter day. As long as our palms are in contact we experience resistance as we slide one palm over another, and this generates heat. If we
separate our palms and keep moving them relative to one another, we experience
no resistance and generate no heat. Racing cars are equipped with wide tires to
maximize the area of contact with the road. Lubricating oils that we use in engines
create a film between surfaces and prevent them from coming into a direct contact.
Numerous examples similar to these could be given, because friction occurs only
between objects that are in contact and shows contact area dependence. It may
therefore be somewhat surprising to find Eq. 1.1, which does not take the contact area between the two touching surfaces into account, in such a wide-spread
use today. This is because Eq. 1.1 simplifies (and generalizes) a very complex
phenomenon, in which the meaning of µ is not well understood. 4 In a real world,
perfectly smooth surfaces do not exist: every surface consists of hills and valleys
that are called asperities. The contact area between touching surfaces, then, is not
the macroscopic contact area observed by da Vinci and Amontons, but the area of
real contact between the asperities present on each of the surfaces (see Fig. 1.1).

4
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The relation between friction and a real contact area is the topic of a considerable
research interest. 1–4,16,17
Bowden and Tabor considered the connection between the real contact area
and friction in their, now classic, work from 1939. 18 The authors measured the
current between two metal cylinders and devised a relation between the electrical
conductivity and the real contact area. They observed that the electrical conductivity at the interface was proportional to the exerted load upon pressing two
metal surfaces together, which led them to conclude that asperities undergo a
plastic (irreversible) deformation (meaning that A ∝ L). Because the lateral force
needed to plastically deform the asperity junction is proportional to the area of the
junction, they directly arrived to Eq. 1.1. The observation that asperities undergo
plastic deformation was, however, not in agreement with the widely accepted contact theory developed by Hertz 19 in 1881, according to which A ∝ (RL)2/3 for
a sphere of radius R pressed on a flat surface. This theory assumes that strains
within the contact zone are small and within the elastic limits of materials that
form contact. Since Hertz contact mechanics was so successful to predict contact
area for a huge number of macroscopic cases (it is still widely used today), it
is no wonder that Bowden and Tabor’s conclusion about purely plastic contact
junctions caused some stir within the community. 20,21 This led to development
of the so-called multi-asperity contact theory by Archard. This theory assumes
that surface roughness can be approximated by asperities of varying heights with
spherical tips that undergo Hertzian (elastic) deformation, and predicts a linear
dependence of frictional force on load. 20–23 Another notable work that should be
mentioned was done by Persson, whose relatively recent theory of rough contacts
mechanics offers a significant improvement over the multi-asperity theories. 24
The theories I have mentioned so far represent only a fraction of theoretical and
experimental work that was done in this field (see refs. 1,4,15 and refs. therein),
and their individual considerations (even in the most simplified form) are beyond
the scope of this short overview. In spite of the immense effort invested in understanding the relation between contact area and friction, a direct, convenient
and sufficiently flexible experimental method for dynamic contact visualization is
lacking. Development and characterization of such a method is the topic of this
thesis.

1.2
1.2.1

Fluorescent molecular rotors
What are fluorescent molecular rotors?

Fluorescent molecular rotors belong to a special class of fluorescent probes which
gained popularity as viscosity sensors due to the pronounced sensitivity of their
fluorescence quantum yields (Φf ) on the viscosity (η) of their immediate environment. 25,26 Some typically used fluorescent molecular rotors are shown in Scheme
1.2. These molecules are very weakly fluorescent in low viscosity solvents, but as
their environment becomes more viscous, their fluorescence quantum yields show
a remarkable increase. Weak fluorescence in low viscosity media comes from their

1.2 Fluorescent molecular rotors
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tendency to undergo a large amplitude geometrical distortion in the fluorescent
excited state that results in fluorescence quenching. 25,27–29 The quenching process
either proceeds through direct ground state repopulation 29 (via a conical intersection taking place between the ground and the excited state potential energy surfaces) or through the intermediate twisted intramolecular charge transfer (TICT)
state 30 , formation of which either results in dual emission (as in dimethylamino
benzonitrile) 30,31 or a dark intermediate state.

1.2.2

Applications of confinement sensitive molecules

Fluorescent molecular rotors gained a significant popularity as probes for measuring viscosity and free volume since their discovery. Out of the large number of
examples available in literature, only a few selected ones will be mentioned below.
Biological applications. A common example of molecular rotor used in
biology on a routine basis is Thioflavin T (see Scheme 1.2). 34 Its fluorescence
response towards viscosity changes is shown in Fig. 1.2 a). Because Thioflavin
binds to amyloid fibers, upon which intermolecular motion becomes severely restricted, this rotor is nowadays routinely used to study protein aggregation and
fibril formation. 33,35–37 One example, in which the authors quantify the amount of
amyloid fibril structure is shown in Fig. 1.2 b). 33 Because of selective binding of
Thioflavin to β amyloid fibril (β(1-28) in this case), the fluorescence of the former
increases as the concentration of the peptide increases. This way, the fluorescence
response of the calibrated system can be used to quantify the amount of fibril in
the sample. 33 The usability of other molecular rotors in studying protein aggreR = -CN: DCVJ
R = -COOH: CCVJ

Thioflavin T
S

R
N

CN

N

N

Cl

DMABN

BODIPY

B
F

NC

N

F

CN

R
N

N

Scheme 1.2: Molecular structures of fluorescent molecular rotors that are routinely used as viscosity sensors. Arrows indicate the main reaction coordinates
that have been proposed to result in fluorescence quenching.
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Figure 1.2: a) Fluorescence quantum yield of Thioflavin T in acetonitrile/Ethylene glycol mixtures as a function of environment viscosity (from ref.
32); b) Quantification of β(1-28) amyloid fibril in 50 mM phosphate buffer (pH =
6) based on the turning of the fluorescence of Thioflavin T, data from ref. 33.

Figure 1.3:
Fluorescence lifetime
vs viscosity calibration curves of a
BODIPY-based molecular rotor obtained
in MeOH/glycerol mixtures (circles) and
Castor oil between 10 ◦ C and 60 ◦ C,
used in determining the viscosity of lipid
membranes. Data from ref. 40.

gation has also been demonstrated. Kung and Reed, for example, have used the
fluorescence response of DCVJ to monitor tubulin aggregation and assembly. 38
The applicability of molecular rotors towards probing specific peptide-protein interactions is being actively developed, and offers the possibility to improve on the
existing high-throughput drug-screening procedures. 39
Since fluorescent molecular rotors often react to changes in viscosity in a predictable manner, their response can be calibrated, and used to measure the viscosity of samples for which conventional viscosity measurements are difficult to conduct. 40–42 For example, Dent et al. indirectly measured the viscosity in model lipid
membranes by calibrating the fluorescence response of a BODIPY-based molecular rotor to viscosity changes in polar and non-polar environments (see Fig. 1.3).
BODIPY-based molecular rotors have also been used for viscosity measurements
in live cells, as their red shifted absorption and emission spectra make them suitable for use in fluorescence microscopy experiments. 43

1.2 Fluorescent molecular rotors
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Figure 1.4: Polymerization of methyl
methacrylate (MMA) monitored by the
fluoresence response of the DCVJ molecular rotor. Data from ref. 44.

Applications in Material and Polymer Science. In addition to bulk viscosity measurement of liquids, 41,45 molecular rotors have been used as probes in
polymer research. Loutfy used DCVJ and analogous probes to monitor polymerization of PMMA, as shown in Fig. 1.4. 44 Loutfy argued that a polymerization reaction decreases the free volume available for the probe to undergo the intramolecular motion that results in nonradiative relaxation. 44 Royal and Torkelson used
DCVJ to study molecular scale relaxations (polymer aging) in a series of polymer matrices. 46,47 Zhu et al. demonstrated that a CCVJ derivative can be used
to monitor chain entanglement in poly(propylene oxide) melts, further supporting assumptions about free-volume sensing capabilities of fluorescent molecular
rotors. 48

1.2.3

The role of fluorescent molecular rotors in contact
area imaging

In this section, I will attempt to provide some context for using molecular rotors in
the experiments described in this thesis. As mentioned at the end of Section 1.1.2,
our goal was to develop a reliable method that would help us in understanding
the role of the real contact area between touching surfaces in friction. In order
to do this, our method of choice had to not only provide us with information
about the size of contacts between surfaces, but also about information about the
shape of the contact area and the changes it undergoes during sliding and aging processes. This consideration pointed us towards surface imaging techniques.
Although arguably a number of techniques capable of performing high resolution
surface imaging exist (atomic force microscopy, scanning tunneling microscopy, fluorescence/reflections imaging, high resolution scanning electron microscopy, high
resolution transmission electron microscopy...), only a very limited number of techniques make it possible to look at the contacts between surfaces directly and with
sufficient spatial and temporal resolution. In order to tackle this problem we
chose fluorescence microscopy to visualize contacts, because of its ability to look
at contact area directly (if at least one of the surfaces is transparent), and it offers
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Figure 1.5: Illustration of contact
imaging experiment and a typical fluorescence image with molecular rigidochromic probes.

excellent sensitivity, speed and is nowadays easily accessible and more versatile
than alternative methods.
The fluorescence microscopy setup used in contact imaging is shown in Fig.
1.5. Our goal was to press a relatively rough object onto a smooth surface with a
controlled load, and to monitor how the contact area behaves as the bead is pressed
on (or moved around) the surface. Since the main criterion for our method to be
successful was its ability to clearly differentiate very small contact points from
background, such experiments required signal reporters to be very small and efficient. For this purpose, fluorescent molecular rotors seemed as an optimal choice.
We approached the problem by covalently attaching molecular rotors designed
in our lab onto one of the surfaces. We envisioned that surface immobilization
by itself would not significantly hinder the large-amplitude geometrical distortions that result in excited-state deactivation of molecular rotors, and they would
behave as in low-viscosity solvents. Once confined by another surface (bead), however, intramolecular motions that are responsible for fluorescence quenching would
become significantly hindered at contact points, and this would result in strong
fluorescence that would be imaged by fluorescence microscopy. The validity of this
approach is demonstrated in Chapters 3, 7, and 8 of this Thesis.

1.2.4

Why DCDHF-based molecular rotors?

For the purpose of this project, we searched for molecular probes that would
provide the strongest response towards surface-induced confinement.
Dicyanomethylenedihydrofuran-based (DCDHF) molecular rotors turned out to
be optimal probes for imaging contact-induced surface confinement, as they offer
a number of advantages over other (more commonly used) functionally similar
molecules mentioned above: low-energy absorption/emission spectra, reasonable
Stokes shifts, remarkable photostability, and synthetic tunability.
In this section, we will provide a brief overview of DCDHF molecular rotors
and explain their benefits over other molecular rotors, as a large part of the work
described in this thesis is based on their unique properties. DCDHF-based chro-
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Scheme 1.3: Schematic representation of DCDHF-based molecular rotors.

mophores were initially developed for non-linear optics applications. 49–52 The general structure of these molecules is shown in Scheme 1.3. They consist of electron
donor (usually aniline), π-conjugated bridge and DCDHF acceptor units. This
design was initially meant to enhance their polarizability anisotropy, an important material property for enhancing the photorefractive effect. 49 As expected for
donor-acceptor systems, fluorescence quantum yields of these molecules were found
to be very low in room temperature solvents, but it was soon shown that their
fluorescence is dramatically enhanced in rigid polymer matrices. 53 Such behavior
indicated that large-amplitude intramolecular motions play a role in fluorescence
deactivation of these compounds, and it was proposed that they behave as previously reported fluorescent molecular rotors. 27
DCDHF molecular rotors, due to their pronounced charge-transfer character,
exhibit solvatochromic behavior: their absorption and emission spectra show a
pronounced shift in response to environment polarity. 54 This property is very
useful in applications which aim to examine the polarity of a chromophore’s environment. 26 As with most push-pull systems, molecular dipole moments of these
compounds increase significantly upon photoexcitation. 54,55 This results in additional stabilization of the excited state relative to the ground state, which results in
increasingly larger differences between the excitation and emission energies (Stokes
shifts) as the environment polarity increases. 26,54 The influence of solvent polarity on the exhibited Stokes shifts is commonly expressed by the Lippert-Mataga
equation:
νabs − νem =

( #»
µ ES − #»
2
µ GS )2
∆f
+ constant,
hc
a3

(1.3)

where νabs and νem represent the absorption and emission energies (in cm−1 ), h
µ ES are
and c are Planck’s constant and the speed of light in vacuum, #»
µ GS and #»
the ground-state and excited-state dipole moments, and a is the solvent cavity
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Figure 1.6: Frontier molecular orbitals (HF-3c 56 geometries optimized in Orca 57 ) of
DCDHF molecular rotors with
phenyl (left) and napthalene
(right) bridge units (visualized
with VMD 58 ).

radius. ∆f is a solvent orientational polarization function, which is defined as:
∆f = f () − f (n2 ) =

n2 − 1
−1
−
,
2 + 1 2n + 1

(1.4)

where  represents the relative dielectric permittivity and n the refractive index
of the medium. While ∆f () takes into account the full dielectric response of the
solvent (fast electronic polarization and slow molecular reorientation in the field of
the solute dipole), ∆f takes only the "slow" molecular reorientation into account.
It is expected that increasing the conjugation length would result in larger
µES − µGS and increased sensitivity of Stokes shifts towards solvent polarity. As
an example, we illustrate this by replacing the phenyl bridge unit with naphthalene,
and optimize geometries of these molecules. Such substitution results in enhanced
charge migration and distance over which charge migration takes place, as indicated by the frontier orbitals shown in Fig. 1.6. This results in a larger difference
between the ground-state and excited-state dipole moments, which manifests itself in larger Stokes shifts. Experimental findings have indeed shown that both
absorption/emission energies, and Stokes shifts can be tuned by synthetic modifications illustrated in Fig. 1.7, where phenyl unit (compound 1) gets replaced
by napthalene (compound 2) and anthracene (compound 3). 54 Low-energy excitations/emissions and large Stokes shifts are highly desirable molecular properties
when considering the potential use of these molecules in fluorescence microscopy
applications. This is because the background fluorescence significantly decreases
at lower excitation energies, and because the excitation light can be separated
from the emitted light more efficiently when absorption and emission spectra are
well separated (large Stokes shifts). It was, however, reported that an increased
level of conjugation obtained by using acene groups results in much higher fluorescence quantum yields of DCDHF derivatives 2 and 3 relative to 1 in toluene.
For example, fluorescence quantum yields of 2 and 3 shown in Fig. 1.7 (Φf > 0.5)
in toluene are more than an order of magnitude higher than fluorescence quantum yields reported for compound 1 (Φf = 0.043). 54 This would, in principle,
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Figure 1.7: Solvatochromic response of DCDHF molecular rotors with different
bridge units. Data from ref. 54 .

make such molecules rather inconvenient for contact imaging purposes (at least
in non-polar environment), because the contrast between the confined and the
unconfined probes would be rather poor. In a polar environment, however, fluorescence quantum yields of compounds 2 and 3 drop below 3 %. 59 Although the
reason behind such a large difference in fluorescence quantum yields between polar
and non-polar environments was not clear when this project started, the reported
quantum yields from ref. 59 suggest that the model for excited-state deactivation
that we propose in Chapters 4 and 5 for the phenyl-bridged derivative 1 is able to
explain the quantum yield trends of the DCDHF acenes in different solvents. A
similar approach towards extending the degree of conjugation was made by using
oligoaromatic building blocks (by combining vinly, phenyl, thiophene π-conjugated
bridges), 60 and this is the approach that we use in Chapter 7 to design and prepare a red-shifted, phenyl-vinyl-bridged DCDHF analogue that shows excellent
sensitivity towards contact-induced confinement.

1.2.5

Origin of sensitivity towards molecular confinement

Because fluorescent molecular rotors need to perform large intramolecular distortions (see Scheme 1.2 where relevant torsions are indicated by arrows) in order for fluorescence deactivation to take place, 29,61–64 increasing η hinders such
movement and results in pronounced increase of Φf . 27,28,44,62 Correlation between
fluorescence quantum yield and η is commonly quantified in terms of the FörsterHoffmann equation (Eq. 1.5): 65
Φf = z η α ,

(1.5)

where z represents a dye-dependent constant and α is a constant which describes how well changes in fluorescence quantum yields correlate with bulk viscosity of the environment. Förster and Hoffmann derived this expression by a
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theoretical treatment based on Debye-Stokes-Einstein (DSE) diffusion theory and
obtained the value of α = 2/3. 65 A number of workers, however, report varying
values of α even for the same molecular rotors in different solvent systems (see
refs. 66 and 48 for some amongst many examples that can be found in literature).
This discrepancy can be (at least qualitatively) explained by the fact that molecular rotors do not show sensitivity towards the bulk viscosity, but towards the
microviscosity of their immediate environment. 25,27,31,66,67 Molecular rotors are
comparable in size to solvent molecules, so one can expect that the relative size
of molecular rotor and solvent cavities influences α. Law took a somewhat more
flexible approach 27 in order to arrive to Eq. 1.5. Law started by assuming that
viscosity of a liquid depends on the ratio between the molecular (van der Waals)
volume (V0 ) and the free volume (Vf ) of the solvent, as was previously formulated
by Doolittle: 68
V0
η = A exp(β ),
(1.6)
Vf
where A and β represent system specific constants. Since it was experimentally shown that fluorescence quenching of molecular rotors similar to DCVJ and
DMABN (Scheme 1.2) is viscosity (and free volume) dependent, Law related the
quenching rate (knr ) to free volume via Eq. 1.7. In this expression, γ is a constant, V0 is the van der Waals volume of the molecular rotor and Vf is the free
volume. By assuming that the fluorescence quenching process is irreversible and
highly efficient, Φf can be expressed as Φf = krad /knr , in which krad represents
the radiative decay rate of molecular rotor. Inserting Eq. 1.7 into this expression,
and expressing V0 /Vf through Eq. 1.6, after some rearrangement and substitution
of the constant terms with C, yields Eq. 1.8. This equation is analogous to the
commonly used expression attributed to Förster and Hoffmann in Eq. 1.5. At this
point, the physical meaning of the parameter α and its interpretation should be
mentioned.
V0
)
(1.7)
knr = knr0 exp(−γ
Vf
Φf = C η α

(1.8)

τor = CRF η α /T

(1.9)

If we take a close look at Eqs. 1.5 and 1.8, their direct comparison with the
famous Debye-Stokes-Einstein diffusion equation (Eq. 1.9, α=1) is difficult to
avoid. The DSE equation relates the orientational relaxation time of the particle
(τor ) with shear viscosity (η), temperature (T ) and rotational friction coefficient
of the particle (CRF ). One can see that the physical meaning of α is nothing else
than a simple correlation coefficient between the fluorescence (Φf ∝ τor ∝ 1/knr )
and bulk viscosity (α = 1 for macroscopic objects, α < 1 for molecular rotors),
and Eq. 1.9 becomes analogous to Eq. 1.8 at a constant temperature.
Purely hydrodynamic approaches (and other interpretations mentioned above)
view excite-state decays of molecular rotors as barrierless processes that are exclusively governed by steric constraints imposed by the surrounding environment.

1.3 Outline and scope of the thesis
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This is not always the case, because excited-state decays of fluorescent molecular
rotors often occur on much longer time scales than predicted by hydrodynamic
theory and show dependence on solvent polarity. 66,69–71 Even for the commonly
used DCVJ, this effect might be significant when changes in environment polarity
take place, as suggested in ref. 66 and our preliminary results described in the
Appendix to Chapter 5.
In order to account for the presence of an energy barrier, the hydrodynamic
equation needs to be modified:
knr /T = C η α exp(

−Ea
),
RT

(1.10)

where Ea represents the energy barrier leading to fluorescence deactivation, R is
the gas constant, and T the temperature. 72 The effect of the energy barrier Ea
and its dependence on solvent polarity is in most cases difficult to quantify.

1.3

Outline and scope of the thesis

This thesis describes experimental and computational research on fluorescent molecular rotors and their use as a tool for studying contact mechanics and friction. In
chapter 2, we discuss the experimental methods and data analysis used throughout
this thesis. A molecular rotor which based on the DCDHF acceptor unit (compound 1, Fig. 1.7) and its use in contact area measurements is presented and
discussed in Chapter 3. This chapter also serves as a motivation for the following
two chapters, in which we discuss the photophysical behavior of this molecule.
In Chapter 4, we propose the excited state deactivation pathways for the molecular rotor 1 based on time-resolved fluorescence, femtosecond transient infra-red
data and TD-DFT calculations. In Chapter 5, we take a closer look at the solvent
polarity-dependent behavior of this molecule with the help of visible-pump/visibleprobe and steady-state techniques. In the following chapter (Chapter 6) we present
a detailed photophysical study of a molecular rotor based on the unhindered BODIPY core. In Chapter 7 we introduce a new DCDHF-based molecular rotor with
increased level of conjugation, which manifests itself in the electronic absorption
and emission spectra shifted towards significantly lower energies. We also attempt
to use BODIPY-based molecular rotor in contact imaging experiments, but without success. We compare the photophysical behavior of the three molecular rotors
discussed so far, take a closer look on their behavior while being confined within
the contact zone, and discuss the reason behind the apparent lack of sensitivity
towards contact induced confinement of BODIPY-based molecular rotor. Chapter 8 serves as a closing chapter, where we demonstrate the applicability of our
method to learning more about contact mechanics and friction.
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2
Experimental Methods and Data Analysis

Abstract
This chapter describes experimental methods and data analysis
procedures that are used in this thesis. The chapter is divided in
three sections; the first section describes steady-state spectroscopy,
the second one time-resolved spectroscopy, and the final section describes microscopy. Each section includes the description of the instrument and of data analysis. The spectroscopic methods consist
of steady-state absorption (UV-vis, FTIR) and emission, picosecond
time-resolved fluorescence (Time Correlated Single Photon Counting, TCSPC), femtosecond vis-pump/vis(mid-IR) probe experiments,
confocal microscopy and fluorescence lifetime imaging techniques.
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2.1

Steady-state measurements

Steady-state measurements are performed under constant illumination and observation. In this type of experiments the sample is illuminated with a continuous
beam of light, while the intensity of transmitted (absorption) or emitted (emission)
light is being recorded. Due to very short timescales on which absorption (almost
momentary) and emission (ps or ns) of light occurs, the system usually reaches
the stationary state promptly. This way, time-averaged spectra are obtained. 1
Throughout this work, steady-state measurements have been used to extract both
qualitative and quantitative information.

2.1.1

Instrumentation

Electronic absorption spectra were measured with a Shimadzu UV-2700 spectrophotometer.
All fluorescence excitation and emission spectra were recorded using a SPEX
Fluorolog 3-22 fluorimeter, which is equipped with double grating monochromators
in both the excitation and emission channels. A 450 W Xenon lamp was used for
excitation, and a Peltier cooled R636-10 (Hamamatsu) photomultiplier tube was
used for detection of the emitted light. Spectra of the liquid samples were collected
in a right-angle geometry, while the spectra of the solid samples (cover slips) were
collected in the front face geometry. All the measured spectra were corrected for
the spectral sensitivity of the instrument and light intensity fluctuations (unless
otherwise noted).

2.1.2

Fluorescence quantum yields

The fluorescence quantum yield is one of the most important characteristics of a
chromophore. It is the ratio between the number of emitted and absorbed photons. 1 All fluorescence quantum yields (Φf ) reported in this thesis are determined
using the relative quantum yield measurement method. 2,3 This method is based
on comparison between the integrated emission of the sample and the integrated
emission of the standard sample for which the quantum yield value is known. The
fluorescence spectra are measured under the same experimental conditions, for
solutions of known absorbance values at the excitation wavelength. 3 Before integration, reference and sample spectra are corrected by solvent background subtraction. The fluorescence quantum yield of the sample is then calculated according
to Eq. 2.1.
 2
Fx fst nx
(2.1)
Φf,x = Φf,st
Fst fx nst
In this expression, Φf,x is the fluorescence quantum yield of the sample, Φf,st is
fluorescence quantum yield of the standard, Fx is the integrated emission of the
sample, Fst is the integrated emission of the standard, fx is the absorption factor
(where f = 1 − 10A , A being the absorbance at the excitation wavelength) of
the sample, fst is the absorption factor of the standard, nx is the refractive index
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of the solvent of the sample, and nst is the refractive index of the solvent of the
standard solution.

2.1.3

Estimation of radiative decay rate constants from the
Strickler-Berg equation

The radiative decay rate of a molecule can be estimated from the Strickler-Berg
expression (see Eqs. 2.2 and 2.3). 4

(ν)
3
dν
(2.2)
krad = 2.88 × 10−9 n 2 ν̃em
S1 ν

F (ν)dν
3
ν̃em = 
(2.3)
F (ν)ν −3 d ν

In this expression, F (ν) and (ν) are the emission and absorption spectrum (on
a cm−1 scale), respectively, and n is the refractive index of the medium. The
natural lifetime can be obtained according to Eq. 2.6. Although this expression
holds rather well for a large number of cases, 1,4 it does not account for possible
changes in the excited-state electronic structure and specific interactions between
the chromophore and the solvent. Throughout this thesis, we often use this expression to check whether significant changes in the excited-state electronic structures
take place. If significant changes in excited-state electronic structure do not occur,
electronic transition dipole moments for the absorption and emission are expected
to be equal (M01 = M10 ). Electronic transition moments for absorption and emission can be obtained via Eqs. 2.4 and 2.5, respectively. 5
 
1
(ν)
dν
(2.4)
M01 = 9.58 × 10−2
n S1 ν
3

M10 = 1.786 × 10
τn =

2.1.4

1
krad



krad
3
n3 ν̃em

(2.5)
(2.6)

Model for reversible TICT state formation under steadystate conditions

The following model will be used in Chapter 5, where we measure fluorescence
intensities of a fluorescent molecular rotor as a function of temperature. It will
enable us to monitor relative changes in nonradiative rate as a function of temperature. This model describes the case where the fluorescent locally excited state (P)
is formed upon photoexcitation of the ground-state (GS), and reversibly converts
to the (dark) Twisted Intramolecular Charge Transfer State (T). It was originally
proposed by Grabowski 6 and adjusted by Dreger in ref. 7 for the fluorescence
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response of molecular rotors in polymer matrices under pressure. The model assumes steady-state conditions and is schematically shown in Scheme 2.1. Here,

Scheme 2.1: Schematic representation of the reversible TICT state formation
model discussed in the text.

α represents a fraction of the photons absorbed, Iex is the intensity of the excitation light, kr is the decay rate of the locally excited state, kPT and kTP are
rates of interconversion between the locally excited and twisted states, and kT0
is the twisted state deactivation rate. The decay of the locally-excited state kr
represents mainly the contribution from radiative process, as a contribution from
internal conversion is much smaller in these compounds. 7,8 In this model, kr is
assumed to be temperature-independent. The situation depicted in Scheme 2.1
can be expressed by the following rate equations: 7
∂[P ]/∂t = αIex − (kr + kPT )[P ] + kTP [T ]

(2.7)

∂[T ]/∂t = kPT [P ] − (kTP + kT0 )[T ]

(2.8)

Because only the locally excited state (P) is fluorescent, fluorescence intensity
can be expressed by Eq. 2.9. This allows us to compare intensities (quantum yields) at different temperatures which is expressed by Eq. 2.10. Here,
X = kPT kT0 /(kTP + kT0 ) and all variables are assumed to show temperature dependence. The temperature effect will then mainly be reflected in the ratio between
X(Tx )/X(Tref ). This can be expressed in terms of either rate constants or fluorescence quantum yields, as shown in Eq. 2.11 7 where r(Tx ) = Φf (Tx )/Φf (Tref ).
αIex kr
kr + kPT kT0 /(kTP + kT0 )

(2.9)

Φf (Tx )
1 + X(Tref )/kr
I(Tx )
=
=
I(Tref )
Φf (Tref )
1 + X(Tx )/kr

(2.10)

I = kr [P ] =

kPT (Tx ) kT0 (Tx )
1 − r(Tx )Φf (Tref )
X(Tx )
=
=
X(Tref )
X(Tref ) (kTP (Tx ) + kT0 (Tx ))
r(Tx ) (1 − Φf (Tref ))

(2.11)
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Solvatochromism

The molecular rotors examined in this work manifest a high degree of chargetransfer character upon photoexcitation (with an exception of the BODIPY based
rotor discussed in Chapter 6), which results in a highly polar excited state. As the
solvent polarity increases, such polar excited states become increasingly stabilized
through interactions with the solvent molecules, and the energy difference between
the ground and excited states becomes smaller.
Since molecular rotors are usually more polar in their excited state than their
ground state, solvent stabilization has a larger influence on their emission energies
than on absorption energies. In addition, the larger effect on emission energies
stems from the relaxation of the molecule and the solvent, which takes time, and
cannot occur during the excitation process. This manifests itself in larger differences between the electronic absorption and emission energies, which is measured
as the Stokes shift, as the environment polarity increases. 1,9 Solvatochromism is
commonly described by the Lippert-Mataga equation, in which Stokes shifts are
expressed as a function of solvent orientational polarization. 10,11 In its commonly
used form, this model ignores specific solute-solvent interactions, and it only considers the polarization induced in the solvent by the fixed ground and excited-state
dipoles. The influence of the solute polarizability is taken into account in the polarizable point dipole dielectric continuum model, where the solvent’s orientational
r −1
n2 −1
2 12–14
polarization function (∆f = 2
− 2n
2 +1 ) is replaced with dc (r ) − dc (n ).
r +1
ν̄abs − ν̄em =

2
( #»
µ ES − #»
2
µ GS )
[dc (r ) − dc (n2 )]
+ constant
hc
a3

dc (x) =

(2.12)

x−1
d0 (x)
=
1 − 2cd0 (x)
2(1 − c)x + (1 + 2c)

(2.13)

x−1
2x + 1

(2.14)

d0 (x) =

The model is defined by Eqs. 2.12-2.14, where ν̄abs and ν̄em are electronic
absorption and emission energies, h is Planck’s constant, c is the speed of light, a
is the solute cavity radius, n is refractive index of the solvent, r is relative permitivitty of the solvent, and µGS and µES are ground and excited-state dipole
moments, respectively. Parameter c is related to solute polarizability α, and
it can vary between c = 0 (non-polarizable limit) and c = 0.5. For c = 0,
dc (x) = (x − 1)(2x + 1) and dc (r ) − dc (n2 ), the same as the solvent’s orientar −1
n2 −1
− 2n
tional polarization expression (∆f = 2
2 +1 ) from the Lippert-Mataga
r +1
equation. 10,11 In this work, we calculate the values of c via c = α/a3 . Both α and
a can be estimated from DFT calculations. The difference between the ground
and excited-state dipole moment can then be calculated from the line slope by
plotting the measured Stokes shifts (in cm−1 ) vs dc (r ) − dc (n2 ).
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2.2

Time-resolved measurements

Steady-state measurements can indisputably provide a wealth of information about
the chromophores and their excited-state dynamics. In spite of their usefulness, the
nature of these experiments limits the amount of information that can be extracted.
Due to constant illumination conditions, the ground and excited-state populations
rapidly reach steady-state conditions. As a consequence, the obtained signal is time
averaged and a part of the information is lost. Time-resolved measurements enable
us to obtain non-averaged signals, which makes it possible to extract information
which is lost under the steady-state conditions.
The basis of most time-resolved experiment is perturbation of the ground-state
molecular population by a short light pulse which causes a sudden increase in the
excited-state population. The signal produced by the excited-state population
after the excitation pulse is then monitored as a function of time. This signal
can, for example, be fluorescence intensity (as in time correlated single photon
counting) or difference in absorption of the sample after and before the laser pulse
(transient measurements). Through (occasionally quite complex) modeling of such
data, a wealth of information about the examined system can be obtained. Timeresolved measurements are used throughout this thesis to examine the excited-state
dynamics of molecular rotors.

2.2.1

Time correlated single photon counting

Instrument description
Time correlated single photon counting monitors fluorescence intensity of the sample after the laser pulse as a function of time. The setup used to conduct these
experiments is schematically shown in Fig. 2.1. Excitation light (450-488 nm,
vertically polarized) is generated by frequency doubling of the output of a fully
automatic tunable Ti:sapphire laser (Chameleon Ultra, Coherent; P ∼ 2400 mW
@ 830 nm; f = 80 MHz). Laser output is in some cases used to pump an optical
parametric oscillator (Mira OPO PP-Automatic, Coherent) in order to produce
the required wavelength (530 nm). The repetition rate of the laser is decreased
from the fundamental frequency of f = 80 MHz to f = 8 MHz using a pulse picker
(PulseSelect, APE). After passing the second harmonic generation (SHG), the
excitation light is split from the "reference" light using a dichroic mirror (DM).
When the OPO is used, SHG is removed and a beam splitter is used instead
of a dichroic mirror. The excitation light (typically ∼1 mW) is used for sample excitation, while the "reference" light is guided through a delay line towards
the fast photodiode (PD). Fluorescence from the sample is gathered under the
magic angle conditions and focused towards the multichannel plate photomultiplier tube (MCP, Hamamatsu R3809U-50 or Hamamatsu R3809U-51) through a
single-grating monochromator (M20, Carl Zeiss, 600 lines/mm or an ORIEL Cornerstone 260 mm). Although the excitation source produces sub-picosecond pulses,
due to electronics and detector, a typical instrument response function (IRF) of
this setup has full width at half maximum of ∼ 25 ps. The IRF is obtained either
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by measuring a dilute scattering solution (Ludox) or reflections from a ceramic
plate at the excitation wavelength. In order to maximize the photon collecting
efficiency of the instrument, the emitted photon is used as a "start" signal for
voltage ramp build-up in the time-to-amplitude converter (TAC). The voltage is
built up until a "reference" photon reaches the PD, which produces "stop" signal. The produced voltage is then converted to a corresponding arrival time by an
multi-channel analyzer (MCA) and added to the decay histogram in the computer
(PC). 1,15
TCSPC data analysis
TCSPC data in this thesis are analyzed either by means of a set of in-house built
IgorPro macros or using DecFit, 16,17 a Python-based software package written by
Nikolai V. Tkachenko. The principles for analysis of the time-resolved fluorescence
data are shortly described below.
δ

k

0
The simplest case scenario can be expressed as [GS]0 −
→ [ES](t) −→
[GS](t)
([ES](t = 0) = [ES]0  [GS]0 ), in which an infinitely short (δ-function) laser
pulse brings a fraction of the total ground-state fluorophore population [GS]0
in the solution to the (fluorescent) excited state (see Fig. 2.2). Excited-state

Figure 2.1: Schematic representation of the TCSPC setup in our lab. M = flipping mirrors, λ/2 = half-wave plate, SHG = second harmonic generator,
DM = dichroic mirror, BS = beam splitter, MC = monochromator, MCP = multichannel plate, PD = photodiode, CFD = constant fraction discriminator,
TAC = time-to-amplitude converter, MCA = multichannel analyser.
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population will decay according to:
∂[ES](t)
= −k0 [ES](t)
(2.15)
∂dt
where [ES](t) is the concentration of the fluorophore in its excited state at time t
and k0 is the sum of the rate constants that lead to the excited-state deactivation.
The fluorescence signal we measure by TCSPC, I(t), is directly proportional to
the concentration of the fluorophore in its excited state, [ES](t). Integration of
Eq. 2.15 gives an exponential function (Eq. 2.16):
I(t) = I0 exp(−t/τ0 )

(2.16)

where I0 represents fluorescence emission at t = 0 and τ0 = 1/k0 is the fluorescence
lifetime. Integrating this expression will give the steady-state intensity, I0 τ0 (at
the wavelength where the decay was measured).
Fluorescence decays are often not single exponential. Excited-state species
might undergo excited-state reactions, or multiple fluorophores might be present.
Corresponding fluorescence decay curves are then described by:
I(t) =

n


αi exp(−t/τi ).

(2.17)

i=1

In Eq. 2.17, αi is the pre-exponential factor of the ith component, n is the number of components, and τi is the corresponding lifetime. When multi-exponential
decays are present it is often useful to calculate the average fluorescence lifetime
(τavg ), which is defined as:
n

αi τi2
(2.18)
τavg =
α i τi
i=1

Equations 2.16 and 2.17 represent the so-called impulse response functions, 1
which are not observed under the experimental conditions. In reality, laser pulses
are not infinitely short, and more importantly, the characteristic properties of electronics and detectors cause a significant spread in the impulse response functions.
This results in "smearing", or convolution of the measured fluorescence decay signals and impacts the time resolution of such experiments. The "smearing" effect
is usually estimated by measuring excitation light from the scattering samples, for
example a diluted ludox solution, which provides a good estimate on convolution
of a δ-function due to the setup characteristics. This information is referred to
as instrument response function (IRF) and presents an important factor for time
resolution. The effect of IRF on measured fluorescence decays is illustrated in Fig.
2.2 on some simulated data.
Throughout this thesis, we use a measured (or in some cases assumed) IRF
in order to increase the accuracy of data analysis. This is especially important
when fluorescence lifetimes approach the time resolution of the instrument. Under
realistic conditions, the measured signal can be expressed as a convolution integral:
 t
R(t )I(t − t )dt
(2.19)
S(t) =
0
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where S(t) is the measured signal, R(t) is the measured (or simulated) instrument
response function, and I(t) is the ideal response of the sample (infinitely short
excitation pulse and instrument response). 1,18 If the sample response is expressed
as a sum of exponentials, the signal measured at a particular wavelength can be
expressed as:
 t
n

t − t 
)dt
αi (λ)
R(t )exp(−
(2.20)
S(t, λ) =
τ
0
i=1

This function is then used to fit the measured data: the measured (or assumed)
IRF (R) is iteratively convolved with the assumed sample response model (impulse
response function), and (Sexp (t, λ) − Scalc (t, λ))2 is then minimized by the nonlinear least squares method. Although this process is technically re-convolution,
it is often referred to as deconvolution. If needed, Eq 2.20 can be modified to
account for scattered excitation light (or Raman). This is done by adding the term
αIRF R(t ) to Eq. 2.20, which is δ-pulse response convolved with the instrument
response (R(t )) and scaled by a factor αIRF (additional fitting parameter).
If certain conditions are met (photon collection times are the same and spectral
sensitivity
of the detection is accounted for), integrals of the measured decay curves
∞
S(t,
λ)
plotted against the wavelengths at which they were measured would
t=0
reproduce the steady-state spectrum. Conducting such measurements, combined
with instrument response "deconvolution" allows us to obtain both spectral and
kinetic data, and becomes especially powerful when combined with global analysis,
described below.
Global analysis combines multiple experiments in which some parameters are
shared for all experiments (global), and the other ones are optimized independently
for each individual experiment. For instance, fluorescence decays can be measured
at multiple wavelengths and fitted by requiring that fluorescence lifetimes are simultaneously optimized for all measurements. This way, we would obtain a set
of amplitudes (pre-exponential factors) associated with the respective fluorescence
lifetimes for each individual measurement (at a particular wavelength). Often,

Figure 2.2: Due to non-ideal
instrument response (black) on
δ-function pulse, the observed
fluorescence decay (red) differs
from the sample response (blue)
which would be observed under
the ideal conditions (infinitely
short excitation pulse and instrument response).
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measured fluorescence decays show multiexponential behavior and in such situations kinetic parameters associated with individual components are difficult (or
sometimes even not possible) to resolve by fitting of the individual curves. 1 Both
parameter discrimination and accuracy of the parameter recovery can be dramatically enhanced by simultaneous (global) analysis of multiple datasets, which are
obtained under slightly different conditions (different monitoring wavelengths, for
example). In the simplest case of a mixture of two non-interacting fluorophores
(which exhibit a single exponential decay) in a solution, the respective fluorescence lifetimes of the two fluorophores would be defined as global (wavelength
independent) parameters, while their respective amplitudes would be optimized as
wavelength-dependent variables according to Eq. 2.20. Global fitting then yields
the (wavelength independent) fluorescence lifetimes of the two fluorophores, and
their amplitudes as a function of the wavelength at which they were obtained.
Plotting the amplitudes multiplied by lifetimes vs wavelength yields the decay associated fluorescence spectra (DAFS), which ideally correspond to the steady-state
spectra of the two individual fluorophores. In practice, however, optical components and detectors have different spectral sensitivities for different wavelengths
and this needs to be accounted for. One way to correct for the spectral sensitivity is to measure a known fluorescence standard and use it for calibration of
the spectral sensitivity of the setup. This is often not a preferred choice, as a
large number of photons tends to be collected near the maximum of the emission
or spectral sensitivity of the equipment, while the edges tend to have only a few
photons detected under constant photon collection times. The preferred method
is to optimize the instrumental settings for each wavelength and use the corrected
steady-state spectrum to normalize the fitted decay traces. The area under each
fluorescence decay curve corresponds to the steady-state emission intensity, which
can be used to calculate the wavelength-dependent correction factors:
area =



∞

t=0

I(t, λ) =



∞

αi (λ) exp(−t/τi )dt =

0

n


αi (λ)τi ,

(2.21)

i=1

F (λ)
,
(2.22)
area
where F (λ) is the corrected steady-state intensity for the monitoring wavelength
λ. The decay associated fluorescence spectra of the respective components is then
reconstructed by expression:
correction(λ) =

DAFSi (λ) = correction(λ) × αi × τi .

(2.23)

As mentioned previously, in case of non-interacting excited-state species (as in
a solution containing the mixture of two non-interacting fluorophores), the reconstructed spectra correspond to the spectra of the individual fluorophores and are
described as species associated fluorescence spectra. Since fluorophores often undergo excited-state reactions, where relationships between the excited-state species
can be complex, the decay associated spectra do not represent the spectra of the
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individual species. The interpretation of such decay associated spectra becomes
non-trivial, and more advanced compartmental global analysis methods discussed
later in this chapter need to be employed in order to extract the physically meaningful parameters.

2.2.2

Femtosecond transient measurements

Transient data described in this thesis are analyzed with Glotaran 19 (Java-based
guided used interface for the R package TIMP 20 ) and Matlab equipped with Ultrafast toolbox. 21 A brief description of the fitting methods is provided below.
Transient spectroscopy methods monitor changes in a sample absorption (∆A(λ, t))
after perturbation by a laser pulse (pump) as a function of time:
∆A(λ, t) = Ap (λ, t) − Anp (λ, t),

(2.24)

where Ap (λ, t) and Anp (λ, t) represent the absorption spectra at time t of the sample with and without perturbation by the pump pulse, respectively. The sample
absorption is defined as the negative logarithm of the transmission T of the sample:
∆A(λ, t) = −log10 Tp (λ, t) + log10 Tnp (λ, t),

(2.25)

where Tp (λ, t) and Tnp (λ, t) represent sample transmissions with and without the
pump pulse, respectively. Transmission of the sample is defined as the intensity
ratio of the probe with (I probe (λ, t)) and without (I0probe (λ, t)) the light passing
through the irradiated sample:




probe
(λ, t)
Ipprobe (λ, t)
Inp
+ log10
∆A(λ, t) = −log10
probe
probe
I0,p
(λ, t)
I0,np
(λ, t)
(2.26)


probe
Ip
= −log10
.
probe
Inp
Since the intensity of the probe can not be measured simultaneously for the presence and the absence of the pump pulse, an identical copy of the probe pulse which
passes through the part of the sample that remains unaffected by the pump pulse
is used as a reference (I0probe (λ, t)). The use of a reference minimizes shot-to-shot
laser pulse fluctuations and increases signal-to-noise ratio of the measurement. In
our vis-pump/mid-IR probe setup, the signal is obtained this way. Alternatively,
a reference pulse can be obtained by measuring the probe-pulse with a chopper
synchronized in a way to block the pump-pulses. The measured signal is then:
∆A(λ, t) =

I(t)pump
n
I(t)probe
n+1

,

(2.27)

where n represents number of the pulse, I(t)pump
intensity of the transmitted light
n
intensity
of
the
transmitted
light with probe only. In our
with pump and I(t)probe
n+1
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vis-pump/vis-probe setup, for example, probe runs at 1 kHz, while the pump runs
at 500 Hz (regulated with chopper) and transient signal is obtained according to
the Eq. 2.27. We use the first method to record signal in our vis-pump/mid-IR,
and the second one in vis-pump/vis-probe measurements.

Instrument description
Vis-pump/vis-probe Experiments: Femtosecond transient absorption experiments were performed with a Spectra-Physics Hurricane Ti:Sapphire regenerative
amplifier system with a repetition rate of 1 kHz, wavelength 800 nm. Visible
pump pulses (478 nm or 488 nm, ∼0.45-1.5 µJ pulse (<200 fs fwhm, estimated
from pump-probe cross-correlation)) were generated by sum-frequency mixing the
Ti:sapphire pump and an signal of an optical parametric amplifier (OPA) in a
BBO crystal. 5% Of the fundamental light was used for white light continuum
generation from 350 nm to 850 nm, by focusing on a CaF2 plate. This serves as
a probe pulse. A Berek Polarizer (New Focus) was included in the setup to provide the magic-angle conditions of the polarizations of pump and probe light. The
probe light was twice passed over a delay line (Physik Instrumente, M-531DD)
that provides an experimental time window of 3.6 ns. The samples were placed
in cells of 2 mm path length (Hellma). The absorption spectra were detected
with a 150 mm spectrograph (Princeton Instrument SP2150 with a 300 lines/mm
grating) and a single diode-array (Hamamatsu NMOS S3901-512Q). The readout
was done using fast electronics (TEC5). A chopper running at 500 Hz was used
to measure a reference (non-pumped) signal by blocking half of the pump pulses.
The transient spectra were obtained from the non-pumped transmitted intensity
and the pumped transmitted intensity spectra.
Vis-pump/mid-IR probe Experiments: Tunable visible pump and mid-IR
probe pulses were generated using a Ti:sapphire laser (Spectra-Physics Hurricane,
600 µJ pulse). Pump pulses at 488 nm were generated by sum-frequency mixing the Ti:sapphire pump and the signal of a BBO-based OPA (pulse energy was
∼3µJ); IR probe/reference pulses were generated by difference-frequency mixing
the signal and idler from a second OPA in AgGaS2 and reflected off the front and
back surfaces of the BaF2 window. The sample cell with CaF2 windows spaced by
500 µm was placed in the IR focus. Using a Newport ESP300 translation stage,
the delay positions were scanned by mechanically adjusting the beam path of the
vis-pump. A temporal resolution of 200 fs was estimated from the fwhm of the
pump-probe cross-correlation function. The transient spectra were obtained by
subtracting non-pumped absorption spectra from the pumped absorption spectra
that were recorded by a custom built 30-pixel double array MCT detector coupled
to an Oriel MS260i spectrograph.
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Figure 2.3: Simplified schematic representation of a) vis-pump/vis-probe experimental setup; b) vis-pump/mid-IR probe experimental setup.

Data analysis: parallel model
Since the transient data is usually collected for a large number of wavelengths simultaneously, global analysis of the transient matrix is usually employed to extract
meaningful information. The procedure is analogous to the one described for the
global analysis of the fluorescence decays. The measured curves can be expressed
as:
∆A(t, λ) =

n

i=1

αi (λ)



t
0

R(t )exp(−

t − t 
)dt ,
τ

(2.28)

and iterative reconvolution of the sample response function with the instrument
response function can be used to obtain relevant parameters. In this work, the
instrument response for the transient data analysis is approximated as a gaussian
function. Global analysis of the transient matrix yields respective amplitudes as a
function of wavelength (αi (λ)), from which the decay associated difference (DADS)
spectra can be directly reconstructed by plotting the amplitudes of individual
components vs their respective wavelengths. In the case of transient measurements
time traces do not need to be normalized (as in the case of fluorescence decays),
because the signal in the presence of the pump pulse is measured relative to the
signal in the absence of the pump pulse. As in the case of fluorescence decays,
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these spectra would represent the species associated difference spectra in the simple
case of non-interacting species present in solution. If this is not the case, socalled compartmental global analysis with an assumed model is used to obtain the
relevant spectral and temporal parameters.
Data analysis: compartmental global analysis and singular value decomposition
In many cases, excited-state transformations with mutual dependence between
the excited-state species occur during the measurement. When such dependence
exists, DADS do not represent the true spectra of the involved species. In order
to reconstruct the spectra associated with individual species, a quantitative model
for time dependencies of the relevant species (or some other constraints) needs to
be assumed. Measured spectra at each wavelength can be written as:
nspecies

∆A(λ, {t}) =


i=1

Si (λ)M ({t} , {P }),

(2.29)

in which transient spectra at wavelength λ is expressed as a linear combination of
the individual species spectra (Si (λ)) and their concentrations in time (defined by
a model, M ({t} , {P })), which are dependent on the set of model parameters P .
The set of transient spectra (A) measured at different times and wavelengths can
be arranged into a nλ × nt data frame matrix DF, which can be expressed as:
DF = SM({P }),

(2.30)

where DF is a nλ × nt data matrix, S is a nλ × nspecies matrix of species spectra,
and M({P }) is a nspecies ×nt matrix. Each column of DF is the spectra measured
at time t, each column of S represents the spectrum associated with one of the
nspecies species, and each row of M represents time dependent concentration of
one of the nspecies species. The task of compartmental analysis is to determine the
optimal set of parameters {P } and matrix S of species associated spectra which
satisfy Eq. 2.30. From this point, the unknowns are, at least in principle, obtainable by treating each of the amplitudes and model parameters as independent
adjustable parameters. In practice, the sheer amount of the adjustable parameters
(all spectral amplitudes are treated as independently adjustable parameters) makes
the convergence difficult and unreliable. One of the ways to tackle this issue is
by complete orthogonal decomposition 22 of the matrix M, or variable projection,
which are employed in order to reduce the number of adjustable parameters. 23
For instance, TIMP uses a refined version of variable projection referred to as
partitioned variable projection. 20 Detailed description of all variable projection
algorithms falls outside of the scope of this overview, and the reader is referred
to the specialized literature. 20,22–24 Instead, we will shortly discuss an approach
based on singular value decomposition (SVD), due to its wide usability (not only
in spectroscopy), noise removal properties, and overall relative simplicity. 24
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SVD can dramatically facilitate the data fitting process due to its ability to
reduce the number of parameters that need to be estimated by the least squares
algorithm. 24,25 The main idea of SVD is that the nλ × nt (nλ > nt ) matrix DF
can be expressed as a product of three matrices:
DF = UΣV =

N


σi ui v i ,

(2.31)

i=1

where U is the nλ × nt projection matrix, Σ is a nt × nt diagonal matrix which
contains non-negative diagonal elements (σi ) called singular values of DF, and V
is a nt × nt matrix. 24–26 The columns of U and V represent sets of orthonormal
vectors, such that UU = VV = I; where I represents a nt × nt identity matrix
and the sign  means that the matrix is transposed. The columns of U are the
projection vectors ui (nλ × 1 sized vectors), called the basis spectra of DF. The
time dependence of the individual basis spectra to each of the measured spectra
(DF columns) is given in the rows of V , v i (1 × nλ sized vectors). The measured
dataset can thus be decomposed into the outer sum of ui v i weighted by the
corresponding singular values in Σ, σi . The singular values contained in a diagonal
matrix Σ are ordered from high to low, where the highest values have the largest
contributions. 25 This means than one can then only take n components associated
with the highest singular values and reconstruct the reduced data matrix DFred
which only contains components with significant contributions:
DF ≈ DFred = Ured Σred V red =

n


σi ui v’i .

(2.32)

i=1

This process instantly reduces the number of components (n < N , n is number
of components after SVD, N is the number of components before SVD) that we
need to include in our fitting in order to obtain concentrations and spectra of the
individuals species of interest. As the added benefit, a significant amount of noise is
removed, as the noise components tend to be associated with lower singular values.
It is assumed that all measured spectra can be represented as linear combinations
of the columns of Ured . From this point, for simplicity, we will use notation of
DF, Σ and V for the reduced datasets obtained as described above.
For any square invertible n × n matrix (CC−1 = I), it is possible to write:
DF = UCC−1 ΣV = SM,

(2.33)

where S = UC, and M = C−1 ΣV . 26,27 Matrix S (nλ × n) contains basis spectra,
and M (n × nt ) contains target vectors. In order to extract the species associated
spectra, coefficients contained in matrix C need to be determined. This is either
done by imposing constraints on the basis spectra and/or target vectors, or by
assuming a specific kinetic model. 24 For the cases where the constraints are not
available, the transformation matrix C can be obtained by the least squares fit of:
CM = ΣV ,

(2.34)
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where M has a form:

Nspecies1 (t1 )
 Nspecies2 (t1 )
M=

...
Nspeciesn (t1 )

Nspecies1 (t2 )
Nspecies2 (t2 )
...
Nspeciesn (t2 )

...
...
...
...

that is defined by the assumed model.

2.3


Nspecies1 (tnt )
Nspecies2 (tnt )
,

...
Nspecies (tnt )

(2.35)

Fluorescence microscopy

In this thesis, all contact area images were obtained by confocal microscopy. SymPhoTime software (provided with the instrument) was used for fluorescence decay
fitting in order to obtain fluorescence lifetime images. The individual time traces
were either fitted with IgorPro, DecFit, or Matlab. Due to difficulties with instrument response estimation, deconvolution was avoided if possible. In this section
we will briefly describe the working principle of a confocal microscope, and some
very basic principles of digital image processing.

2.3.1

Instruments

Confocal microscopy is a fluorescence imaging technique, which means that it allows us to monitor fluorescence from the samples. A simplified confocal microscopy
setup is schematically shown in Fig. 2.4. The collimated light source (laser in
our case) is spectrally filtered with an excitation filter, which is required if the
laser light is not purely monochromatic. The excitation light is reflected from the
dichroic mirror and travels towards the objective, which focuses it on the sample.
The fluorescence from the sample is then collected and collimated by the objective, and passes the dichroic mirror and emission filter, which eliminates residual
reflected light passed through by the dichroic. The fluorescence light then travels
towards the pinhole, which eliminates a large amount of out-of-focus fluorescence,
and is collected on the detector (which is in our case either PMT or SPAD, for
Zeiss and PicoQuant microscopes, respectively). The pinhole that eliminates out
of focus fluorescence is the main advantage of confocal over wide-field imaging.
The contact area measurements were made using a confocal microscope (Zeiss
Axiovert 200M) and a microscope control system (Pascal). Excitation was at 488
nm (or 530 nm), and emission was monitored by a combination of adequate dichroic
mirrors and filters. The objective used was a 63× 1.3 NA (plan-apochromat, Zeiss).
Spheres were glued to the tool of an Anton Paar DSR 301 rheometer that was used
to apply and control the normal force on the contact. A schematic illustration of
this experiment can be found in Fig. 1.5. The images were analyzed in MatLab
and Fiji (ImageJ).
Fluorescence lifetime images were measured with a MicroTime 200 confocal
microscope (PicoQuant GmbH) based on an Olympus IX-71 microscope body and
a 100× 1.4 NA objective (UplanSApo, Olympus), mounted on a piezo-scanning
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Figure 2.4: Simplified schematic representation of a confocal microscope.

stage (Physik Instruments GmbH). A detection pinhole with a diameter of 50 or 75
µm was used. An NKT Photonics SuperK Extreme Supercontinuum white laser
(80 MHz) was used as the excitation source. The working principle of the fluorescence lifetime imaging microscope is identical to the one described previously
for the fluorescence imaging microscope, with the notable difference that a time
correlated single photon counting unit is incorporated into the setup. The working
principle of TCSPC can be found in Section 2.2.1. The MicroTime 200 box with
its components is shown in Fig. 2.5.
Confocal images are obtained by scanning, measuring luminescence in one point
at a time. By moving the focused light (either by moving the laser or the sample)
across the sample, the sample is scanned in the x-y plane. This process can be repeated for different sample planes (z-planes), which results in a three dimensional
image of the object. The time that the objective spends collecting photons at a
certain location is called pixel dwell time. Longer dwell times mean that more photons are collected, which result in less noise due to averaging. While morphological
properties of an image can be determined with relatively few photons (tens of photons) per point, this is not the case in fluorescence lifetime imaging, which requires
a larger number of photons in order to fit the obtained decay curves reliably. 28
Long dwell times, however, lead to photobleaching of the sample so measurement
parameters often need to be optimized for the individual samples.
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2.3.2

General considerations and data analysis

Resolution of a confocal microscope
The resolution of a fluorescence microscope represents its ability to resolve two
closely separated objects. If a very small object ( λ) is being imaged, its interaction with light will result in formation of a characteristic diffraction pattern
known as Airy disk, which results in blurring of such small objects. The size of
such a pattern is larger than the object that is being imaged. The radius of the
Airy disk is given by: 29
0.61λ
,
(2.36)
R=
NA
where R is radius of the Airy disk, λ is the wavelength of monitored light, and
NA is the numerical aperture of the objective. Two objects are considered to be
separable if their distance is equal to or larger than the Airy disk radius, which is
known as the Rayleigh criterion. The radius of the Airy disk for 1.4 NA objective
and monitored wavelength of 530 nm is R = 230 nm, which means that two objects
are separable if they are located at least 230 nm one from another. This principle
is illustrated in Fig. 2.6, where the Airy function has been generated using the
Born and Wolf model implemented in Fiji. 30 The Airy disk is two dimensional,
but blurring in microscope occurs in three dimensions and the amount of blurring
is defined by a point spread function (PSF) of the microscope. Since confocal
microscopy uses point-wise illumination (PSFexc ) and detection (PSFem ), only the
fluorophores within the shared illumination/detection volume (PSFexc × PSFem )

Figure 2.5: MicroTime 200 unit of PicoQuant fluorescence lifetime imaging
confocal microscope: 1 = excitation filter, 2 = photodiode, 3 = CCD, 4 = dichroic,
5 = tubelens, 6 = pinhole, 7-1 and 7-2 = emission filters, 8-1 and 8-2 = SPADs.

2.3 Fluorescence microscopy
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Figure 2.6: Resolving two objects under a fluorescence microscope. a) Simulated
Airy disk for 1.4 NA objective and 530 nm monitored wavelength; b) Simulated
intensity profile of two well separated objects; 3) Simulated intensity profile of
two objects separated sufficiently to be considered resolvable.

can be detected. The spatial resolution of a confocal setup therefore differs from
the resolution of a wide-field microscope. Under the assumption that both PSFexc
and PSFem have gaussian shapes, the lateral resolution of a confocal microscope
can be approximated with: 29,31
R≈

0.4 λem
.
NA

(2.37)

This theoretical limit should not be confused with resolution of a confocal microscope working under practical conditions, as ideal conditions that are assumed in
theoretical PSF estimation are not possible to achieve in practice (signal-to-noise
ratio is not infinite, optical aberrations are often present, "pixelation"-division of
an image into finite structural elements upon image digitalisation , imperfections
in index matching are often present,...). This often results in resolution that is
significantly worse than the one predicted by theory. Both resolution and the
contrast of the image can be increased by performing deconvolution with the measured (or estimated) PSF. Discussion about microscopy deconvolution algorithms
lies out of the scope of this overview, and the reader is referred to the specialized
literature, such as ref. 30 and the references therein.
Data analysis
Contact Area Measurements
Microscopy images were quantitatively analyzed using in house built scripts in
Matlab. The analysis included image pre-processing, e.g. filtering in order to reduce the amount of Poissonian noise from the data. This was achieved either by
applying median or gaussian filters, where the kernel size was optimized for each
image (depending mainly on the pixel size of a particular measurement). Although
median filter is generally preferred for noise removal purposes, the application of
the gaussian filter did have a significant impact on our spatial resolution since
the pixel size (∼ 100 nm) was kept below the experimentally determined optical
resolution of our system (300 − 450 nm, depending on objective and pinhole size).
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After noise reduction, the images were thresholded (binarized) using the Otsu
thresholding method. 32 In short, this method assumes that the image contains
a bimodal pixel distribution of foreground (in our case contact) pixels and background (non-contact) pixels. The algorithm then attempts to find the optimal
number (threshold) by minimizing (or, equivalently, maximizing) their combined
spread. Pixels below the obtained value then assume the value of 0, and pixels
above the obtained value assume the value of 1. 32 The obtained matrix of zeroes
and ones can then be used to calculate the contact area.
Since the pixel size of the obtained image known, a size scaling factor can be
obtained. The number of pixels that contain "true" signal (all pixels in thresholded image with the value of 1) can then simply be summed up and multiplied
by the scaling value to give the measured contact area.
Fluorescence Lifetime Imaging
Fluorescence lifetime imaging differs from the conventional, purely intensity based
imaging in a way that a fluorescence decay curve is associated with each of the
measured pixels. In other words, for a 250 by 250 pixels image, 62500 fluorescence
decay curves are collected. Each of these curves can be fitted with a model (usually
monoexponential or multiexponential functions) to obtain the fluorescence lifetime
image. Fluorescence lifetime imaging holds some obvious advantages which make
it more robust than the intensity-based imaging, as fluorescence lifetimes are not
dependent on fluorophore concentration (except in cases such as self-quenching
and re-absorption), photobleaching, absorption or the thickness of the sample.
In the case of our contact measurements, fitting the fluorescence decays within
the contact area with mono or biexponential models produced unsatisfactory fit
qualities for many pixels. For this reason, we have calculated the average lifetime
with the fast FLIM procedure. 33 This procedure calculates "average lifetime" values as the average photon arrival times after the laser pulse.
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Visualizing Contacts Between Objects∗

Abstract
The contact area between two objects was detected and measured
by using strong fluorescence enhancement of fluorescent molecular
rotors that were attached to one of the surfaces in contact. Contact
induced local confinement hinders the intramolecular motion that
leads to the excited-state deactivation of the molecular rotor, and
results in a dramatic fluorescence enhancement. We demonstrate
this approach by imaging the contact area of a round PMMA sphere
that is pressed onto a flat glass cover slip with covalently attached
fluorescent molecular rotors. The measured contact area values show
excellent agreement with those predicted by Hertz classical theory
based on elastic deformation.

∗ This chapter is adapted from:
Suhina, T; Weber, B.; Carpentier, C.; Lorincz, K.; Schall, P.; Bonn, D.; Brouwer, A. M. Angewandte Chemie International Edition 2015, 12, 3688-3691.
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3.1

Introduction

For virtually any mechanical system, the understanding of contacts between its
constituents is essential. Friction, for example, is responsible for ∼ 30 % of the
world energy consumption, 1 and results from molecular interactions that take
place within the contact. 2,3 The study of contact mechanics dates back to 1882 and
Heinrich Hertz, 4 yet surprisingly little is known about how the physical contacts
between objects arise, although this is essential for the understanding of their
mechanics. 2,5 The main challenge comes from the fact that since most (if not all)
surfaces possess a certain roughness, the actual contacts may occur on microscopic
length scales, even for large macroscopic bodies. Bowden and Tabor were the first
to emphasize the importance of surface roughness for bodies in contact. 6
Herein we describe the first direct visualization of mechanical contacts at the
microscale by means of fluorescence microscopy, using specifically developed probe
molecules that fluoresce when confined in a contact. To achieve this goal we synthesized rigidochromic fluorescent molecules that fluoresce only very weakly in
(low-viscosity) solutions owing to the presence of rapid nonradiative relaxation
pathways for the excited state. 7–9 This fast nonradiative decay is triggered by the
rotation around a specific bond in the molecule. When the rotation of the bond
is hindered, the nonradiative decay is suppressed, and the excited-state decays
by emitting a photon. When rigidochromic molecules are incorporated in a very
viscous medium, such as a glassy polymer matrix, a strong fluorescence is observed. This effect has been used to measure local viscosities in polymer films and
study their free volume and glass transition 10–13 and to investigate the viscosity
of membranes and intracellular media. 8,14 We show that the confinement between
two surfaces also impedes the nonradiative relaxation of the probe molecule 1 that
starts fluorescing strongly when confined. This effect then allows the detection of
the physical contacts between surfaces on a molecular scale.

Scheme 3.1: Molecular probes used in this work.

3.2 Experimental

3.2
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Compound 1 was prepared following the procedures described by Twieg, Moerner,
and coworkers for related compounds. 15,16 We used 4-piperidine acetic acid as the
amine in the last coupling step (Scheme 3.2). Subsequently, the dye was attached
to amino-functionalized glass surfaces (see below).

Scheme 3.2: Synthesis of probe 1.

Synthesis of 2-(1-(4-(4-cyano-5-(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran-3-yl)phenyl)-piperidin-4-yl) acetic acid (1)
2-(3-Cyano-4-(4-fluorophenyl)-5,5-dimethylfuran-2(5H)-ylidene) malononitrile (P3) 15
(0.98 g, 3.5 mmol, 1 eq) and 4-piperidine acetic acid (1.5 g, 10.5 mmol, 3 eq) were
dissolved in pyridine (10 mL). The reaction mixture was stirred at room temperature for 24 h. The reaction mixture turned red during this time. It was
poured into 200 mL of cold water and left standing in the refrigerator overnight.
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The precipitate was filtered and purified via flash chromatography (gradient of
dichloromethane (DCM) to DCM/MeOH 10:1). Compound 1 was isolated in 26%
yield (0.36 g, 0.89 mmol).
1
H NMR (400 MHz, THF-d8): δ (ppm) = 10.77 (s, 1H), 8.07 (d, J = 9.4 Hz,
2H), 7.07 (d, J = 9.4 Hz, 2H), 4.15 (d, J = 13 Hz, 2H), 3.07 (m, 2H), 2.21 (d, J =
6.9 Hz, 2H), 2.07 (m, 1H), 1.89 (d, J = 11.6 Hz, 2H), 1.83 (s, 6H), 1.31 (m, 2H).
13
C NMR (100 MHz, THF-d8): δ (ppm) = 177.79, 174.66, 173.39, 155.11,
133.16, 115.34, 114.06, 113.62, 113.28, 112.24, 98.58, 93.39, 47.83, 40.83, 33.88,
32.44, 27.14.
MS (FAB+) MH+: 403.2 (calculated), 403.2 (observed).
Cover slip silanization
Glass cover slips were washed in 3% (v/v) Hellmanex III solution by sonication
for 30 min at 40 o C and sonicated in deionized water for 10 min and in EtOH for
30 minutes. The cover slips were dried in an oven at 110 o C for 1 h and further
cleaned in an ozone photoreactor for 2 hours. Cover slips were silanized with 2%
(v/v) N-[3-(trimethoxysilyl)propyl]-ethylenediamine (AEAPTMS) in 96% EtOH
in which 2% (v/v) of H2 O was added. The pH of this solution was adjusted to
∼ 5 by addition of acetic acid. A teflon rack with cover slips was kept for 30
minutes in this solution with stirring. The cover slips were afterwards sonicated
three times in EtOH (20 min), washed with acetone and DCM, dried in air and
put in an oven for 1 h at 110 ◦ C. Some cover slips were silanized according to
the procedure reported by Basabe-Desmonds et al., 17 but we did not observe any
significant difference.
Immobilization of 1 on glass
Rigidochromic compound 1 (5 mg, 0.012 mmol, 1 eq), (benzotriazol-1-yloxy)
tris(dimethylamino)-phosphonium hexafluorophosphate (BOP) (16 mg, 37 µmol,
3 eq), N-hydroxybenzotriazole (HOBt) (5.3 mg, 37 µmol, 3 eq), and diisopropylethylamine (64 µl, 0.37 mmol, 10 eq) were added to the silanized cover slips in
DMF (60 mL). The reaction mixture was stirred for 16 h at room temperature.
After completion of the reaction, the glass cover slips were removed from the reaction mixture, sonicated in ethanol three times (60-120 min), and rinsed with
DCM. The process is schematically shown in Scheme 3.3.

3.3 Results and discussion

Scheme
slips.

3.3
3.3.1

3.3: Immobilization of probe 1 on amino-functionalized glass cover

Results and discussion
Originally proposed model for fluorescence deactivation

The model for the excited-state deactivation of 2 was initially proposed by Willets
et al. in ref. 18, and is schematically shown in Fig. 3.4. According to this model,
the chromophore can, after initial photon absorption and Franck-Condon state
formation, relax back to the ground state via two pathways. The first pathway (I)
involves a small structural relaxation (mainly a small β-bond adjustment), upon
completion of which the molecule assumes the fluorescent locally excited-state
geometry. From this geometry, the molecule radiatively decays to the ground
state structure, which subsequently relaxes towards the ground state minimum.
The other pathway (II) is sterically much more demanding, and it mainly involves
the torsional motion around the γ bond which leads to formation of the twisted
dark state. This state is energetically very close to the ground state, which results
in rapid nonradiative decay to the ground state, which is once again followed by
a structural relaxation towards the optimized ground state structure.
While the proposed model, 18 based on quantum-chemical calculations, explains
the rigidochromism observed, the actual excited-state dynamics is more compli-
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Scheme 3.4: Excited-state deactivation model proposed in ref. 18, where 1 (or
2) performs a twist around the γ bond which results in excited-state deactivation.
Adapted from ref. 18.

cated, as discussed in Chapters 4 and 5. In the following experiments we demonstrate that the molecules immobilized on a glass surface experience a significant
confinement when pressed upon with another surface and make use of this effect
in order to visualize the contact area between solid objects.

3.3.2

Basic photophysical characterization of 1

Representative steady state spectra of 1 and 2 in toluene, EtOAc and DMSO are
shown in Fig. 3.1. As the solvent polarity increases, the spectra shift towards lower
energies. The spectral shift is accompanied by the disappearance of vibrational
structure. Both the spectral shifts, and the lack of vibrational structure in polar environment indicate a significant charge-transfer character of the first excited
state. Steady-state spectra of 1 and 2 are, as expected, very similar. A difference
between the relative intensities of the vibrational bands exhibited by 1 and 2 in
non-polar toluene and slightly polar EtOAc (see Fig. 3.1 a) and b)) is noticeable.
A direct comparison between the absorption spectra of the two molecules shows a
slight broadening in case of 1, thus pointing towards the possibility of intermolecular interactions (self-association) due to the presence of a -COOH group. This,
however, does not seem to significantly influence the photophysical properties of 1
in solutions, as the obtained fluorescence quantum yields, spectral peak positions,
and average fluorescence lifetimes closely resemble those that were obtained for 2
(see Table 3.1).
Both probes show a relatively weak solvatochromic effect in absorption and
emission, and their fluorescence quantum yields (Φf ) are low and tend to decrease
with increasing solvent polarity. Fluorescence decay times τf follow the same trend.

3.3 Results and discussion

Figure 3.1: Representative absorption and emission steady state spectra of 1
(a) and 2 (b) in selected solvents.

In some solvents, fluorescence decay times were shorter than time resolution of
our instrument (∼ 10 ps). The quantum yields and fluorescence decay times are
higher in solvents of higher viscosity. For example, in cyclohexanol τavg = 0.46
ns, and Φf = 0.11, while in 1-butanol τf = 0.056 ns, and Φf = 0.02 (see Table
3.1 and Fig. 3.2). This trend can be explained by the effect of viscosity on the
rapid nonradiative deactivation of the excited states that occurs by twisting of the
exocyclic C−C(CN)2 bond, as reported previously for DCDHF chromophores. 18 In
the case of some solvents, we had to use biexponential decay function (Eq. 3.1) in
order to obtain satisfactory fits. This indicates that the photophysical behavior of
this chromophore is more complex than initially proposed in ref. 18 (see Chapter 4
and 5). For this reason, we report average fluorescence lifetime values τavg obtained
according to the Eq. 3.2 (see Table 3.1). Using this definition of average lifetime
we can relate it to the quantum yield of the fluorescent layer on the cover slip,
with the commonly made assumption that the radiative rate constant krad is the
same for all dye molecules, regardless of their chemical environment. 19–21 In the
later work (Chapter 4 and 5), we show that excited-state deactivation of DCDHF
occurs via two different pathways, and the dominant deactivation pathway strongly
depends on the solvent polarity.
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1.37
0.59
0.45
41.1
2.24
2.95
0.92
2.40
0.35
0.60

η

a

476
283
483
497
505
501
501
501
539
531

λbabs
517
510
526
530
543
530
535
528
539
531

λcem
0.36 (0.85)
0.20 (0.75)
0.12 (0.18)
0.51 (0.65)
0.018
0.056
—
0.040
<0.01
<0.01

τf1 (A1 )

e

Compound 1
0.08
0.06
0.013
0.11
0.004
0.02
0.003
0.010
0.001
0.001

Φdf
0.048 (0.15)
0.38 (0.25)
0.018 (0.82)
0.27 (0.35)
—
—
—
—
—
—

τf2 (A2 )

e

0.35
0.27
0.078
0.46
0.018
0.056
—
0.040
<0.01
<0.01

τavg
482
486
488
—
504
497
500
495
495
496

λbabs
518
508
523
—
540
528
533
524
530
531

λem

0.081
0.035 (0.044)
0.029
—
0.008 (0.005)
0.023 (0.023)
0.004
0.018 (0.015)
0.002 (0.001)
0.003 (0.002)

Φdf

Compound 2
0.35
< 0.4g
—
—
0.026
—
—
—
—
—

τavg

in mPa s.; b UV/VIS absorption maximum in nm.; c Emission maximum in nm.; d Fluorescence quantum yield (%) measured relative
to C153. 22 Literature values are given in parentheses. For toluene, the initially published value from ref. 23 was corrected in ref. 24. Since the
values in the other solvents published in ref. 18 were measured relative to the incorrect value of 0.10 in toluene we multiplied the published value
by 0.44.; e Fluorescence decay times in ns and amplitudes (parentheses).; f Average fluorescence decay times in ns.; g From ref. 18.;

a Viscosity

1,4-dioxane
toluene
ethyl acetate
cyclohexanol
DMSO
1-butanol
DMF
2-propanol
acetonitrile
methanol

Solvent

Table 3.1: Measured photophysical properties of 1 and 2 in various solvents.
Last digit in a given number represents the estimated uncertainty of the measurement.
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Figure 3.2: Fluorescence decays measured for 1 in low viscosity BuOH (η =
2.95 mPa s) and high viscosity cyclohexanol (η = 41.1 mPa s).

I(t) = A1 exp(−t/τ1 ) + A2 exp(−t/τ2 )
τavg =

3.3.3

A1 τ12 + A2 τ22
A1 τ 1 + A 2 τ 2

(3.1)
(3.2)

Sensitivity towards viscosity changes

We have examined the effect of solvent viscosity by monitoring the fluorescence
response of 1 in a series of alcohols: methanol, ethanol, 1-propanol, 1-butanol,
1-hexanol, benzyl alcohol, 1-decanol and ethylene glycol. The results are shown in
Figs. 3.3 a) and b). We find that the fluorescence intensity can be described well
by the Förster-Hoffmann equation: 25
Φf = z η α ,

(3.3)

This way, we obtained a slope of α = 1.3. Such a high value is not physically
meaningful and indicates that polarity changes influence the response of the probe.
This is also observable in the relatively low total intensity value obtained for polar
ethylene glycol (Fig. 3.3 b)). The effect of solvent polarity on nonradiative decay
of 1 will be examined and discussed in Chapters 4 and 5.
We systematically studied the effect of solvent viscosity with minimal effect on
polarity by subjecting solutions of compound 1 in acetonitrile to different hydrostatic pressures. To convert the hydrostatic pressures to changes in viscosity, we
used the relationship between viscosity of acetonitrile and pressure described by
Martin et al.: 26
η = η0 [1 + κ(P − P0 )],
(3.4)
where η0 is the viscosity at the reference pressure (P0 ), and κ is the relative
variation of the viscosity per unit pressure. The used viscosity data was obtained
from Dymond et al. 27 The results are shown in Figure 3.3 c) and d). The obtained
slope value of α = 0.66 shows that fluorescence response of 1 is strongly dependent
on micro-viscosity of the environment. 25
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Figure 3.3: Fluorescence intensity of probe 1 as a function of environment
viscosity: a) and b) in a series of alcohols; c) and d) under high pressure in
acetonitrile.

Figure 3.4: Normalized excitation and
emission spectra of the probe 1 immobilized onto a glass cover slip.

3.3.4

Contact confinement

To be able to look at the contact of an object with a flat surface, we covalently
attached probe 1 to glass cover slips, as described in Chapter 3.2. Fluorescence
emission and excitation spectra of surface-bound 1 (Fig. 3.4) were found to be
very similar to those of 1 and 2 in solution. The absence of broadening of the
bands shows that aggregation of surface-bound dye molecules does not occur or
has no significant effect on the electronic structure of the chromophore.

3.3 Results and discussion

49

On the other hand, the fluorescence lifetime of the bound molecules is quite
different from the lifetimes obtained for 1 in liquid solvents. The fluorescence decay
was measured at several locations on air-dried cover slips using the single photon
timing unit of the confocal microscope (Chapter 2). The time profiles were fitted
using a double exponential function (Eq. 3.1). A slow decay component (τ1 = 1.4±
0.2 ns) was found to be present in addition to a faster one (τ2 = 0.36±0.04 ns). The
deviation from single exponential decay can be attributed to spatial heterogeneity:
the surface-bound probe may exist in different local environments, in which the
molecules have different nonradiative decay rates. The quantitative measurement
of fluorescence intensities of dye monolayers is difficult owing to the very weak
absorption. Therefore we use the average lifetime to quantify the fluorescence
intensity of the dye on the cover slip. 20,21 The quantum yield is expected to be
linearly dependent on the lifetime according to Eq. 3.5, where krad is the radiative
decay constant of the chromophore. The values of Φf and τavg for compound 1
in several solvents give krad = 0.24 ± 0.06 ns−1 . We do not observe a systematic
dependence of krad on solvent polarity and we assume that it does not change
significantly when the dye is bound to the surface. Then, based on τavg = 0.7
ns for cover slips functionalized with rigidochromic probe 1, we can estimate the
fluorescence quantum yield to be about 0.17. Thus, on the cover slip, the emission
of the probe is considerably stronger than in solution, but weaker than reported
for 2 in the PMMA matrix. 18 This is because the surface-bound probe molecules
interact strongly with the surface, reducing the freedom of intramolecular rotation.
Φf = krad τavg

(3.5)

Surface confinement is easily reduced by addition of a polar solvent. To obtain
a suitable dynamic range for the rigidochromic effect, we immersed the slides in
DMSO. This led to a clearly weaker emission, because the chromophore is solvated and free to undergo rotational motion in the excited state. The fluorescence
lifetime of DMSO-wetted rigidochromic slips is reduced to τavg = 0.31 ns, corresponding to a fluorescence quantum yield of 0.07. Thus, although the fluorescence
is still stronger than in the solution, the nonradiative decay is faster than on the
air-dried cover slips. The comparison of the air-dried and DMSO-wetted cover
slips is shown in Fig. 3.5.
We generated contacts of spherical poly(methyl methacrylate) (PMMA) beads
pressed onto the probe-functionalized cover slip, wetted with DMSO. A force transducer (rheometer) was used that exerts and records a well-defined force. Fluorescence was excited and detected through the cover slip, using an epifluorescence
confocal microscope. The DMSO serves a dual purpose in these experiments: it
not only reduces the fluorescence intensity before the contact is established but
also provides a sufficient matching of the refractive indices of the glass and PMMA
to avoid the effects of refraction of light at the interfaces. When the bead is pressed
onto the cover slip, the confinement leads to a clear fluorescence increase owing to
the rigidochromic effect: a roughly circular fluorescent spot appears and increases
in size as the force is increased (Fig. 3.7). When the bead is retracted and placed
again with the same load, the contact area is reproduced within 5%.
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Figure 3.5: Fluorescence microscopy image of glass cover slip functionalized with
1 measured with the same excitation power: a) Dry cover slips; b) DMSO wetted
cover slip; c) Corresponding fluorescence decay histograms.

Figure 3.6: Representative fluorescence intensity images with the focal plane
positioned at the surface of a cover slip with covalently linked dye 1. A PMMA
bead is pressed on the cover slip with the indicated loads, resulting in an increase
in the contact area in which the fluorescence probe lights up. The size of the
image is 200 µm × 200 µm. Exerted loads were a) 0.04 N, b) 0.20 N, c) 0.40 N,
d) 0.55 N, e) 0.72 N and f) 1.01 N.
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Figure 3.7: Radius of contact area observed in the fluorescence images (examples
in Figure 3.6) as function of the normal force according to Equation 3.6.

To compare with the classical Hertz theory, which was devised exactly for this
situation, 4 we estimated the macroscopic contact area by fitting a circle to the
fluorescent area. In Hertz theory, the radius a of the contact area between a
sphere (of a radius R) and a flat surface pressed against each other with force F
is described by:
a3 =

3R(1 − ν 2 )
F,
4E

(3.6)

where E is the Young’s (shear elastic) modulus and ν is the Poisson ratio of
the sphere material (ν = 0.37 for PMMA). The modulus of glass can be ignored
because it is much higher than that of PMMA. By relating the area to the load
according to Eq. 3.6, we can derive the Young’s modulus of the PMMA sphere.
The value found E(PMMA) = 2.0 GPa is a bit lower than the literature value for
bulk PMMA, which is presumably due to a slight softening of the PMMA sphere
by DMSO. 28 Most importantly, we observe that the theory agrees remarkably well
with the experiments, which strongly supports the validity of using immobilized
compound 1 as a probe for mechanical contact.
We note that the fluorescent spot is not perfectly circular, and shows a significant amount of structure within it, implying that there are many small contacts at
the microscopic scale, rather than one large homogeneous contact, as is commonly
assumed in contact mechanics. At the same time, contact mechanics has been
tested many times, and seems to be valid even when the microscopic structure of
the contact is not taken into account. This presumably holds as long as the typical
scale of the roughness is much smaller than both the radius of the bead and the
contact area, 29 which is the case for this experiment.
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3.4

Conclusion

The present approach offers a unique method to directly observe the detailed
structure of the contact area between two surfaces. We obtain diffraction-limited
resolution in the imaging plane, but the resolution in the axial direction is determined by the thickness of the monolayer of dye molecules on the flat glass surface
(roughness < 1 nm). Application of this new method towards understanding the
relationship between friction and real contact area will be discussed in Chapter
8.
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4
Excited-state Decay Pathways of DCDHF Molecular Rotors: Twisted Intermediate or Conical Intersection?∗

Abstract
The fluorescence intensity of molecular rotors containing the dicyanodihydrofuran (DCDHF) motif increases strongly with solvent viscosity. Single-bond and double-bond rotations have been proposed
as pathways of nonradiative decay for this and related molecular rotors. In this work, we use steady-state and time-resolved fluorescence measurements and combine them with visible-pump/mid-IR
probe transient measurements. Combination of these powerful techniques enables us to learn more about the excited state dynamics of
1 in a range of solvents. To further deepen our fundamental understanding of the relevant processes, we supplement our experimental
findings with TD-DFT calculations. We show here that both single
and double bond rotations are involved in the case of DCDHF rotors:
fluorescence is quenched by rotation around the dicyanomethylene
double bond in non-polar solvents, but in a sufficiently polar environment rotation about a formally single bond leads to a dark internal
charge-transfer state.

∗ This chapter is adapted from:
Suhina, T; Amirjalayer, S.; Mennucci, B.; Woutersen, S.; Hilbers, M.; Bonn, D.; Brouwer, A. M.
The Journal of Physical Chemistry Letters 2016, 7, 4285-4290.
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4.1

Introduction

Molecular rotors with a viscosity-dependent fluorescence deactivation pathway are
widely used as molecular viscosity probes in biology 1–6 , fluid dynamics 7–9 and
materials science. 10–15 In Chapter 3 we have shown that such molecules (1 and
2 in Scheme 4.1) comprise a unique tool in studying contact mechanics, enabling
us for the first time to directly visualize contacts between solid surfaces on a
molecular scale. 16 The photophysics of these remarkably useful probes and func(1) R = -(CH2)5CH3
(1a) = -CH3

DCVJ

N

CN

γ

NC

(2)

CN

γ

NC
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β
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R
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Scheme 4.1: Molecular structures of 9-(2,2-Dicyanovinyl)julolidine and the
dicyanomethylenedihydrofuran derivatives 1 and 2 investigated here. 1a is simplified analogue of 1 that was used in TD-DFT calculations.

tionally similar malononitriles is still incompletely understood and actively debated 10,13,15,17–24 . In a model proposed by Willets, 21 fluorescence deactivation of
1 occurs through an irreversible twist involving the dicyanomethylene bond (γ in
Scheme 4.1), upon which the ground and excited state potential energy surfaces
come into sufficiently close proximity to allow efficient deactivation. We have
recently reported non-exponential fluorescence decays for 1 in some solvents, 16
indicating that its photophysical behavior is complex. Interestingly, in the case of
9-(2,2-dicyanovinyl)julolidine (DCVJ, see Scheme 4.1) nonexponential fluorescence
decays have also been observed. To explain this observation, Dreger proposed a
model involving a dark twisted state that equilibrates with a planar locally excited (LE) state. 14 In a more recent study, Gaffney and coworkers 19 studied timeresolved infrared anisotropy of DCVJ in DMSO, and showed that the LE state
decays to a hot ground state and to a twisted intermediate species in DMSO. This
branching may be different in other solvents, and may in turn present a cause for
observed variations in the viscosity response. 18
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Figure 4.1: Proposed model for
fluorescence deactivation of 1.
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The two proposed fluorescence deactivation pathways of 1 and 2 are presented
in Fig. 4.1. After initial photo-excitation from the ground state (GS) and fast
relaxation processes (with rate constant k*), the molecule reaches the near-planar
LE state. From there it can radiatively relax to the ground state (krad ), or perform
twisting motion around either the γ (kγ ) 21 or β (kPT ) bond (see Scheme 4.1).
Both twists result in fluorescence deactivation. Twisting around γ leads to a
conical intersection (CI) with the ground state potential energy surface (PES)
and instantaneous nonradiative relaxation. Twisting around the β bond yields a
highly polar twisted intramolecular charge-transfer (TICT) 25 state. This state has
a finite lifetime, and it can either act as a sink (it converts to the GS directly with
rate constant kT0 ) or as a reservoir state (TICT back-converts to the LE state
and to the GS with rate constants kTP and kT0 , respectively). In the latter case
delayed fluorescence occurs and causes biexponential fluorescence decays. These
twists occur easily in liquid solvents, but become hindered as solvent viscosity is
increased. In this way, the degree of confinement is reflected by a fluorescence
response. Below we show that the deactivation pathway of 1 strongly depends
on solvent polarity: deactivation proceeds through CI (through γ twist in Scheme
4.1) in non-polar solvents, whereas polar solvents facilitate formation of the TICT
species and subsequent deactivation (through β twist, Scheme 4.1).

4.2

Experimental

Most of experimental details regarding the setups used can be found in Chapter
2. Experimental details that are specific to this chapter are described below.
All solvents used were of HPLC grade or spectroscopic grade. DMSO and
MeCN were dried over 4 Å molecular sieves and passed through activated Al2 O3
before use. Toluene was distilled from CaH2 prior to use and stored over molecular
sieves under N2 atmosphere. EtOAc was stirred with K2 CO3 for 30 minutes,
passed over activated Al2 O3 , distilled and stored over 4 Å molecular sieves under
N2 atmosphere. Compound 1 was prepared according to the previously reported
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procedure. 26

Transient data analysis
The obtained transient matrices were analyzed with Glotaran, 27,28 Matlab equipped
with UltraFast Toolbox, 29 and with the help of SVD techniques discussed in Chapter 2. 30 In all cases, SVD was used in order to reduce artifacts and noise. The
number of components used in filtering was determined by looking at their left
and right singular vectors (weighted by their respective singular values). If no
significant structure was observed, SVD components were not used in reconstruction of the data set. The reconstructed dataset was subsequently compared to
the original dataset in order to check whether any significant information was lost
during the filtering process. In all cases, a Gaussian-shaped IRF (fwhm ∼ 200 fs)
was obtained and used for iterative reconvolution of the measured time traces.

Calculations
All calculations were performed on a model molecule 1a, in which hexyl chains
were replaced with methyl groups in order to reduce calculation costs, (Scheme
4.1) with CAM-B3LYP/6-31+G(d) level of theory. 31 Solvent effects were included
through the Integral Equation Formalism 32 version of the Polarizable Continuum
Model (PCM). 33 Relaxed excited state potential energy surfaces were obtained
assuming a complete relaxation of the solvent polarization. To account for a
proper response of the solvent, a state-specific correction has been introduced for
each point of the PESs through the cLR formulation. 34 All calculations have been
performed with a locally modified version of Gaussian ’09 software. 35

4.3
4.3.1

Results and discussion
Fluorescence quantum yields and solvent polarity response

The steady-state absorption and fluorescence spectra of 1 (see Figure 4.2 a)) show
significant changes both in the shape and peak positions as solvents are changed
from non-polar hexane to the highly polar DMSO, indicating charge-transfer character of the excited state. We have experimentally estimated the difference in the
ground and excited state dipole moments by employing a polarizable point dipole
dielectric continuum model, which takes into account the polarizability of the solute (see Chapter 2.1.5). 22,23,36 From the Stokes shifts we estimate the difference
in dipole moments of S1 and S0 to be ∆µ = 5.8 ± 0.9 D. Due to efficient fluorescence deactivation, quantum yields in liquids are very low (see Table 4.1). In
the very polar solvents DMSO and MeCN the quantum yields (Φf ) are less than
1%. The quantum yield is somewhat higher in medium polarity EtOAc (2.9%) and
peaks in the relatively non-polar toluene (5.0%). An order-of-magnitude drop in
Φf (∼0.6%) is observed when going from toluene to the even less polar hexane (see
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Figure 4.2: a) Absorption and emission spectra of 1 in selected solvents; b)
Stokes shifts of 1 in hexane, chloroform, dichloromethane, benzonitrile, DMSO,
acetone, and acetonitrile.
Table 4.1: Fluorescence properties of 1 at room temperature (24 o C).
solvent

η a (cP)

hexane
0.30
toluene
0.56
EtOAc
0.42
MeCN
0.37
DMSO
1.99
a Values for

ar

Φfb (%)

d
krad
108 (s−1 )

e
τpred
(ps)

f
M01/10
(D)

gmax,abs (M−1 cm−1 )

λhmax,abs (nm)

λhmax,em (nm)

1.9
2.4
6.0
36.6
46.8

∼ 0.6
5.0
2.9c
∼ 0.3
∼ 0.5

2.8
3.1
2.8
2.8
3.0

∼ 20
160
46
11
17

7.33
6.74
7.85
8.10
7.24

59900
62200
68000
75800
76000

474*
487
488
495
504

486**
509
522
532
541

relative permitivity (r ) and viscosity at room temperature (η) obtained from ref.
37; b Fluorescence quantum yields (%); fluorescein in 0.1 M NaOH (Φf =0.89 38 ) was used as a
reference; c Φf obtained from ref 16. d Radiative rates from the Strickler-Berg expression 39 ; e
Fluorescence lifetimes calculated as Φf /krad ; f Absorption and emission transition dipole
moments obtained from Eqs. 2.4 and 2.5; g Molar absorption coefficient at absorption
maximum; h Location of absorption and emission maxima; * Lowest energy peak; ** Highest
energy peak.

Figure 4.3). This trend can be explained by the presence of two different barriers
with different polarity dependencies that lead to fluorescence deactivation.

4.3.2

Fluorescence decay times

The fluorescence decays show trends similar to the quantum yields observed in
steady-state measurements. In hexane and isooctane, the decays are too fast
to be measured with our TCSPC equipment. In toluene, global fit of the 12
fluorescence decay curves resulted in a single fluorescence decay time constant of
120 ps (see Fig. 4.4). Our calculations (see below) indicate that the increase in
polarity (which occurs in the case of toluene vs hexane) results in an increase of
the energy barrier that separates the LE state from the CI, and explains longer
fluorescence lifetime measured in toluene. In EtOAc, the decay is biexponential
with time constants of τ1 = 30 and τ2 = 228 ps at room temperature (Fig. 4.4
b)) which were obtained by a global fit of 6 fluorescence decays. Reconstructed
decay-associated fluorescence spectra show two components with identical spectral
profiles (Fig. 4.5 a)), indicating that fluorescence emission occurs from a single
state. In DMSO, fitting decays with a single time constant resulted in χ2 values
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Figure 4.3: Fluorescence quantum yield
of 1 as a function of solvent polarity function dc ().

Figure 4.4: Fluorescence decays (black) and fits (blue) of 1 measured in: a)
toluene; b) EtOAc; and c) DMSO.
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> 1.4 and significant structure in the residuals. For this reason, we used a second
exponent to fit 8 measured curves (see Fig. 4.4 c)). This fit resulted in decay
time constants of 10 and 30 ps. Normalized decay associated fluorescence spectra
associated with these time constants are shown in Fig. 4.5 b). Although the
fit quality is not completely satisfactory, adding more exponential components
does not significantly improve the overall quality of the fit. The reconstructed
spectrum associated with the short component (10 ps) is blue shifted relative to
the one associated with the longer (30 ps) component, and indicates the presence
of solvation dynamics. Dynamic Stokes shifts are expected due to a significant
charge-transfer character of 1 and typically occur on time scales shorter than 10
ps. 40 Since the fluorescence lifetime of 1 is very short (see Fig. 4.4 c)), the presence
of IRF artifacts and IRF drift during the (due to low Φf in DMSO, relatively long)
photon collection process have a significant influence on the values of the recovered
time constants (see ref. 41 for additional details), and in our case make the short
time constant appear longer than it actually is (see Chapter 5 for additional insight
provided by vis pump-probe experiments).
The trend obtained from calculations presented below and the obtained decay
associated fluorescence spectra suggest that EtOAc is just polar enough to prevent
crossing at the energy barrier leading to the CI (the γ twist becomes hindered)
and to simultaneously lower the energy barrier that separates the LE state from
the β-twisted (TICT) state. It is, however, not polar enough to stabilize the TICT
state to such an extent that it cannot convert back to the fluorescent planar LE
state. As a result of this interconversion we observe delayed fluorescence. The
kinetic model (see Scheme 4.1) can be expressed by the following equations:
∂[P ]
= kTP [T ] − kPT [P ] − krad [P ],
∂t

(4.1)

∂[T ]
= kPT [P ] − kTP [T ] − kT0 [T ],
∂t
[GS] = 1 − [P ] − [T ],

(4.2)
(4.3)

(with P , T and GS the LE planar, β-twisted TICT, and ground state, respectively), which can be solved analytically, so that kPT , kTP and kT0 can be obtained from our data. kPT and kTP represent the rate constants for conversion of
planar to twisted, and twisted to planar species. In this case, initial conditions for
[P ], [T ] and [GS] are: [P ](t = 0) = 1 and [T ](t = 0) = [GS] = 0. Solving this
system of equations leads to analytical expressions for [P ], [T ] and [GS]. The time
evolutions of concentration [P ] can be expressed in terms of two exponential functions that contain fluorescence decay rates (k1 and k2 ) with associated amplitudes
(A1 and A2 , where A2 = 1-A1 due to the boundary condition [P ](t = 0) = 1).
See equations 4.4 and 4.5 for the final expressions that were obtained this way.
In these expressions X and Y are substitution terms defined as X = krad + kPT
and Y = kTP + kT0 . Similar expressions have been derived in the literature to
study kinetics of e.g. dimethyl amino benzonitrile. 42 Having this in mind, fitting
fluorescence decays (which yields A1 , A2 , k1 and k2 ) allows us to calculate values
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Figure 4.5: Decay associated fluorescence spectra of 1 in: a) EtOAc and b)
DMSO.

for kPT , kTP and kT0 . Here we assume that krad = 3.8 × 10−8 s−1 , based on the
average lifetime obtained by measuring the fluorescence decays of 1 in PVOAc matrix. The kPT and kTP values (2.5 × 1010 and 4.5 × 109 s−1 at room temperature,
respectively) thus obtained allow estimation of the energy of the TICT state to be
∼0.9 kcal/mol lower than the energy of the planar LE state at room temperature
for 1 in EtOAc.
√
X + Y ± ( X 2 − 2XY + Y 2 + 4kPT kTP )
k1/2 =
(4.4)
2
A1 =

4.3.3

X − k2
; A2 = 1 − A1
k1 − k2

(4.5)

Temperature experiments

Fluorescence emission spectra of 1 in EtOAc measured at increasing temperatures
show an unusual increase of intensity (Figure 4.6). To further investigate this, we
have measured fluorescence decays for 1 in EtOAc at different temperatures and
obtained relevant rates according to Eqs. 4.4 and 4.5 (see Table 4.2 and Fig. 4.7
a)).
The driving force (∆G, Eq. 4.6) for the reaction P → T decreases with temperature (Fig. 4.7 b)), which means that the TICT (T ) state becomes energetically
less favorable at higher temperatures. The reason for this is that the dielectric
constant of EtOAc decreases upon temperature increase (from ∼6.4 at 5.5 o C to
∼5.4 at 50 o C 37 ). Since the TICT (T ) state is more polar than the LE (P ) state,
the decrease in dielectric constant results in destabilization of the TICT state relative to the LE state upon heating. Fitting the data in Table 4.2 with Eq. 4.7
(van ’t Hoff equation) produces values of ∆H 0 = −3.9 ± 0.15 kcal/mol and ∆S
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Figure 4.6: Fluorescence response of 1 upon heating in EtOAc: a) Fluorescence
spectra; b) Normalized total intensity.

= −9.8 ± 0.5 cal mol−1 K−1 (Fig. 4.6 c)). The negative value of ∆S is due to
increased solvation of the TICT state which causes the decrease in overall entropy.


kPT
∆G = −RT ln
(4.6)
kTP


kPT
∆S
∆H 0
ln
+
(4.7)
=−
kTP
RT
R

The twisting rates kPT and kTP increase with temperature, while kT0 somewhat
counterintuitively decreases. This causes the shorter time constant (τ1 ) to decrease
(from 37 ps at 5.5o C to 25 ps at 54.5o C) and the longer one (τ2 ) to increase (from
168 ps at 5.5o C to 282 ps at 54.5o C) with temperature. Two factors contribute
to the increase of Φf with increasing temperature: 1) nonradiative relaxation of
1 in EtOAc occurs through the TICT state; the decrease in kT0 results in less
efficient nonradiative decay; 2) the simultaneous increase of kTP /kPT produces an
increase in population of the fluorescent planar state [P ]. The change in kT0 probably originates from the fact that increasing the temperature causes the relative
permittivity of EtOAc to decrease, which in turn destabilizes the TICT state and
separates it further from the ground state potential energy surface (PES) rendering nonradiative decay less rapid. 43 At the same time, the energy of the TICT
state comes closer to the energy of the LE state, increasing kTP . The increase in
Φf and longer τ2 with temperature (Figs. 4.6 b) and 4.7 a)) show that the escape
through the alternative channel (γ twist) does not occur under these conditions.
Further evidence for this is provided in Ch. 5.
Heating 1 in non-polar solvents causes fluorescence to decrease. This is because
nonradiative relaxation occurs through γ twist (see Fig. 4.1), which leads to a
conical intersection between the ground and excited state potential energy surfaces.
In order to asses the activation barrier leading to the conical intersection (γ twist),
we measured fluorescence intensities as a function of temperature in non-polar
solvents toluene and hexane (in which we found no indication of TICT formation).
In these solvents (over a reasonable range of temperatures) dielectric properties
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Figure 4.7: a) Obtained reaction rates as a function of temperature; b) Gibbs free
energy difference between the LE and TICT state as a function of temperature;
c) van ’t Hoff plot with slope of 1945 ± 75 K−1 and intercept of −4.92 ± 0.55.

are not expected to change considerably, allowing us to estimate the γ twist energy
barrier with relatively small uncertainties and compare their values with results
obtained from TD-DFT calculations (see below). The fluorescence deactivation
rate constant kγ can be expressed in terms of the fluorescence intensity, which is
directly proportional to Φf . The fluorescence quantum yield can be expressed by
Eq. 4.8, which can be rearranged to yield Eq. 4.9. If we assume that krad remains
constant over the measured temperature range, and 1/Φf  1 then fluorescence
intensity will be inversely proportional to the twisting rate (kγ = knr ).
krad
krad + knr

(4.8)

krad
1
− krad = krad (
− 1)
Φf
Φf

(4.9)

Φf =
kγ =

By taking the Förster-Hoffmann equation 44 into account (see Eq. 4.10), the effect
of viscosity change on fluorescence can be accounted for in an Arrhenius expression
and Eq 4.11 is obtained.
(4.10)
Φf = constant × η α
ln(kγ ) = constant1 −

Ea
− constant2 − α × ln(η(T ))
RT

(4.11)
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Table 4.2: Rate constants obtained from Eqs. 4.4 and 4.5 for 1 in EtOAc
measured at different temperatures.

T (K)

kPT (109 s−1 )

kTP (109 s−1 )

kT0 (109 s−1 )

r 37

278.65
281.45
281.75
284.25
284.65
286.85
287.35
288.55
289.15
290.45
293.15
297.75
302.45
307.25
312.75
327.65

22.89
22.88
22.94
23.46
23.59
23.56
24.09
24.39
24.54
25.34
25.31
25.35
26.74
28.02
28.03
28.76

3.02
3.27
2.89
3.59
3.25
3.60
3.69
4.19
3.97
4.27
4.78
5.26
6.12
6.87
7.82
10.05

6.92
6.88
6.70
6.92
6.47
6.64
6.44
6.47
6.18
6.34
6.17
5.84
5.55
5.30
5.08
4.83

6.41
6.34
6.34
6.28
6.27
6.23
6.22
6.19
6.18
6.15
6.09
6.00
5.90
5.80
5.69
5.41

Since the viscosities of hexane and toluene show Arrhenius-type behavior and thus
follow equation 4.12, 45 we finally arrive at Eq.4.13.
ln(η) =

B
+ constant
RT

ln(kγ ) = constant −

B
Ea
−α (
)
RT
RT

(4.12)
(4.13)

We assume the value of Förster-Hoffmann (FH) pre-exponential factor α =
2/3 based on our previous work. 16 We note, however, that this value was obtained
by measuring fluorescence response to viscosity in polar solvent (MeCN) for 2,
and FH pre-exponential factors might differ in non-polar hexane and toluene.
Although this might introduce some error, this error is significantly smaller than
ignoring the viscosity effect completely. Viscosity barriers (B) for hexane and
toluene are obtained by fitting the experimental viscosity data 37 to Eq. 4.12.
These parameters are used in Eq. 4.13, where ln(kγ ) is replaced with ln(1/Itot )
(because of Eq 4.9 and the fact that knr >> krad ).
Linear fits produce activation energy barriers for γ isomerization of 3.59 ± 0.07
and 3.62 ± 0.19 kcal/mol for hexane and toluene, respectively. If the value of α
is taken to be 1, the activation barrier values drop to 3.04 ± 0.07 and 2.9 ± 0.19.
One needs to keep in mind that these barriers are overestimated, since the barrier
response to the change in dielectric constant can’t be determined with the currently
available data.
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Figure 4.8: Natural logarithm
of total intensity vs inverse temperature for 1 in hexane and
toluene. Lines represent fits obtained through Eq. 4.13.

Figure 4.9: FTIR spectra of 1 in DMSO: a) C=C region; b) CN region.

4.3.4

Vis-pump/mid-IR probe experiments

In DMSO, the TICT state (β-twisted structure in Fig. 4.3) is readily formed
and does not revert back to the fluorescent LE planar state. Formation of the
β-twisted transient species in polar DMSO can be observed in vis-pump/mid-IR
probe measurements (time resolution ∼ 200 fs).
IR spectra of solutions of 1 in DMSO in the C=C and CN regions are shown in
Fig. 4.9. Transient IR spectral traces in the same regions are shown in Figure 4.10
a). Representative time traces are shown in Figure 4.10 b). In the C=C region,
ground-state bleach (GSB) bands are centered at 1568 and 1608 cm−1 . Another
GSB band is centered at 1542 cm−1 but its strong overlap with excited-state
absorption (ESA) bands originating from the planar LE state makes it visible
only at later probe delays. An excited state band rises at 1582 cm−1 , and we
attribute it to the formation of the β-twisted TICT state. Its rise correlates with
the decay of LE ESA bands centered at 1535 and 1552 cm−1 (Figures 4.10 a) and
b)), indicating sequential formation kinetics. A spectral signature of this species
can also be observed in the CN stretch region (see Figures 4.10 a) and 4.10 c)).
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The TICT state manifests itself here as a rise in the ESA, but very pronounced
overlap between the CN bands (symmetric and asymmetric stretches) of the LE
and TICT states complicates the separation of the bands associated with the two
species. From a global fit of the transient data with a target sequential model 46
(see Eq. 4.14) we reconstruct species-associated spectra (shown in Figure 4.10 c)),
with rate constants of kPT =(3.68 ± 0.06)×1010 s−1 and kT0 =(9.85 ± 0.03)×1010
s−1 (k* was too fast to be resolved).
k*

k

k

PT
T0
→ S1,β−TICT −−
→ S0
S1,LE∗ −→ S1,LE −−

(4.14)

Vis-pump/mid-IR probe measurements for 1 in toluene do not indicate the
presence of transient species. Global analysis with the sequential model yields
two rate constants of (1.31 ± 0.07)×1012 s−1 and (8.32 ± 0.02)×109 s−1 (Fig.
4.11). We attribute the shorter one to vibrational cooling and the longer one
to the decay of the fluorescent LE state. These rates show excellent agreement
with the fluorescence measurements and indicate that fluorescence deactivation of
1 indeed proceeds through a conical intersection and does not involve transient
intermediates.

4.3.5

Calculations

In order to gain a more fundamental understanding of the photophysical processes
of 1, we performed calculations at the CAM-B3LYP/6-31+G(d) level of theory.
Although this functional is known to overestimate vertical excitation energies, it
provides a good qualitative description of systems with a significant charge-transfer
character. 47 To further validate the results, potential energy surface (PES) scans
were repeated with ωB97DX/6-31+G(d) 48 (not shown), but the obtained trends
remained the same.
Figure 4.12 shows the optimized ground state geometry that was obtained
for 1a in DMSO. Geometries obtained in vacuum and toluene are similar, with
small variations in benzene-furan (β) and furan-C-CN (γ) dihedral values. These
small structural variations are accompanied by the increase in ground state dipole
moments from vacuum (16.6 D), through toluene (20.0 D) to DMSO (24.1 D). The
dipole moments further increase in the excited state (to 18.0 D, 23.7 D and 29.5 D,
respectively), which is indicated by a pronounced shift in electron density to the
acceptor part in the LUMO (Fig. 4.12 b) and c)). Calculated ∆µ are somewhat
smaller (2.0, 3.7 and 5.4 D for vacuum, toluene and DMSO, respectively) than the
experimentally obtained value of ∼5.8 D.
Relaxed scans of the excited state PES obtained by means of TD-DFT (CAMB3LYP/6-31+G(d)) and PCM solvation show excellent agreement with our experimental results. TD-DFT calculations find three minima (see Fig. 4.13 and Fig.
4.14 a)-c)) on the S1 PES. One minimum belongs to the fluorescent LE planar
state (Fig. 4.14 a)) which is reached upon photo-excitation and subsequent geometry relaxation. The geometry of the locally excited (LE) state does not differ
significantly from the ground state optimized geometry. There are, however, small
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Figure 4.10: Visible-pump/mid-IR probe measurements on 1 in DMSO: a) Selected difference spectra at different delay times in C=C (left) and CN (right)
regions; b) Representative time traces measured in C=C (left) and CN (right)
stretch regions, respectively; c) Species associated spectra reconstructed from the
global fit of the sequential model.
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Figure 4.11: FTIR and visible-pump/mid-IR probe measurements on 1 in
toluene: a) FTIR spectra of 1; b) Selected wavelength traces; c) Representative time traces; d) Species associated spectra reconstructed from the global fit
with the sequential model.

Figure 4.12: a) Ground state optimized
geometry of 1a in DMSO; b) Highest occupied molecular orbital; c) Lowest unoccupied molecular orbital.
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differences from one solvent to another. In vacuum, the phenyl-furan dihedral
angle (β) changes from 16.5 in the GS to 9.4 degrees in S1 . At the same time,
the furan-C-CN dihedral (γ) changes from -0.6 to -5.7. In DMSO, the β dihedral
increases from 9.5 to 18.4 degrees, while γ changes from -0.9 to -3.1 degrees going
from S0 to S1 .
The second PES minimum can be accessed through twisting of the β bond
(Fig. 4.14 b)). This twist is accompanied by a large increase in the dipole moment
relative to the LE state geometry in toluene and DMSO (23.7 → 33.7 D and
29.5 → 38.8 D, respectively). This results in polar solvents lowering the energy
barrier that leads to the twisted state (∼ 3.7 kcal/mol in vacuum, ∼ 1.3 kcal/mol
in toluene, ∼ 0.1 kcal/mol in DMSO). As the β-twisted TICT state becomes
easier to reach, the back conversion from the TICT to the planar fluorescent state
becomes increasingly more difficult as the environment polarity increases. The
energy difference between the GS and ES β-twisted geometries decreases as the
polarity increases (from 52 kcal mol−1 in toluene to 29 kcal mol−1 in DMSO), but
the surfaces remain well separated and the oscillator strength decreases gradually
with increasing β dihedral values. We have found no evidence for a CI near
these coordinates. Instead, nonradiative relaxation from this state is expected
(and experimentally observed) to become more efficient as the solvent polarity
increases due to the decreasing distance of the two surfaces (energy-gap law). 43
The trends obtained from the TD-DFT calculations are in excellent agreement
with our experimental observations which show that the reversible β twist occurs
in solvents of medium polarity (EtOAc) and becomes irreversible in highly polar
solvents (DMSO, MeCN) due to stabilization of the TICT state.
The third minimum is reached by twisting about the γ bond (see Fig. 4.14
c)). This twist causes a remarkable decrease in the calculated ES dipole moments
(23.7 → 12.4 D and 29.5 → 13.3 D, in toluene and DMSO, respectively), and
is characterized by a drop in oscillator strength at γ ∼ 40 − 60o . Due to the
dipole moment decrease, polar solvents are expected to hinder this twist. Such a
trend was observed previously by Massin et al., who used a deactivation through
a dicyanomethylene twist of a functionally similar probe to monitor the polarity
of the surrounding medium. 49 The calculated energy barrier for this twist is ∼ 3.1
kcal/mol for 1a in toluene and 5.8 kcal/mol in DMSO. We have experimentally
estimated this barrier to be ∼ 3.6 kcal mol−1 in hexane (r =1.89) and toluene
(r =2.38). This value is reasonably close to the calculated value of 3.1 kcal mol−1
obtained for toluene.
These findings indicate two important things: 1) twisting about β does not lead
to conical intersection, but to the TICT state as a local minimum. This state is
more stabilized by polar solvents, and since the dipole moment gradually increases
as twist proceeds, the activation barrier which needs to be overcome to reach this
state becomes lower with increasing solvent polarity. This twisting is accompanied
by a gradual decrease in oscillator strength, indicating that the TICT state is a
dark state. Our experiments show excellent agreement with this since we observed
emission only from the LE state, but we could observe dark transient species in
case of polar solvents. 2) Twisting about the γ bond results in an abrupt drop in

4.3 Results and discussion

Figure 4.13: Partial potential energy surface scans of 1a with polarizable continuum model solvation. The S1 geometry was optimized for fixed values of the dihedral. S0 energies were calculated at these geometries. a) Relaxed γ-constrained
scan; b) Oscillator strength associated with the geometries produces by fixing γ
dihedral angle; c) Relaxed β-constrained scan; d) Oscillator strength associated
with the geometries produces by fixing β dihedral angle.
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Figure 4.14: Optimized excited state
geometries of 1a in DMSO: a) Locally
excited state optimized structure; b) β
twisted (TICT) optimized structure; c) γtwisted optimized structure d) Partially
relaxed (γ = 60o ) structure near conical
intersection.

oscillator strength (γ ∼ 40 − 50o in toluene, γ ∼ 50 − 60o in DMSO) accompanied
by an increase of molecular dipole moment (which explains the energy barrier
difference in non-polar and polar solvents). GS and ES PESs at the same time
come very close together, which is accompanied by pyramidization of the furan
ring carbon connecting dicyanomethylene group with the rest of the molecule (see
Figure 4.14 d)). All this suggests the presence of a conical intersection between
GS and ES at those coordinates which is expected to result in instantaneous GS
repopulation. We stress that these results can be affected by the well-known
limitations of TD-DFT in describing CI. However, a very good agreement is found
with the experimental results which do not indicate formation of transient species
in non-polar solvents, while a decrease in polarity (from toluene to hexane) results
in more rapid excited-state decay.

4.4

Conclusion

To conclude, we have shown that 1 (and by analogy, 2) can relax to the ground
state via two distinct pathways. Both involve significant changes in geometry and
account for the sensitivity of the fluorescence of these molecules to viscosity and
free volume. The relaxation pathway depends strongly on the dielectric properties
of the molecular environment: in non-polar solvents relaxation occurs by twisting about the exocyclic C=C (γ) bond, which results in momentary deactivation.
Polar solvents hinder this twist, while at the same time opening up a new deactivation pathway that leads to the dark intermediate β twisted ICT state from
which nonradiative relaxation occurs. The presence of two decay pathways leads
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to a discontinuous dependence of the nonradiative decay rate at low viscosities
on the polarity. Since the two pathways have different spatial requirements, the
dependences of their rates on viscosity and free volume may be different. These
factors need to be taken into account when molecular rotors similar to 1 are used
as viscosity/free volume sensors.
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5
Polarity-dependent Excited State Deactivation
of DCDHF Molecular Rotors∗

Abstract
This chapter builds upon the experiments that we described in Chapter 4. Here we perform additional mechanistic studies on the previously introduced DCDHF-based molecular rotor in order to examine and quantify the influence of solvent polarity on the photophysical behavior of this molecule. In order to systematically examine
the influence of solvent polarity on Stokes shifts and fluorescence
quantum yields we perform variable-temperature experiments in 2methyltetrahydrofuran and ethyl acetate, and room temperature experiments in toluene/acetonitrile solvent mixtures. The obtained experimental data clearly point towards the presence of two polarityresponsive excited-state deactivation barriers, in excellent agreement
with our previously proposed model and the unusual trends in fluorescence quantum yields reported in Chapter 3 for the same chromophore. 1 We demonstrate that the presence of two excited-state
deactivation pathways results in discontinuous dependence of the
nonradiative decay rates on polarity at low viscosities. The fluorescence quantum yield is low in non-polar solvents and polar solvents,
but reaches a maximum > 0.1 in low-viscosity solvents of moderate
polarity. Vis-pump/vis-probe measurements performed in a range
of non-polar and polar solvents show excellent agreement with the
model that was proposed in Chapter 4, and enable us to capture the
transient spectrum of the twisted intermediate.

∗
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5.1

Introduction

In the previous chapter we have shown that the fluorescence deactivation pathway
of 1 is different in polar and non-polar solvents. Excited-state deactivation proceeds either through twisting of the dicyanomethylene (γ) double bond or through
twisting of a formally single (β) bond (Scheme 5.1), where the latter results in formation of the dark twisted intramolecular charge-transfer (TICT) intermediate. 2
In non-polar solvents, excited state deactivation of 1 occurs by twisting of the
γ bond. TD-DFT calculations predict that the difference in energy between the
ground and excited state of 1 decreases as the γ twist progresses, which ultimately
results in surface crossing and ground-state repopulation. As the environment polarity increases, the energy barrier leading towards γ-twisted geometries increases,
because the molecular dipole moment of 1 decreases as the γ-twist progresses.
The energy barrier towards β-twisted geometries, on the other hand, becomes
lower with increasing solvent polarity. This is because β-twist leads to a highly
polar twisted intramolecular charge-transfer (TICT) intermediate through which
1 can nonradiatively decay to the ground state. In solvents of medium polarity,
the energies of the TICT state and the LE state are comparable, and this results
in reversible interconversion between the LE and the TICT states. This leads to
delayed fluorescence observed for 1 in medium-polar EtOAc. As the environment
polarity increases further, the energy of the TICT state relative to the energy of
the LE state is lower and this hinders back-conversion to the fluorescent locally
excited state so that it is no longer competitive with the decay to the ground
state. 2

Scheme 5.1: Schematic representation of excited state decay pathways of 1.

In Chapter 4 (and ref. 2) we demonstrate that solvent polarity greatly influences the excited-state photophysics of 1. In this chapter we supplement our
previous findings, as we attempt to systematically study how fluorescence deactivation of 1 responds towards changes in solvent polarity and provide new evidence
for formation of the dark TICT intermediate. In the first part of this Chapter,
we use temperature-induced dielectric changes of the surrounding environment (2-

5.2 Experimental details
methyltetrahydrofuran, MTHF) to quantify Stokes shifts and fluorescence quantum yields of 1 in a representative medium-polar solvent. Next, we measure
fluorescence quantum yields of 1 in EtOAc, and compare these measurements
with reaction rates that we reported in Chapter 4. Both experiments are fully
consistent with our previously proposed excited-state decay model in solvents of
medium polarity, and the latter one demonstrates that excited-state decay occurs
exclusively through the β-twisted intermediate in EtOAc. Next, we explore the
fluorescence response of 1 over a wider polarity range by measuring fluorescence
intensities and fluorescence decays in solvent mixtures as a function of macroscopically observed dielectric properties. Finally, we perform vis-pump/vis-probe
measurements in order to reconstruct the species associated spectra of the TICT
state and explore fluorescence deactivation of 1 in non-polar, medium-polar, and
highly-polar solvents.

5.2

Experimental details

Most of the techniques used here are described in Chapter 2 of this thesis. Experimental details that are specific for this chapter are provided below. All solvents
used were of spectroscopic grade and dried over molecular sieves, unless otherwise
mentioned. Synthesis of compound 1 is described elsewhere. 3

5.2.1

Low-temperature experiments

Low-temperature measurements of 1 in MTHF were carried out in a nitrogencooled optical cryostat (DN1704, Oxford Instruments) with feedback controller
unit (ITC4, Oxford Instruments). An additional thermocouple was placed inside
the cuvette containing the sample to ensure that the temperature within the cuvette is fully equilibrated with the temperature in the cryostat. The concentration
of the chromophore was adjusted to give an absorbance in 1 cm below ∼ 0.1 at
the excitation wavelength of 460 nm.

5.3
5.3.1

Results and discussion
Temperature experiments in MTHF

A major fundamental drawback of dielectric continuum-based models lies in their
inability to account for specific solute-solvent interactions. This results in a large
scatter when Stokes shifts are plotted against the solvent’s orientational polarization function, which describes the effect of molecular reorientation in the field of
the solute dipole. 4 Throughout this work, we use modified orientational polarization function, dc () − dc (n2 ), which additionally accounts for solute polarizability
(see Chapter 2.1.5 for details). 5,6 In order to minimize influence of specific interactions, the solvent polarity can be regulated by changing the temperature of the
system. We chose MTHF for our experiments, as its dielectric properties show a
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reasonably large temperature dependence and it forms a clear glass at ∼ 137 K. 7,8
The latter allows us to observe the effect of solvent freezing on fluorescence properties of compound 1. We note that the polarity of MTHF (relative permittivity
 = 7.0) is very similar to that of ethyl acetate (relative permittivity  = 6.1), 9 in
which reversible interconversion between the fluorescent locally excited (LE) and
the dark twisted intramolecular charge-transfer (TICT) state occurs. 2 Dielectric
properties of MTHF as a function of temperature are shown in Appendix 5.4.1.
Solvatochromic data previously obtained for 1 in pure solvents 2 show excellent
agreement with molecular dipole moments obtained from (TD) DFT calculations,
and show that the (fluorescent) locally excited state has a pronounced chargetransfer character which leads to larger Stokes shifts with increasing solvent polarity. In MTHF we observe trends that are remarkably different, because Stokes
shifts decrease with solvent polarity.
Measured excitation and emission spectra of 1 in MTHF as a function of temperature are shown in Figs. 5.1 a) and b), respectively. The excitation spectra
are normalized (Fig. 5.1), and were used to correct for differences in sample absorbances when monitoring fluorescence intensities (see below). The excitation
spectra measured below the freezing temperature (Tm ) of MTHF become sharper
and exhibit a pronounced vibrational structure. We attribute this to reduced inhomogeneous broadening. 4,10,11 Positions of the maxima are shown in Figs. 5.1 c)
and d). The emission spectra gradually shift towards lower energies with cooling,
up to the point where Tm is reached at which spectra suddenly shift to higher energies. Below Tm , the solvent freeze-out effect is observed, and this imposes a severe
limitation on solvent reorientation, which is necessary for a complete excited-state
stabilization. This results in the blue shift of the emission peak relative to that in
the liquid phase (Fig. 5.1 d)).
Interestingly, excitation energies decrease more steeply than emission energies
when cooling the solution of 1 in MTHF. This produces a negative slope when
Stokes shifts are plotted against the temperature-regulated solvent polarity function (slope of −2048 ± 729 cm−1 , Fig. 5.2). In principle, such an unusual trend
could be explained if significant changes in molecular electronic structure would be
responsible for lowering #»
µ e − #»
µ g with increasing solvent polarity. 8,10,12 As this is
2
not the case (see Chapter 4 and text below) we attribute this to partial relaxation
of the solvation shell. Partial relaxation takes place due to solvent reorientation
speed decrease with cooling, which leads to incomplete solvation of the excited
state at low temperatures.
Both excitation and emission spectra narrow with cooling, but this is more
pronounced in case of the emission bands, as shown in Fig. 5.3. Narrowing of
both excitation and emission spectra is expected, due to decrease of inhomogeneous
broadening at lower temperatures. Below Tm , both excitation and emission spectra
narrow more steeply due to severe restrictions in intramolecular and solvent motion
imposed by the rigid environment.
Fluorescence intensities exhibit the expected trend throughout the most part
of the examined temperature range (Fig. 5.4): as the environment becomes more
polar (lower temperatures), fluorescence intensities initially decrease due to in-
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Figure 5.1: a) Area-normalized excitation spectra (λexc = 460 nm) of 1 in
MTHF at different temperatures; b) Normalized emission spectra (λmon = 560
nm); c) Location of excitation maximum as a function of temperature; d) Location
of emission maximum as a function of temperature.

Figure 5.2: Stokes shifts of 1 in MTHF
as a function of solvent polarity. Inset
shows Stokes shifts as a function of temperature.
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Figure 5.3: Full width at half maximum (FWHM) of 1 as a function of temperature: a) Excitation spectra; b) Emission Spectra.

Figure 5.4:
Fluorescence intensities
("absorbance" corrected) of 1 in MTHF
normalized by the total intensity measured at 99 K as a function of temperature.

creased population of the dark TICT state (Fig. 5.4), in good agreement with our
previously proposed model. 2 This occurs in spite of the fact that the viscosity of
MTFH increases from 0.46 cP at 298 K to 1.46 cP at 215 K, and demonstrates
that solvent polarity has a larger influence on excited-state decay of 1 than viscosity. Upon freezing, the available free volume becomes insufficient to form the dark
TICT state efficiently and fluorescence intensities (fluorescence quantum yields,
Φf ) experience a significant enhancement. Interestingly, Φf still do not reach unity.
Assuming that Φf ∼2.5 % for 1 in room temperature MTHF (Φf = 0.025 in THF,
which has a very similar dielectric permitivitty 9 ), we estimate the fluorescence
quantum yield of 1 to be ∼23 % in frozen MTHF matrix. This indicates that
formation of the TICT state (or γ-twist), although less efficiently, still occurs.

5.3.2

Variable-temperature experiments in EtOAc

In Chapter 4 we described fluorescence decay measurements of 1 in medium-polar
EtOAc at different temperatures, and used a two state model (Scheme 5.1, left)
in which the fluorescent LE state reversibly converts into the dark TICT state.
We inferred that fluorescence deactivation of 1 in EtOAc takes place exclusively
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Figure 5.5: Comparison of the results for 1 in EtOAc obtained by steady-state
and time-resolved modelling described in Chapter 4.

through formation of the dark TICT state intermediate, in other words, γ twist
does not play an important role in the excited state deactivation of 1 in this solvent.
We reached this conclusion based on the fact that fluorescence quantum yields
show a steady increase with temperature, which is not expected if a competing
temperature or a free volume-dependent excited-state deactivation process (such
as γ-twist) takes place. Here, we use the same model and express it through
equations derived in Chapter 2.1.4 in order to use steady-state fluorescence data
to eliminate the possibility of excited state deactivation through the alternative
channel (γ twist).
Steady-state data allow us to express the ratio of two derived temperaturedependent quantities (X(T )/X(Tref )) as a function of fluorescence quantum yields.
Here, X(T ) = [kPT (T ) kT0 (T )]/[(kTP (T ) + kT0 (T ))]. The expression we use in our
analysis is:
X(Tx )
kPT (Tx ) kT0 (Tx )
1 − r(Tx )Φf (Tref )
=
=
,
X(Tref )
X(Tref ) (kTP (Tx ) + kT0 (Tx ))
r(Tx ) (1 − Φf (Tref ))
where r represents the ratio of fluorescence quantum yields measured at given and
reference temperatures (r(Tx ) = Φf (Tx )/Φf (Tref )). Derivation of this expression
is shown in Chapter 2.1.4. 13 . If additional excited state deactivation of 1 would
play a significant role, a disagreement between the steady-state and time-resolved
derived temperature-dependent quantities X(T ) is expected. As shown in Fig.
5.5, excellent agreement between the steady-state and time-resolved measurements
makes it safe to conclude that excited state deactivation of 1 in EtOAc proceeds
through formation of the dark TICT intermediate, and is not influenced by the
deactivation pathway associated with the γ-twisting coordinate.

5.3.3

Titration experiments in solvent mixtures

In order to gain additional understanding of fluorescence deactivation of 1 as
a function of environment polarity, we examine the fluorescence response of 1
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in mixtures of polar and non-polar solvents. We chose toluene as non-polar cosolvent, and examined the fluorescence response by titrating toluene solutions
of 1 with MeOH, DMSO and MeCN as polar co-solvents. It must be kept in
mind that solvent mixtures are rather complex, and the influence of specific interactions/solvation is difficult to asses. 4 Nevertheless, the results presented below
show excellent agreement (at least on a semi-quantitative level) with the model
shown in Scheme 5.1 and elaborated in Chapter 4.
Because refractive indices (used in quantum yield calculations) and dielectric
constants have, to our knowledge, not been reported for mixtures of toluene and
MeOH or DMSO, we use the following approximations to estimate these quantities:
(mixture) = x (co-solvent) + (1 − x) (toluene),
n(mixture) = x n(co-solvent) + (1 − x) n(toluene),

(5.1)
(5.2)

where x is the volume fraction of the co-solvent used in a particular experiment.
For toluene/MeCN mixtures, we use interpolation based on the experimental data
reported in refs. 14 and 15. As mentioned above, the reported bulk-averaged values
and our interpolations are mere approximations of dielectric quantities experienced
by 1 in solvent mixtures, and do not account for possible specific interactions with
the chromophore itself. Fluorescence quantum yields plotted as a function of the
full dielectric response of the solvent dc (), 5,6 are shown in Fig. 5.6. Starting
from toluene, fluorescence quantum yields show an initial increase with addition
of a polar co-solvent. We attribute this rise to the increase of the polarity-sensitive
energy barrier that separates the fluorescent LE state from the conical intersection
(γ-twist barrier). As the environment polarity increases further, the deactivation
pathway through formation of the β-twisted TICT state becomes energetically
accessible (once dc () ≈ 0.36). This causes fluorescence quantum yields to reach a
peak value and decrease further as the TICT deactivation pathway becomes more
accessible with further increasing solvent polarity.
In spite of the obtained trends being consistent regarding the dc () at which
Φf reach their peak values, the values of Φf differ from one system to another.
The reason behind this is not clear, but such differences are likely to result from
specific interactions that take place between the chromophore and the polar cosolvent. Whatever the underlying cause for such differences may be, the obtained
data clearly demonstrate the presence of two different excited-state deactivation
barriers that respond differently to changes in solvent polarity. In case of 1 in
toluene/DMSO mixtures, the environment viscosity increases (ηtoluene = 0.56
mPa s; ηDMSO = 1.99 mPa s), in the case of toluene/MeOH (ηMeOH = 0.54
mPa s) the bulk viscosity remains constant, while in the case of toluene/MeCN
(ηMeCN = 0.37 mPa s) mixtures it decreases with increasing polar solvents fraction. 9 The appearance of plateau in fluorescence quantum yields at dc () ≈ 0.36 in
case of all the examined solvent mixtures indicates that effects of solvent polarity
have a dominant influence on Φf of 1 in the low-viscosity regime. Our preliminary results shown in the Appendix to this Chapter (see Chapter 5.4.4) indicate
that another widely-used viscosity sensor, 9-(2,2-dicyanovinyl)julolidine (DCVJ),
shows trends that are similar to 1 in toluene/DMSO mixtures.
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Figure 5.6: Fluorescence quantum yields of 1 vs solvent polarity function dc ()
obtained in solvent mixtures.

Figure 5.7: a) Absorption spectra of 1 in pure toluene (blue), toluene/MeCN
mixtures, and pure MeCN (red); b) Fluorescence emission spectra (absorbance
corrected) of 1 in pure toluene (blue), toluene/MeCN mixtures, and pure MeCN
(red)

Since the refractive indices and dielectric constants have only been reported
for toluene/MeCN mixtures, we focus on steady-state and time-resolved experiments in these mixtures to understand the role of solvent polarity in excited-state
deactivation of 1. With increasing environment polarities, spectral changes characteristic for charge-transfer systems (solvatochromic shifts and disappearance of
vibrational structure with increasing solvent polarity) 4 are observed (Fig. 5.7). In
toluene/MeCN mixtures, spectral shifts follow the trends obtained in pure solvents.
Stokes shifts plotted vs solvent’s orientational polarization function dc () − dc (n2 )
are shown in Fig. 5.8. The obtained difference between the excited-state and
ground-state dipole moments obtained from a linear fit to the data shown in Fig.
5.8 is ∆µ = 3.8 D, which is somewhat lower from the values that we have previously
obtained for pure solvents (∆µ = 5.8 D).
To learn more about the polarity-dependent excited state dynamics of 1 over
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Figure 5.8: Stokes shifts of 1 in toluene/MeCN mixtures vs solvent polarity
function dc () − dc (n2 ).

a relatively wide polarity range, we have measured fluorescence decays of 1 in
toluene/MeCN mixtures. Representative TCSPC curves are shown in the Appendix, Fig. 5.18. As long as the fluorescence deactivation of 1 proceeds exclusively through the β-twisted intermediate, analytical expressions that are based
on a system of partial differential equations that can be written for the respective concentrations of species can be derived and solved for the unknowns. The
final expressions that need to be solved are described in the previous chapter and
assume the form of the following equations: 16
k1/2 =

√
X + Y ± ( X 2 − 2XY + Y 2 + 4kPT kTP )
2

(5.3)

X − k2
; A2 = 1 − A1
k1 − k2

(5.4)

A1 =

where A1 , A2 are the amplitudes associated with fluorescence decay rate constants k1 (1/τ1 ) and k2 (1/τ2 ), X = krad + kPT , Y = kTP + kT0 and kPT , kTP
and kT0 are reaction rates illustrated in Scheme 5.1. When 1 deactivates through
both γ and β twist, unique solutions can not be obtained, because the fluorescence decay curves provide only three parameters, while there are four unknowns
if kγ > 0.
In order to illustrate the influence of competing decay through the γ-twisting
channel on reaction rates (kPT , kTP and kT0 ) obtained from the equations above,
we will simulate some decays and calculate the respective rates from Eqs. 5.3
and 5.4. This enables us to examine how the γ-twisting deactivation pathway
influences the calculated rates when γ twist is not accounted for by our model.
We generate the simulated concentration profiles in the following way. We
assign fixed values to the relevant reaction rates: kPT = 2.53 × 1010 , kTP =
4.78 × 109 and kT0 = 5.83 × 109 s−1 . These values, which were previously obtained
from fluorescence decays of 1 in EtOAc at room temperature (293 K), are used
here for illustrative purposes. The γ-twisting rates kγ were fixed to the values
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Figure 5.9: a) Calculated rates obtained from Eqs. 5.3 and 5.4 applied to
simulated data vs γ-twisting rate; b) Calculated rates of 1 obtained from Eqs.
5.3 and 5.4 applied to experimental data measured in toluene/MeCN mixtures vs
solvent polarity function.

ranged from 0 (as in room temperature EtOAc) and 3 × 1010 s−1 (γ-twisting
rate becomes similar to β twisting rate). According to the model illustrated in
Scheme 5.1, the concentration of the fluorescent species that would be observed
in fluorescence decay measurements can be obtained by solving a set of coupled
differential equations (the radiative decay rate can be ignored for the sake of
simplicity):
∂[P ]
= −kγ [P ] − kPT [P ] + kTP [T ],
(5.5)
∂t
∂[T ]
= kPT [P ] − kTP [T ] − kT0 [T ],
∂t

(5.6)

Solving these equations for concentration of the planar state (P ) allows us to
simulate the concentration profile of the planar fluorescent species as a function of
time (P (t)) with reaction rates defined above. The concentration of this species
is directly proportional to fluorescence intensity that we observe in fluorescence
decay measurements. By varying kγ while keeping the other rates constant and
subsequently solving for the unknown (calculated, kcalc ) rate constants by solving
Eqs. 5.3 and 5.4, we can see how the apparent rate constants are influenced by
changes in kγ . Results of such simulations are shown in Fig. 5.9 a), in which all
the reaction rates (except kγ ) were known and kept constant. The first thing to
be noted in Fig. 5.9 a) is that when kγ is increased the apparent kPT,calc increases
(although kPT in the model was kept constant). This is expected, as the γ twist
opens up the additional decay channel for the depopulation of the planar LE
state, and this reflects in kPT,calc . The influence on the other calculated rates as
the γ-twisting channel opens is less obvious. The simulation shows that increasing
kγ results in slightly decreased kT0,calc values and a more substantial decrease of
kTP,calc .
The results of applying Eqs. 5.3 and 5.4 to experimental fluorescence decay
curves of 1 in toluene/MeCN mixtures are shown in Fig. 5.9 b). As the solvent
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becomes more polar, the rate contants kT0 and kPT are expected to increase, while
kTP is expected to decrease with increasing solvent polarity due to stabilization
of the highly polar twisted intermediate. For dc () > 0.38 we indeed observe this
trend. For lower values of dc () < 0.38 decay through γ-twist is not negligible, and
the decay rate constants are overestimated, as expected based on the simulation in
Fig. 5.9 a). Because of the small deviation from exponential decay in this regime,
the parameters cannot be very accurately derived from the data. The presented
data confirm our explanation (Chapter 4) for the unusual trend in fluorescence
quantum yields reported in Chapter 3 for identical chromophore.

5.3.4

Vis-pump/vis-probe transient absorption measurements

To obtain further insight into the excited-state deactivation of 1, we conduct
a series of transient absorption measurements of 1 in solvents of low (hexane
and toluene), medium (EtOAc) and high polarity (DMSO). In these experiments,
we perturb the samples with a pulse of visible light (488 nm), record transient
spectra in visible regime at different delays with respect to the pump pulse, and
store the gathered spectra in a matrix. Such matrices are then modeled using a
compartmental (or target) analysis approach with R package TIMP 17 interfaced
through Glotaran 18 and home-built Matlab scripts. Standard errors for estimated
rate constants reported here were produced by Glotaran.

Scheme 5.2: Proposed model for excited-state deactivation of 1 through conical
intersection (CI) in non-polar solvents.

Hexane. In transient data obtained for 1 in hexane (Fig. 5.10) we can distinguish three spectral regions: excited-state absorption (ESA), ground-state bleach
(GSB) and stimulated emission (SE). A set of transient spectra measured at different probe delays after the pump pulse is shown in Fig. 5.10 a). We attribute the
positive transient signal located at higher energies (405-440 nm) to excited-state
absorption (ESA). Although excited-state kinetics of 1 in hexane is remarkably
fast, the ground-state bleach signal of 1 in hexane located at ∼ 440 − 500 nm does
not fully recover during the examined time window (3600 ps). This points towards
the presence of some dark state (see Fig. 5.10 a) and 5.10 b)). The SE decays

5.3 Results and discussion
very rapidly, and single-trace fits produce two time constants, which we attribute
to vibrational cooling and decay of the locally-excited state.
Global analysis of the whole transient data matrix produces three time constants of τ1 = 0.3 ps, τ2 = 8.9 ps and τ3 ∼ 8.5 ns (the longest time constant
could not be determined accurately, as the time-traces do not decay to zero in
the examined time window). We associate the obtained time constants with the
vibrationally hot locally excited (LE*) state, relaxed locally excited (LE) state
and a semi-dark state, respectively. The reconstructed decay-associated difference
spectra (DADS) obtained by such procedure is shown in Fig. 5.10 c). Stimulated
emission and excited-state absorption, although very weak, remain present during
long delay times. Amplitudes produced by global fit of the transient data matrix
associated with time constants τ2 and τ3 in ground-state bleach region indicate
that only a small fraction (6-10 %) of the total population forms such a semi-dark
state.
At this point, the nature of a long-lived semi-dark state and potential causes
for its formation deserve some consideration. The long-lived semi-dark state might
be present because of triplet formation, aggregate formation, or photobleaching.
The works conducted by Moerner’s group demonstrate that single molecules of
1 in rigid polymer matrices (PMMA) do not show pronounced blinking behavior, 19–23 which indicates that triplet formation does not play a significant role in
photophysics of 1. Triplet formation and its decay might, however, take place on
time-scales that were not achievable by such experiments. Steady-state data do
not show concentration-dependent broadening and spectral shifts in the examined
concentration range, which would be expected if aggregate formation would proceed to a significant degree. We do, however, need to keep in mind that formation
of both triplets and aggregates is easy to miss if only a small fraction of the total
population undergoes such processes (as the experiments suggest for our case).
Photobleaching and photoproduct formation present another likely cause for this
component. Although we did not observe a significant difference in absorption
spectra taken before and after the measurement, the available data does not allow
us to eliminate the possibility of sample decomposition or excited state reaction.
Earlier in this chapter, we have demonstrated that photophysical behavior of 1
in non-polar toluene significantly changes upon addition of even small amounts
of polar solvents. This would suggest that a small amount of impurities might
result in fractional population of the TICT state. This, however, can not explain
the appearance of the semi-dark state in hexane, as its lifetime is far too long to
be associated with the TICT state that we observe in polar solvents and solvent
mixtures.
Whatever the underlying reason for this component might be (triplet, aggregates, or some other process), it would need to be accounted for in our model
in order to reconstruct the species-associated difference spectra. As the origin of
this species is unclear, we limit ourselves to "simple" global analysis which does
not assume any specific model. As only a small fraction of total excited-state
population forms a semi-dark state, reaction rate constants associated with formation of such state must be slow compared to the ones defined by the sequential
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Figure 5.10: Vis-pump/vis-probe measurements for 1 in hexane: a) selected
transient spectra; b) selected time-traces (black markers) and respective fits (color
lines) produced by compartmental global analysis; c) decay-associated difference
spectra (with time constants).
k∗

kγ

model LE−→LE−→GS (Scheme 5.2). For this reason, the rate constants associated with vibrational relaxation and excited-state decay should be very close to
k ∗ = 1/τ1 = 1.511 ± 0.008 ps−1 and kγ = 1/τ2 = 0.1134 ± 0.0001 ps−1 that we
obtain from global analysis.
Toluene. Three distinct regions can be observed in transient absorption measurements of 1 in toluene: ESA (415-450 nm), ground-state bleach (450-505 nm)
and stimulated emission (510-680 nm). Selected transient spectra are shown in
Fig. 5.11 a). Ground state bleach and stimulated emission signals are red-shifted
relative to 1 in hexane, because toluene is more polar. The kinetics in toluene,
as shown in Fig. 5.11 b), are much slower than in hexane. We attribute this to
the increase in polarity that hinders excited-state deactivation through γ twist
(Scheme 5.1 and Scheme 5.2). 2
From global analysis of the whole transient data matrix we obtain two time constants of τ1 = 2.7 ps and τ2 = 135.5 ps. The DADS are shown in Fig. 5.11 c). The
short component is associated with positive amplitude that is more pronounced
at higher energies in the SE region, and its time constant shows a remarkable
agreement with the solvent reorientation time reported for toluene. 24 The longer
time constant is in good agreement with fluorescence decay data. 2 Transient spectroscopy in toluene shows excellent agreement with our previous work (Chapter
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Figure 5.11: Vis-pump/vis-probe probe measurements for 1 in toluene: a) selected transient spectra; b) selected time-traces (black markers) and respective
fits (color lines) produced by compartmental global analysis; c) decay-associated
difference spectra (with time constants); d) species-associated difference spectra.

4), 2 where we attribute the shorter time constant to ultrafast solvation/vibrational
cooling and the longer one to the decay of the LE state through conical intersection
with the ground-state potential energy surface.
In order to model our data and obtain spectra associated with individual
species, we assume the sequential model kinetics as illustrated in Scheme 5.2:
k∗

kγ

S1,LE∗ −→ S1,LE −→ S0

(5.7)

According to Eq. 5.7, photon absorption causes 1 to reach an electronically and
vibrationally excited hot LE* state which rapidly relaxes to the planar LE state via
vibrational cooling and solvation. Following relaxation, the molecule performs torsional motion involving the dicyanomethylene bond (γ in Scheme 5.1) and decays
to the ground state. Global fit with the assumed sequential model produced time
constants of k ∗ = 0.3677 ± (9 × 10−4 ) ps−1 and kγ = 7.381 × 10−3 ± (3 × 10−6 )
ps−1 . The reconstructed species-associated difference spectra are shown in Fig.
5.11 d).
Ethyl acetate. Excited-state dynamics of 1 in EtOAc is rather complex.
EtOAc is just polar enough to enable TICT formation (dc () = 0.48) and hinder
excited-state deactivation through γ-twist (as we have inferred in ref. 2, and experimentally confirmed in this chapter), but it is not sufficiently polar to prevent

92

Polarity-dependent Excited State Deactivation of DCDHF Molecular Rotors

Scheme 5.3: Proposed model for excited-state deactivation of 1 through intermediate TICT-state formation in medium polar (kTP > 0) and polar (kTP = 0)
solvents.

the back-conversion from the TICT state to the fluorescent LE state. Consequently, a considerable fraction of the total excited-state population occupies the
non-fluorescent TICT state. The existence of a dark state is indicated in transient
spectra measured at different delay times following the pump pulse (Fig. 5.12 a)).
A time-trace measured at 480 nm (Fig. 5.12 b)) shows a pronounced rise component that correlates with decay of the signal measured at 535 nm (attributed
to stimulated emission), and indicates formation of a dark intermediate that we
associate with the β-twisted TICT geometry. 2 Global analysis of the transient
data matrix produces time constants of τ1 = 1.5 ps, τ2 = 30.3 ps and τ3 = 205.8
ps. These values are in excellent agreement with the values that we obtain from
fluorescence decay measurements at room temperature described in Chapter 4. 2
The reconstructed DADS is shown in Fig. 5.12. The shortest component shows a
large amplitude in the SE region, which indicates ultra-fast solvation and/or vibrational relaxation. The second component (τ2 ) shows a large negative amplitude
in the SE region, and a large positive amplitude associated with this component
in ground-state bleach region (Fig. 5.12). DADS associated with the longest time
constant (τ3 ) shows intense amplitude in GSB, and less intense amplitude in SE
region.
Global analysis is, however, not able to provide an adequate interpretation in
terms of the species that are involved in the relevant processes. For this reason,
we model our transient data matrix by assuming that initial photoexcitation populates the hot LE* state which undergoes vibrational and solvent relaxation (k ∗ )
to produce the fluorescent LE state. The LE state transforms into the dark TICT
state (kPT ), through which ground-state repopulation takes place (kT0 ). As the
TICT state energetically lies very close to the LE state, the reverse reaction (kTP )
can take place and leads to delayed fluorescence that is observed in SE and fluorescence decay measurements. These processes are schematically shown in Scheme
5.3. In order to obtain species-associated difference spectra we fixed the values of
respective rate constants (except k ∗ , which was optimized) to values previously obtained from fluorescence decay measurements (see Table 4.2) at room temperature:
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Figure 5.12: Vis-pump/vis-probe probe measurements for 1 in EtOAc: a) selected transient spectra; b) selected time-traces (black markers) and respective
fits (color lines) produced by compartmental global analysis; c) decay-associated
difference spectra (with time constants); d) species-associated difference spectra.

k ∗ = 0.691±(2×10−3 ) ps−1 (optimized parameter), kPT = 2.53×10−2 ps−1 (fixed
parameter), kTP = 4.78 × 10−3 ps−1 (fixed parameter) and kT0 = 5.84 × 10−3 ps−1
(fixed parameter). The resulting species-associated difference spectra are shown
in Fig. 5.12 d) and selected time-traces with produced fits are shown in Fig. 5.12
b).
Acetonitrile. Excited-state dynamics of 1 is very fast, and formation of
the dark state can be observed in both spectral and time-traces (see Fig. 5.13
a) and b)). Global analysis produces time-constants τ1 = 0.5 ps, τ2 = 6.2 ps
and τ3 = 10.4 ps. These time constants are attributed to solvation/vibrational
relaxation, 24 conversion of the planar LE state into the TICT state and decay of
the TICT state, respectively. The reconstructed DADS (Fig. 5.13 c)) looks similar
to the one obtained in EtOAc and indicates sequential dynamics of the TICT state
formation (Scheme 5.3).
We model the transient data matrix by assuming sequential kinetics:
k∗

k

k

(5.8)

PT
T0
S1,LE∗ −→ S1,LE −−
→ S1,TICT −−
→ S0

which produces the rate constants of k ∗ = 2.201 ± (6 × 10−3 )
(3 × 10−4 ) −1 , kT0 = 0.09637 ± (2 × 10−4 ) ps−1 .

−1

, kPT = 0.1613 ±
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Figure 5.13: Vis-pump/vis-probe probe measurements for 1 in MeCN: a) selected transient spectra; b) selected time-traces (black markers) and respective
fits (color lines) produced by compartmental global analysis; c) decay-associated
difference spectra (with time constants); d) species-associated difference spectra.

Dimethylsulfoxide. Excited-state kinetics of 1 is DMSO is mechanistically
identical to the one observed in MeCN, but slower. We attribute this slowdown
to increased viscosity of DMSO (η = 1.99 9 mPa s) relative to MeCN (η = 0.35 9
mPa s), due to which we would expect the nonradiative rate of 1 in DMSO to be
3.7× slower relative to MeCN (∼ 23 ps), according to the hydrodynamic theory.
As for 1 in DMSO, formation of the dark TICT state is indicated by a pronounced
delay between the ground-state bleach signal recovery and stimulated emission, as
shown in Figs. 5.14 a) and b). Global analysis produces time-constants of τ1 = 1.30
ps, τ2 = 12.05 ps and τ3 = 29.12 ps, and these values are in excellent agreement
with the time-constants obtained in our previous work described in Chapter 4. 2
The reconstructed DADS shown in Fig. 5.14 c) and its features are similar to
other measurements where the TICT formation takes place (see above). We once
again model the transient data matrix according to sequential model illustrated
in Scheme 5.3 and Eq. 5.8 and obtain rate constants k ∗ = 0.768 ± 5 × (10−3 )
ps−1 , kPT = 3.434 × 10−2 ± (6 × 10−5 ) ps−1 and kT0 = 8.30 × 10−2 ± (3 × 10−4 )
ps−1 . The reconstructed species-associated difference spectra shown in Fig. 5.14
d), shows features that are similar to those obtained for 1 in MeCN.

5.4 Appendix to Chapter 5

Figure 5.14: Vis-pump/vis-probe probe measurements for 1 in DMSO: a) selected transient spectra; b) selected time-traces (black markers) and respective
fits (color lines) produced by compartmental global analysis; c) decay-associated
difference spectra (with time constants); d) species-associated difference spectra.

5.3.5

Conclusion

Fast nonradiative decay through a twisting motion is the basis for application of
molecular rotors such as 1 to viscosity sensing. Excited-state deactivation of 1
takes place through two different pathways with the opposite response to solvent
polarity. Our results show that in a certain range of solvent polarities both twisting
modes are relatively slow, and 1 is not as effective as a viscosity probe. We suspect
that a similar situation may also apply to other viscosity probes such as 9-(2,2dicyanovinyl)julolidine.

5.4
5.4.1

Appendix to Chapter 5
Dielectric properties of MTHF as a function of temperature

Refractive indices of MTHF at different temperatures have been calculated from
experimentally determined densities reported in ref. 7 according to the Lorentz-
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Figure 5.15: Relative permitivitty  and
refractive index n of MTHF as a function
of temperature (from ref. 7).

Lorentz expression: 25
n2 − 1 M
NA α
=
,
2
n +2 ρ
30

(5.9)

where n is the refractive index of the solvent, M the molecular weight, ρ the density, NA Avogadro’s number, 0 is the vacuum permittivity, and α is the molecular
polarizability of MTHF. We obtain this number from literature value of the refractive index at 293 K (n = 1.4059). Such data has been interpolated/extrapolated
according to the expression:
n(T ) = A + BT ,

(5.10)

where A and B represent constants obtained through linear fit of the experimental
data, and T represents the temperature (in K). The values we obtain are A = 1.552
and B = −5.01 × 10−4 .
Dielectric constants were obtained from the data reported in ref. 7 by fitting
a second order polynomial:
(T ) = A + BT + CT 2 ,

(5.11)

where A, B and C are constants. We obtain the following values for these parameters: A = 26.77, B = −0.1157 and C = 1.57 × 10−4 .
Functions that account for a full dielectric response of the solvent dc () and electronic polarization dc (n2 ) (see Chapter 2.1.5 for details) have been calculated from
refractive indices n and relative permitivitties  obtained as described above. 5,6
Values for solute cavity radius and solute polarizability we use here are identical to the ones reported in Chapter 4.3.1. 2 The values of relative permittivities
 and refractive indices n are shown in Fig. 5.15 for the examined temperature
range. The solvent orientational polarization was obtained by subtracting the effect of electronic polarization from a full dielectric response of the solvent, and
these values are shown in Fig 5.16. In Figs. 5.15 and 5.16 gray squares represent
the region where interpolation of the experimental data is not valid, because the
solvent freezes (dc () = dc (n2 )).

5.4 Appendix to Chapter 5
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Figure 5.16: Dielectric properties of MTHF as a function of temperature (from
ref. 7).

Figure 5.17: Viscosity of MTHF as a
function of temperature (from ref. 7).

5.4.2

Viscosity of MTHF as a function of temperature

Viscosities of MTHF as a function of temperature between 198 K and 298 K have
been reported in ref. 7. Interpolated values of viscosity (second order polynomial)
as a function of temperature between 198 K and 298 K are shown in Fig 5.17.

5.4.3

Fluorescence decays of 1 in toluene/MeCN mixtures

Fluorescence decays of 1 in pure toluene and MeCN are monoexponential. In
the examined toluene/MeCN, fluorescence decays show biexponential behavior.
Amplitudes and fluorescence decay rates obtained by biexponential fit of the fluorescence decay curves are shown in Fig. 5.19 a) and b), respectively. Fluorescence
decays measured for solutions in which the solvent polarity comes close to the
polarity of MeCN were not taken into consideration in our analysis (see Section
5.3.3), because fluorescence lifetimes of such samples are too short to be measured
with our TCSPC setup.
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Figure 5.18: Representative TCSPC curves of 1 in pure toluene (dc () = 0.27),
toluene/MeCN mixtures, and pure MeCN (dc () = 0.63).

Figure 5.19: a) Fluorescence lifetimes and b) amplitudes of 1 obtained by fitting
TCSPC data in toluene/MeCN mixtures.

5.4.4

DCVJ polarity response

Maroncelli’s group found strong indications that the nonradiative decay of 9-(2,2dicyanovinyl)julolidine (DCVJ) depends, in addition to solvent viscosity, on solvent polarity in the low-viscosity regime. 6 In 2014 Gaffney’s group showed that
excited-state decay in polar DMSO occurs via branching, 26 in which both rotation around a formally single and double bonds play an important role (Fig. 5.20
a)). Because of a large degree of functional similarity between DCVJ and DCDHF
molecular rotors, these results motivated us to conduct a preliminary experiment
where we titrate the toluene solution of DCVJ with DMSO. Our current data show
that fluorescence quantum yields of DCVJ increase upon addition of small volumes
of DMSO, and then continue to slowly decrease (Fig. 5.20 b)) as more DMSO is
added. Such trend indicates that DCVJ shows solvent polarity-dependent behavior
similar to that of 1.

References

Figure 5.20: a) Molecular structure of DCVJ and relevant twists; b) Fluorescence intensity of DCVJ in toluene (3 mL) as a function of added DMSO.
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6
Solvent-polarity (In)dependent Deactivation of
BODIPY Molecular Rotors∗

Abstract
Molecular rotors based on meso-substituted boron-dipyrromethane
(BODIPY) are widely recognized fluorescent viscosity sensors. The
viscosity dependence of their fluorescence arises from an efficient
excited-state deactivation process that can only occur when molecularscale motion is not hindered. Here, we use visible and IR pump-probe
spectroscopies combined with TD-DFT calculations to show that this
fluorescence deactivation takes place through a fast and irreversible
process which does not involve intermediate electronic states. Our
data indicate that nonradiative excited-state deactivation of BODIPY molecular rotors is practically independent of solvent polarity,
but strongly governed by viscoelastic/free volume properties of the
local environment in both low- and high-viscosity regimes.

∗ This chapter is adapted from:
Suhina, T; Amirjalayer, S.; Woutersen, S.; Bonn, D.; Brouwer, A. M., submitted.
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6.1

Introduction

Fluorescent molecular rotors provide the unique ability to probe the micro-viscosity
of a molecular environment, and have thus found extensive use in biology, materials science and contact mechanics. 1–16 The dyes from the boron-dipyrromethene
(BODIPY, see Scheme 6.1) family have attracted much attention since their initial discovery, 17 and their high level of customisability has made them popular in
fluorescence labeling applications. BODIPY dyes were initially used due to their
bright fluorescence and low-energy absorption which made them very useful markers for use in fluorescence microscopy. Upon removal of the substituents connected
to the BODIPY core (indicated in red in Scheme. 6.1), however, fluorescence quantum yields greatly decrease. 18 This observation suggests that unhindered BODIPY
derivatives behave like molecular rotors, and this idea has been further supported
by calculations conducted on a semi-empirical level. 18
Since the excited-state deactivation pathway requires significant changes in the
geometry of the excited state, the viscosity of the environment has been found to
govern the efficiency of fluorescence deactivation. This relation can be quantified
by means of the widely-accepted Förster-Hoffmann relation: 19,20
(6.1)

ln(Φf ) = A + αln(η),

where Φf is the fluorescence quantum yield, η is the solvent viscosity, and A and
α are constants. For this reason, BODIPY derivatives similar to 1 (Scheme 6.1)
have gained popularity as fluorescent probes for monitoring processes in which
changes in micro-viscosity and/or free volume play an important role. Sol-togel transitions 21 , measurements of aerosol-particle, 15 intracellular, 8,12 or microbubble viscosities, 11 and monitoring phase separations in lipid membranes 13 are
just a few examples where BODIPY rotors were used to monitor viscosity changes.
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Scheme 6.1: Chemical structure of the structurally constrained BODIPY
derivative (left) and the BODIPY derivative (right) studied in this work.

The large majority of experimental work on BODIPY-based molecular rotors is focused on viscoelastic environmental effects on their fluorescence prop-

6.2 Experimental
erties. 10–13,15,20–24 Currently available information concerning the ultrafast and
solvent dependent dynamics of these probes is limited. 18,25,26 In order to expand
the understanding of the photo-physical behavior of these useful micro-viscosity
probes, their excited-state deactivation must be examined as a function of both
the viscoelastic and polarity response. Although the viscoelastic response has been
studied in great detail, 7,10,13,15,23 energetic effects governed by the environment
polarity and their influence on the excited-state deactivation of BODIPY rotors
have, to our knowledge, not been studied. In this work, we aim to provide detailed
photo-physical characterization of 1 on ultrafast time scales probed with transient
visible (in non-polar toluene and polar MeCN) and mid-infrared absorption spectroscopy techniques (in polar MeCN) in order to obtain a detailed photo-physical
picture of 1 and related BODIPY-based molecular rotors

6.2

Experimental

Compound 1 was prepared as reported in ref. 27. Solvents used in this work
were of spectroscopic grade. Toluene and MeCN were additionally dried over 4
Å molecular sieves and passed through activated Al2 O3 before use. Experimental
details of vis-pump/vis-probe and vis-pump/mid-IR probe can be found in Chapter
2 of this thesis.

6.2.1

Calculations

For DFT and TD-DFT calculations we used the Gaussian ’09 software package. 28
All calculations were done either for isolated molecules ("vacuum") or with the
PCM solvation model. 29

6.3
6.3.1

Results and discussion
Steady state measurements

The absorption and emission spectra of 1 (see Fig. 6.1) exhibit mirror symmetry,
indicating that the dominant bands originate from an S1 ↔ S0 transition. The
spectral shapes and positions are very similar to those of BODIPY derivatives reported previously. 18,25,26 The Stokes shifts are small (< 1000 cm−1 ) and the spectra exhibit negative solvatochromism, which was previously observed for similar
BODIPY derivatives 7,25 and suggests that dispersive interactions have a significant influence on the electronic spectra. Stokes shifts, although very small, slightly
increase with solvent polarity and enable us to estimate the difference between the
ground- and excited-state dipole moments to be ∼ 1.4 D (see Appendix, Figs.
6.10 and 6.11). Although the fluorescence quantum yields reported for sterically
unhindered BODIPY derivatives are generally low (∼5-8 % in toluene 7,8,18,26,30 ),
the presence of the electron-withdrawing methyl ester group facilitates the fluorescence deactivation and results in Φf values of ∼0.8 % and ∼0.5 % in toluene and
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Figure 6.1: Normalized absorption (solid lines) and emission (dashed lines) steady-state
spectra of 1 in MeCN and
toluene.

Figure 6.2: Linear correlation (red line) between a) ln(knr ) and f (); b) ln(knr )
and ln(η). Only pure, low viscosity solvents were taken into account.

MeCN, respectively. These are, to our knowledge, the lowest Φf values reported to
date for this type of molecular rotors, and make this probe an excellent candidate
for use in high-contrast imaging applications
In order to compare and quantify the influence of solvent polarity and viscosity
on the excited-state deactivation rate, we measured fluorescence quantum yields
of 1 in a set of low-viscosity aprotic solvents listed in Appendix Table 6.1. The
nonradiative decay rate constant can be obtained from Eq. 6.2, where kr is the
radiative rate constant obtained from lifetime measurement of 1 in a confined
medium in which the fluorescence deactivation is strongly suppressed (PMMA:
τavg =7.12 ns; see Appendix, Fig. 6.12).


1
knr = krad
−1
(6.2)
Φf

We interpret the obtained nonradiative rates in terms of hydrodynamic theory:
knr /T = C η −α ,

(6.3)

6.3 Results and discussion
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where C represents the geometry dependent rotational friction coefficient of the
particle and T represents the temperature. At constant temperature, this expression can be rearranged and becomes analogous to the expression derived by Förster
and Hoffmann (Eq. 6.1). If an activation barrier is present, this expression needs
to be modified to account for the response of the energy barrier towards changes
in solvent polarity: 9
knr /T = C η −α exp(

−Ea + p f ()
),
RT

(6.4)

where Ea represents the activation barrier of the excited-state deactivation process,
p is a constant and R is the gas constant. f () represents the solvent’s dielectric
polarization function defined as f () = ( − 1)/(2 + 1), 31 where  is the relative
permittivity of the solvent. According to Eq. 6.4, ln(knr ) should show a linear
dependence on f () and ln(η). Nonradiative rates as a function of solvent polarity
and solvent viscosity are shown in Fig. 6.2 a) and b), respectively. While there
is an obvious correlation between ln(knr ) and ln(η) (with slope α of −0.44 ± 0.3
and R2 = 0.63, Fig. 6.2 b)), the points in Fig. 6.2 a) are too scattered (slope
= 1.2 ± 2.5 and R2 = 0.02) to conclude whether ln(knr ) shows dependence on
solvent polarity. In order to asses the statistical significance of the correlations,
we calculate the Pearson correlation coefficient 32 (r) of ln(knr ) vs ln(η) and ln(knr )
vs f (). The values of r can vary from -1 (anticorrelated) to 1 (strongly correlated),
with the intermediate value of 0 when there is no correlation between the variables.
The Pearson correlation coefficient obtained for ln(η) vs ln(knr ) points towards a
significant level of (anti)correlation between ln(η) and ln(knr ) (r = −0.82, with
probability of the two variables being uncorrelated p = 0.006). The same can,
however, not be claimed for f () and ln(knr ) (r = 0.238, p = 0.31) at a significance
level of 95 % (for which the limiting value of p = 0.05). Based on this, we conclude
that solvent viscosity plays a significant role in fluorescence deactivation of 1, while
the solvent polarity has only a minor (if any) influence on the nonradiative rates.
To examine the influence of solvent viscosity on nonradiative decay rates at
higher viscosities, we measured fluorescence quantum yields of 1 in glycerol solutions at different temperatures between 290 and 320 K, and calculated the viscosity
values according to ref. 33. If the hydrodynamic model holds, knr /T should be
inversely proportional to the solvent viscosity (α = 1). A linear fit to the data
shown in Fig. 6.3 yields a slope of −0.74, which demonstrates a high degree of
correlation between the excited-state deactivation rate and the bulk viscosity of
the solvent.

6.3.2

Sub-picosecond dynamics probed in the vis range

Transient absorption spectra of 1 in toluene and MeCN were measured by means
of visible pump/visible probe spectroscopy. Representative transient spectra in
Fig. 6.4 a) and c) with representative time traces in Fig. 6.4 b) and d) are shown
for toluene and MeCN, respectively.
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Figure 6.3: Nonradiative rates
of 1 in glycerol measured as
a function of temperatureregulated viscosity.

Figure 6.4: Representative transient spectra and time traces obtained by pump
probe measurements (excitation at 488 nm) in the visible region: a) and b) toluene;
c) and d) MeCN. Lines represent fits obtained by global analysis of the whole
transient data matrix.

6.3 Results and discussion
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Since the solvent polarity does not have a significant impact on the spectral
position and shape of the absorption and emission spectra, the two sets of transient
spectra look very similar. Three distinguishable regions are observed. Excitedstate absorption (ESA) occurs at relatively high energies (∼ 430 nm) and overlaps
partially with the ground-state bleach (GSB) which gives rise to the negative
signal centered at ∼ 500 nm. Due to the small Stokes shifts, the ground-state
bleach overlaps with the stimulated emission (SE) signal detectable in the 500600 nm range. Global analysis of the whole transient data matrix, assuming a
sum of exponential time profiles at each wavelength, produces time constants of
τ1 = 1.08 ± 0.01 ps; τ2 = 11.92 ± 0.09 ps; τ3 = 114.76 ± 0.17 ps in toluene and
τ1 = 0.65 ± 0.01 ps; τ2 = 9.40 ± 0.04 ps; τ3 = 49.90 ± 0.06 ps in MeCN. The
reconstructed decay-associated difference spectra (DADS) of these components
are shown in Fig. 6.5 a) and c) for toluene and MeCN, respectively. While the
decay in MeCN is considerably faster, decay-associated difference spectra are very
similar for both solvents. The decay of the ESA signal (positive amplitude) is
associated with the longest time constant τ3 in case of both solvents, while the
observed rise in the ESA signal is associated mainly with τ2 (negative amplitude).
A small positive amplitude associated with this component can be observed in
the GSB signal, indicating the possibility of vibrational cooling or formation of
an excited-state species in this region. In SE, all three components are present.
The shortest component (τ1 ) is associated with positive amplitude, while the other
two components (τ2 and τ3 ) are associated with negative amplitudes in the case
of both solvents, which indicates that the species associated with time constants
τ2 and τ3 are emissive.
In order to reconstruct spectra associated with the individual species, we model
the kinetics using a global analysis of the transient data matrix by assuming a
sequential scheme:
hν

k

k

k

1
2
3
GS −→ FC* −→
FC −→
LE −→
GS

(6.5)

In this kinetic scheme, after vertical excitation (hν) to the Franck-Condon region
(FC), 1 relaxes in two fast steps via FC* and FC to the locally excited state (LE).
The first relaxation steps (k1 and k2 ) involve solvent and vibrational relaxation,
but we also consider the possibility of a distinct structural difference between FC
and LE, as discussed below. We assign this LE state to the relaxed excited-state,
of which the geometry is obtained by the TD-DFT calculations presented below.
After reaching the LE state, the molecule "diffuses" on the potential energy surface
and this ultimately results in depopulation of the excited state (k3 ). Global analysis with this sequential model was performed on the whole transient-data matrix,
and reconstructed species-associated difference spectra are shown in Fig. 6.5 b)
and d) for toluene and MeCN, respectively. Representative time traces together
with the results of the fits are shown in Figs. 6.4 b) and d) for 1 in toluene and
MeCN, respectively. The shortest, ultrafast component is characterized by a rise
of the red edge of the SE signal at very short delay times (see Appendix, Fig. 6.14
and DADS in Fig. 6.5 a) and c)) and does not exhibit significant contribution in
the ESA region nor in transient IR measurements (see Fig. 6.5 a) and c), Appendix
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Figure 6.5: Decay and species associated spectra obtained in visible region for
1 in toluene and MeCN: a) and c) show decay associated difference spectra (with
associated time constants) obtained in toluene and MeCN, respectively; b) and d)
show species associated difference spectra for the sequential evolution (Eq. 6.5)
obtained in toluene and MeCN, respectively.

Fig. 6.13, and IR measurements below). The time constants associated with this
component (τ1 ) obtained by fitting individual time traces obtained in the SE region
become slower towards lower energies for 1 in both MeCN and toluene. Based on
this observation, we attribute this time constant to the ultrafast solvation process.
The second (fluorescent) component, on a ps time-scale, was previously reported
for both unhindered and hindered BODIPY derivatives (see Fig. 6.1), 18,25,26,30
and has been attributed to vibrational relaxation 25 or conformational evolution
associated with BODIPY-core structural changes in the excited state. 26 Although
our vis-pump/vis-probe measurements clearly show this component, the analysis
of vis-pump/vis-probe transient data indicates very small spectral changes (species
spectra associated with the FC and LE components are located in similar spectral
regions, Fig. 6.5 b) and d)), which could easily be attributed to either one of the
previously proposed causes for this component. Additional data obtained by vispump/mid-IR probe measurements (see below), however, suggest formation of a
distinct transient species associated with this (τ2 ) time constant. The final, slowest time constant is attributed to the decay of the fully relaxed excited state and

6.3 Results and discussion
shows excellent agreement with the values calculated from the intrinsic radiative
lifetime of 1, indicating structural similarity between this fluorescent component
and the ground-state geometry. 34

6.3.3

Picosecond dynamics probed in the mid-IR range

In order to obtain more information on the structural changes that take place in the
excited state, we performed vis-pump/mid-IR probe experiments of 1 in MeCN.
The FTIR spectrum is shown in 6.6 a), and representative transient spectra are
shown in Fig. 6.6 b). The ground-state bleach band centered around 1726 cm−1
corresponds to the C=O stretch mode of the methyl ester group. An excited-state
absorption peak which we assign to vibrational modes located on the phenyl ring
is found at ∼1594 cm−1 . Two additional GSB bands are centered at ∼1574 cm−1
and at ∼1550-1560 cm−1 , and are attributed to vibrational modes of the BODIPY
core and the phenyl ring (based on the frequencies obtained by TD-DFT). A broad
excited-state absorption band centered around 1519 cm−1 shows a rise and decay
component (Fig. 6.6 b)) and suggests formation of a different transient species.
TD-DFT calculations predict multiple vibrational modes in this region, which
makes their direct assignment difficult. These modes, however, involve vibrations
localized on the BODIPY core which are mixed with modes on the phenyl ring
(see Fig. 6.15). A lower-energy ESA band is located at ∼1495 cm−1 and is also
attributed to vibrational modes on the core and the phenyl ring. The transientk1
k2
LE −→
GS),
data matrix was globally fitted using the sequential model (FC −→
with time constants of τ1 = 10.8±0.1 ps and τ2 = 47.3±0.2 ps which are in excellent
agreement with the values obtained from visible transients. The resulting species
associated difference spectra are shown in Fig. 6.6 d). The reconstructed spectra
show that the ESA of the FC state lacks the band centered at ∼1519 cm−1 (or at
least its amplitude appears to be smaller). Upon relaxation to the LE state, the
band located at 1519 cm−1 appears and the C=O stretch band shifts to slightly
lower energies. The appearance of a new band at 1519 cm−1 suggests that two
components labeled FC and LE are different transient species and not only the
result of vibrational cooling. The LE ESA spectrum (obtained by subtracting the
scaled FTIR spectra from the LE SADS spectra) is compared to the calculated
vibrational spectrum of CAM-B3LYP vacuum-optimized geometry of 1 in Fig. 6.6
e). While the TD-DFT calculation correctly predicts the shifts of the C=O stretch
band, and the aromatic ring vibrations at 1593 cm−1 and 1499 cm−1 , the relative
intensities are not well predicted, and the broad feature at 1519 cm−1 remains
unexplained.

6.3.4

DFT calculations

In order to get further insight into the excited-state dynamics of 1, we performed
geometry optimizations and frequency calculations at the TD CAM-B3LYP/631+G(d,p) level of theory, 35 which we chose based on its good performance in
describing charge-transfer systems. 35–38 For the excited-state potential energy sur-
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Figure 6.6: Infrared spectra of 1 in MeCN: a) Partial experimental (FTIR, red)
and calculated (black, freq. scaled by 0.952) spectra of 1; b) Vis pump/IR probe
difference spectra at different time delays; c) time traces with fits; d) Species
associated difference spectra obtained by global analysis with sequential model;
e) Experimentally obtained LE spectrum and calculated spectrum (black, freq.
scaled by 0.946).

6.3 Results and discussion
face scans, after testing both basis sets, we opted for a simplification of the basis
set to 6-31G(d), since we found it to be sufficient for describing the trends exhibited by 1 in its ground and excited states. In the main text we present an overview
of the theoretical results, while a more detailed discussion and additional results
can be found in the Appendix.
S0 and S1 vacuum-optimized geometries are shown in Fig. 6.7. The lowestenergy excitation band corresponds mainly to the HOMO → LUMO transition,
with a small HOMO-1 → LUMO contribution. The electron density of the HOMO
is located on the BODIPY core, but spreads over the phenyl ring in the LUMO, indicating some degree of charge-transfer character. The presence of LUMO electron
density on the carbonyl group suggests that the electronic influence of the substituent may play a role in the deactivation process. The optimized ground-state
structure is characterized by a planar BODIPY core geometry (Fig. 6.7 a)) which
forms a dihedral angle with the meso-phenyl ring of 57.7◦ (referred to as B-Phe
dihedral throughout the rest of this chapter). The vacuum optimized excited-state
structure is characterized by a reduced B-Phe dihedral value (47.3◦ ), and a slight
distortion of the boron atom out of the core plane (Fig. 6.7 b)). Including toluene
or MeCN solvation results in B-Phe dihedral values similar to the ones obtained
in vacuum, but the BODIPY core remains planar (Fig. 6.7 b)).

Figure 6.7: (TD) CAM-B3LYP/6-31+G(d,p) optimized geometries of 1. a)
Ground state with HOMO and LUMO frontier orbitals (vacuum); b) Locally
excited-state structure obtained by optimization starting from the ground-state
optimized geometries in vacuum and in MeCN.

The partially relaxed ground-state potential energy surface scan (Fig. 6.8 a))
reveals two local minima on the BODIPY ground-state potential energy surface
separated by a small energy barrier of ∼1 kcal mol−1 , which the molecules can
easily overcome at room temperature. These two ground-state conformers are
expected to interconvert rapidly. As the B-Phe dihedral nears 0◦ (or 180◦ ), the
energy sharply rises. Changes in the B-Phe dihedral angle towards 0◦ (or 180◦ )
results in significant distortions of the BODIPY core, similar to the previously
calculated structure by Alamiry et al. 7 The calculated dipole moment remains
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practically unchanged (we obtained a decrease of ∼0.7 D) upon this motion and
indicates that solvent polarity does not have a significant energetic effect on the
ground-state energy surface.
An S1 excited-state potential energy surface scan (S1 optimized geometries
with TD CAM-B3LYP/6-31G(d)) in vacuum is shown in Fig. 6.8 b). The potential energy surface was obtained by fixing the B-Phe dihedral, while leaving the
other coordinates to vary freely. Similarly to the ground-state scan, two minima
(separated by an energy barrier of ∼3.2 kcal mol−1 ) are found. These minima are
attributed to the LE species observed in our transient measurements. The two additional, apparently global minima probably do not represent physically accessible
minima as surface crossing seems to take place near B-Phe dihedral values of 30◦
and 150◦ (see below). Calculated dipole moments increase by ∼3 D as the B-Phe
dihedral twists away from the optimized excited-state structures in case of 1, but
this difference becomes smaller (∼0.3 D) when a larger 6-31+G(d, p) basis set is
used. For 2 at the TD CAM-B3LYP/6-31G(d) level, the dipole moment change
was found to be only ∼0.1 D. Such a small change in the ES dipole moment indicates that solvent polarity does not have a significant effect on the ES potential
energy surface. This agrees well with the experimental data shown in Fig. 6.2 and
Appendix Table 6.1. Fixing the B-Phe dihedral values towards 0◦ (or 180◦ ) results
in a drop of S1 , a sharp rise of S0 energies and a drop in oscillator strength (from
f = 0.3 at optimized ES geometry to f = 0.0 when B-Phe = 20◦ ). The calculations
predict a very small energy barrier (∼0.5 kcal mol−1 relative to the optimized S1
geometry) for performing such motion. Although TD-DFT is inherently unable to
adequately treat situations in which surface crossing occurs, the sudden proximity of the two surfaces accompanied by a large geometry distortion (see Fig. 6.8
c)) and drop in oscillator strength suggests that conical intersection between S1
and S0 takes place near B-Phe = 30◦ (or 150◦ ). Use of the larger 6-31+G(d,p)
basis set shows a similar trend (see Appendix, Figs. 6.18 and 6.19 and discussion
presented therein), which is consistent with the lack of a non-fluorescent transient
intermediate in our experiments.
Although DFT calculations show reasonable agreement with the general picture obtained from our experiments, we were not able to obtain two different
energy minima on the S1 surface that would account for the two different species
observed in the TRIR spectra. More advanced theoretical methods would need
to be employed to provide more detailed insight into the structural differences
between FC and LE states.

6.4 Discussion

Figure 6.8: Partially relaxed potential energy surface scans of 1 in vacuum
((TD) CAM-B3LYP/6-31G(d)). a) Ground state optimized geometries; b) first
excited state optimized geometries; conical intersections with S0 are indicated by
dashed ellipses. Fully optimized S1 geometries (LE state) are indicated by blue
dots on the S1 surface; c) relevant S1 geometries mentioned in the text.

6.4

Discussion

The experimental results can be divided into three parts. Vis-pump/vis-probe
experiments provide information not only about the absorption of the potential
intermediates in the visible regime, but also about the emissive species through
stimulated emission. Vis-pump/mid-IR probe experiments on the other hand,
provide additional structural information. Steady state fluorescence measurements
offer a convenient way to quantify the factors that influence nonradiative decay of
1, namely solvent viscosity and polarity.
The stimulated emission in vis-pump/vis-probe measurements shows three
components. The first component occurs on an ultra-fast time scale and its associated time constant is less than 1.1 ps in both of the examined solvents. Fitting
the individual stimulated emission time traces between 560 and 590 nm results in
a gradual increase of this time constant (∆τ ∼0.3-0.4 ps in both solvents), thus
indicating solvation as an underlying cause for this component. This can also be
observed in spectra reconstructed from global analysis of the transient-data matrices, as the DADS (Fig. 6.5 a) and c)) show an increase in the relative amplitude of
this component at longer wavelengths. In addition, the associated time constants
show good agreement with solvation times reported for these solvents. 39 This con-
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clusion is further consolidated by the absence of the ultra-short component in
transient IR measurements and ESA in the visible region.
Subsequently, a short ps (9-12 ps) component is observed in stimulated emission and excited-state absorption. This component is also present in the case
of sterically hindered BODIPY derivatives, 25 which shows that its contribution
is not specific to unhinderded BODIPY derivatives. It is therefore unlikely that
this component results from interconversion between the fluorescent and the dark
states (as in the case of dicyanomethylene dihydrofuran molecular rotors 40 ). Vibrational cooling presents itself as a likely cause for this component, and has been
previously proposed. 25 Kee and coworkers, 26 on the other hand, attributed this
component to a structural evolution which involves nonplanar distortion of the
BODIPY core in the excited state based on transient measurements in the visible region. In our vis-pump/vis-probe measurements, the ps stimulated emission
decay correlates with the small rise in the excited-state absorption centered at
∼430 nm (Fig. 6.5 b) and d)). The correlation between these signals indicates
1) transformation of one species to another; and 2) relatively small change in the
electronic structure, since the process does not result in drastic spectral changes.
In principle, both vibrational cooling and core distortions that follow the solvation
process could thus explain the picosecond component. Transient measurements in
the IR, however, show a clear ps rise at ∼1519 cm−1 (see Fig. 6.6 c)). Since we
do not observe significant shifts in frequency, nor disappearance of the vibrational
bands that correlates with the rise of this particular band (see Fig. 6.6 d)), this appearance of an additional vibrational transition suggests that structural relaxation
of the core indeed takes place in the excited state.
The slow component (k3 ) is attributed to the decay of the fully relaxed LE
state to the ground state. Since further intermediates were not observed in our
measurements, excited-state decay of 1 most likely results from the surface crossing between the ground and the excited-state potential energy surfaces. TD-DFT
calculations indicate that the deactivation process involves a significant change in
B-Phe dihedral angle (from ∼50◦ to ∼30-20◦ ) and pucketing of the BODIPY core
that follows the crossing point. This result is in partial agreement with the mechanism suggested previously, but it does not involve a dark intermediate state. 26
Structural deformation as large as this requires significant space, and this motion
becomes strongly regulated by a combination of viscoelastic and steric characteristics of the local environment. This is evident from a high degree of correlation
(α = 0.74) between the nonradiative rates and viscosity changes in glycerol. Dent
and coworkers 13 report that fluorescence lifetimes for BODIPY rotors in non-polar
castor oil and polar methanol/glycerol mixtures of equal viscosities are equal, thus
showing that fluorescence deactivation of BODIPY based molecular rotors is not
influenced by solvent polarity in the high viscosity regime. Fluorescence quantum
yields of 1 measured in a range of aprotic solvents suggest that excited-state deactivation of 1 is governed by viscoelastic, rather than polarity effects even in the low
viscosity regime (Fig. 6.2). This is consistent with TD-DFT calculations presented
above, which indicate that the molecular dipole moment does not change significantly during the intramolecular movement that results in fluorescence quenching.

6.5 Conclusion

6.5

Conclusion

BODIPY-based molecular rotors are widely used viscosity sensors. In this work
we have provided in-depth photo-physical and mechanistic characterization of one
such molecular rotor, and used a quantitative approach to examine the influence of
both viscoelastic and polarity effects of molecular environment on fluorescence deactivation of 1 by means of steady state and transient visible and IR spectroscopies
with sub-picosecond temporal resolution, combined with TD-DFT calculations.
We have demonstrated that BODIPY molecular rotors are mechanistically relatively simple when compared to other types of molecular viscosity sensors, such as
DCVJ (branching of the excited-state deactivation pathways 41 ), CCVJ (presence
of dark isomers 42 ), crystal violet (multiple rotating units, prone to photoionization 43 ) or DCDHF (solvent dependent deactivation pathway 40 ).
The excited-state deactivation pathway of 1 is the same in non-polar toluene
and polar MeCN. After initial photo-excitation solvent relaxation takes place (subps). Following the solvation, structural relaxation of the BODIPY core and/or
vibrational cooling takes place on a timescale of 9-12 ps. After reaching the optimal excited-state geometry, partial twisting of the phenyl group leads to a conical
intersection with the ground-state potential energy surface and results in groundstate re-population. This process occurs on time scales of ∼115 and ∼50 ps for
1 in toluene and MeCN, respectively. Our data strongly suggests that viscoelastic/free volume effects have a dominant influence on excited-state deactivation of
1 both in low and high-viscosity regimes, and that solvent polarity plays a minimal role. Despite the general absence of polarity effects, the electron-withdrawing
ester group does increase the rate of nonradiative decay, making 1 a BODIPY
probe with a larger dynamic range than similar BODIPY derivatives reported in
the literature. 7,8,10–13,15,20–24,26,30

6.6
6.6.1

Appendix to Chapter 6
Determining the position of spectral maxima

As noted in the main text, Stokes shifts exhibited by 1 are very small. This makes
the task of finding peak locations precisely very important. Positions of absorption
and emission maxima in pure solvents and solvent mixtures were determined in
the same way, which is described below.
The spectral data was obtained by measuring fluorescence counts in 1 nm
steps. Due to the low fluorescence quantum yield, the data were too noisy to
determine the position of spectral maximum with sufficient certainty. First, the
spectra were converted to the wavenumber representation. Because such spectra
are not uniformly sampled, cubic spline interpolation was used in order to obtain
uniformly sampled data (which produces better fits). Since we were interested
in the position of the spectral maxima, we have selected the data points which
have at least 85 % of the maximal count value and used a Gaussian function to
fit the peaks. A typical result of this procedure is shown in Fig. 6.9. Errors were
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Figure 6.9: Representative example demonstrating the fitting procedure used in
determining location of the excitation / emission maxima.

estimated from uncertainties (95 % confidence interval) of the Gaussian fit (error
bars in Fig. 6.11).

6.6.2

Stokes shifts

Although absorption and emission spectra of 1 exhibit hypsochromic shifts, the
Stokes shifts increase as a function of solvent’s orientation polarization and could
be quantified, as described below.
The difference between the dipole moment of the ground state and that of the
excited state (∆µ) can be experimentally estimated from the Lippert-Mataga (LM)
expression, where Stokes shifts are expressed as a function of the solvent’s orientation polarization. 44 In its commonly used form, LM only considers the polarization
induced in a solvent by the ground- and excited-state dipoles. 31 Polarizability of
the solute is taken into account in the polarizable point-dipole dielectric continuum
model, 9,45,46 in which the Stokes shift is expressed as a function of dc () − dc (n2 )
defined in Eqs. 6.6 and 6.7, where  represents relative permittivity and n refractive index of the solvent. In these expressions, c is a solute polarizability parameter
which can be expressed as c = α/a3 , where α is a solute isotropic polarizability
(256 Bohr3 ) and a (9.77 Bohr) is the effective radius of the solute. Both parameters
were obtained from DFT calculations. In the case of 1, c is estimated to be 0.27.
In order to obtain the dipole moment difference we have measured absorption and
emission spectra of 1 in a series of toluene/MeCN mixtures for which the values
of refractive indices 47 and dielectric constants 48 can be interpolated based on the
values reported in the literature.
νabs − νem =

∆µ2S1 −S0
2
0
0
[dc () − dc (n2 )]
+ hνabs
− hνem
hc
a3

dc (x) =

x−1
d0 (x)
=
1 − 2cd0 (x)
2(1 − c)x + (1 + 2c)

(6.6)
(6.7)
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Figure 6.10: Measured spectral maxima plotted against the solvent polarity
function f () in toluene/MeCN mixtures.

Figure 6.11: Stokes shifts of 1 as a function of solvent polarity. a) Pure solvents;
b) toluene/MeCN mixtures.

d0 (x) =
∆µ =

x−1
2x + 1


9.9316 × 10−5 × slope × a3

(6.8)
(6.9)

Figure 6.10 shows spectral maxima positions plotted against modified solvent’s
orientational polarization function (dc ()−dc (n2 ) in mixtures of toluene and MeCN
(0-100 % v/v). At relatively low MeCN concentrations, the relationship between
the spectral maxima and dc ()−dc (n2 ) is linear and therefore indicates that specific
interactions do not play a significant role. As MeCN concentrations increase (>70
% by volume), deviations from the linear trend are observed. A larger point scatter
can be observed in case of the emission maxima. This occurs due to the difficulties
which are inherent to emission spectra measurements for fluorophores with very
low fluorescence quantum yields.
Fig. 6.11 shows the Stokes shift as a function of dc ()−dc (n2 ) pure solvents (a)
and toluene/MeCN mixtures (b) in which specific interactions can be neglected
(see Fig. 6.10). The linear fit of the Stokes shift vs the modified orientational
polarization function dc () − dc (n2 ) in pure solvents produces a slope of 85 ± 210
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cm−1 . The points obtained for pure solvents are very scattered, and a linear
correlation between the Stokes’ shifts and orientational polarization function can
not be ascertained (errorbar of 210 cm−1 with 95% confidence level). Nonetheless,
from Eq. 6.9, the slope of 85 cm−1 , and the effective solute radius of a = 5.17
Å we estimate the difference between ground- and excited-state dipole moments
to be ∆µ = 1.1 D. The points are significantly less scattered in toluene/MeCN
mixtures, where specific interactions are small, and refractive indices/dielectric
constants change systematically. An obvious correlation between the Stokes shift
and the dc () − dc (n2 ) parameter can be observed for these data, where we obtain
a slope of 148 ± 79 cm−1 . This corresponds to a dipole moment difference of
∆µ = 1.4 ± 0.9 D.

6.6.3

Dependence of fluorescence quantum yields on solvent polarity and viscosity

In order to check whether the solvent polarity plays a significant role in fluorescence deactivation of 1, we measured its fluorescence quantum yields in a range of
aprotic solvents. The quantum yields were determined relative to the fluorescence
quantum yield of 1 in MeCN, which was measured relative to fluorescein in 0.1 M
NaOH (Φf = 0.89). 49
Table 6.1: Fluorescence data of 1 measured in different solvents.
Solvent η /cP
r b
f ()c Φf d /% knr e × 10−10 s−1 λmax,abs f /cm−1 λmax,em g /cm−1
dioxane 1.37
2.25
0.23
1.43
0.96
19941
19000
EtOAc 0.43
6.02
0.38
0.65
2.12
19931
19014
THF 0.48
7.58
0.41
0.70
1.99
19852
18909
Acetone 0.32
20.70
0.46
0.49
2.86
19940
19000
MeCN 0.35
37.50
0.48
0.50
2.78
19977
19020
DMSO 1.99
46.70
0.48
1.11
1.25
19740
18734
DCM 0.43
8.93
0.42
0.93
1.49
19803
18927
hexane 0.30
1.88
0.18
0.72
1.93
19863
19056
toluene 0.59
2.37
0.24
0.80
1.73
19708
18741
glycerol 1412
42.50
0.48
39.72
0.02
19735
18907
a Viscosity (η) obtained from ref. 50; b Values for relative permitivity ( ) obtained from ref.
r
50; c Solvent’s polarity function f () = ( − 1)/(2 + 1); d Fluorescence quantum yields;
fluorescein in 0.1 M NaOH (Φf =0.89 49 ) was used as a reference; e Nonradiative rate calculated
from Φf ; f Absorption maximum; g Emission maximum.
a

6.6.4

Time correlated single photon counting

Fluorescence lifetime of 1 in PMMA
To examine fluorescence lifetime of the confined probe, we measured its fluorescence decays in strongly confining polymethyl methacrylate (PMMA) matrix. The
curve was fitted by iterative convolution of three exponential functions with the
measured instrument response functions. This produced fluorescence lifetimes of
τ1 = 11330 ps (0.2 %), τ2 = 7149 ps (93.7 %), and τ3 = 915 ps (6.1 %) with

Res

6.6 Appendix to Chapter 6

119

0
-4

Counts

1000
100
10
1
0

10

20
30
Time (ps)

40

3

50x10

Figure 6.12: Fluorescence decay of 1 in PMMA.

χ2 = 1.08. The average fluorescence lifetime (7.12 ns) was calculated according
to Eq. 6.10. The fluorescence decay curve of 1 in PMMA matrix is shown in Fig.
6.12.

τavg =

6.6.5

A1 τ12 + A2 τ22 + A3 τ32
A1 τ1 + A2 τ2 + A3 τ3

(6.10)

Additional details on vis-pump/vis-probe measurements
of 1

A rise component can be observed in the vis/vis TA experiments in the ESA region.
Representative curves (after filtering of the two most prominent components based
on singular value decomposition in order to reduce noise) are shown in Fig. 6.13.
Stimulated emission time traces monitored at different energies indicate that
solvent relaxation takes place on very short time scales. As the emission energy
decreases, the rise component becomes longer and pronounced. Time traces taken
at 530, 550 and 580 nm for 1 in MeCN are shown in Fig. 6.14 and look similar to
the ones obtained in toluene (not shown). Single-trace fits produce time constants
of 0.16, 0.42 and 0.57 ps for time traces monitored at 530, 550 and 580 nm in
MeCN, respectively (time constants of the two emissive components have been
fixed to 9.4 and 50 ps obtained by global analysis).
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Figure 6.13: Excited-state absorption time traces obtained by vis-pump/visprobe measurements for 1 in MeCN.

Figure 6.14: Stimulated emission time traces for 1 in MeCN obtained by vispump/vis-probe transient spectroscopy. Fits obtained by global analysis of the
whole transient matrix with the sequential model are shown in black.

6.6 Appendix to Chapter 6

Figure 6.15: Assignment of the relevant vibrational modes calculated with TDDFT CAM-B3LYP/6-31+G(d,p) level of theory in vacuum. The band located
around 1490 cm−1 consist of multiple modes involving the same atoms, and only
the most intense one is shown.

6.6.6

Calculated vibrational spectra and mode assignment

We calculated ground- and excited-state species vibrational spectra with CAMB3LYP/6-31G(d) and CAM-B3LYP/6-31+G(d,p) levels of theory in vacuum and
with PCM 29 MeCN solvation. We observed modest improvement when the larger
basis set was used. Vibrational spectra calculated for vacuum were more similar to the experimental spectra than those calculated with PCM solvation. The
experimental and calculated spectra are compared in Fig. 6.6. Fig. 6.15 shows
vibrational modes with their respective frequencies obtained with CAM-B3LYP/631+G(d,p) in vacuum. The region ∼1520 cm−1 , where we observe a rise in ESA
signal contains only modes associated with the BODIPY core, or the BODIPY
core modes mixed with vibrational modes on the phenyl ring.

6.6.7

Excitation energies and potential energy surface scans

Excitation energies and oscillator strengths calculated with the two basis sets for
1 in vacuum are shown in Figure 6.16. The calculated excitation energies (CAMB3LYP/6-31+G(d,p)) of 1 decrease from vacuum to MeCN (3.09 eV in vacuum;
2.89 eV in toluene; 2.68 eV in MeCN). Emission energies obtained by calculations
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Figure 6.16: Comparison of the calculated excitation a) and emission b) energies
vs oscillator strengths obtained with 6-31G(d) and 6-31+G(d,p) in vacuum.

Figure 6.17: Comparison of the calculated excitation a) and emission b) energies
vs oscillator strengths obtained with 6-31+G(d,p) in vacuum, toluene and MeCN.

follow the same trend (2.88 eV in vacuum; 2.76 eV in toluene; 2.58 eV in MeCN).
We attribute the disagreement between the experimental (where we observe blue
shift in more polar solvents) and calculated trends to limitations of the PCM model
in treating non-electrostatic effects 51 .
The photophysical picture obtained by using partially relaxed potential energy
surface scans with the larger 6-31+G(d,p) basis set is consistent with the one
obtained from CAM-B3LYP/6-31G(d) (Fig. 6.18). Twisting is, as in the case of
6-31G(d) basis set accompanied by an abrupt drop in oscillator strength (from
0.34 at B-Phe = 30◦ to 0.0081 at B-Phe = 20◦ ). Estimated energy barriers are 1.2
kcal mol−1 (at B-Phe = 30◦ ) and 2.3 kcal mol−1 (at B-Phe = 90◦ ). Comparison
of the oscillator strengths vs P-Phe dihedral are shown in Fig. 6.19.
Discussion
By comparing the 6-31G(d) and 6-31+G(d,p) results, we found that the 6-31+G(d,p)
basis set provides modest improvement in the excitation energies and calculated
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Figure 6.18: Comparison of the partial potential energy surface scans obtained
with TD CAM-B3LYP/6-31G(d) and TD CAM-B3LYP/6-31+G(d,p) levels of
theory.

Figure 6.19: Oscillator strengths obtained with CAM-B3LYP/6-31G(d) and
CAM-B3LYP/6-31+G(d,p) level of theory vs B-Phe dihedral values.

frequencies, but does not change the general trends. The optimized ground state
structure (CAM-B3LYP/6-31+G(d,p)) is characterized by the planar BODIPY
core (Fig. 7 a), main text) which forms a B-Phe dihedral angle of 57.7◦ . Including
MeCN (or toluene) solvation does not influence the structure significantly in the
ground state. Optimization of the first excited state in vacuum results in a slight
distortion on the BODIPY core which assumes a butterfly-like shape (see Fig. 7
b). The B-Phe dihedral angle, notably, decreases from 57.7◦ in the ground state
to 47.3◦ in the excited state. Including toluene (or MeCN) solvation results in a
planar core geometry of the first excited state. The B-Phe dihedral of the optimized geometries in toluene changes from 57.6◦ in the ground state to 48.1◦ in
the first excited state. Including MeCN solvation produces dihedrals of 56.7◦ and
49.9◦ for the ground and the first excited state, respectively.
The partial excited-state potential energy surface scan in vacuum (6-31G(d)
basis set, Figure 6.8 b)) reveals the presence of four minima in the scanned range
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Figure 6.20: The structure of the apparent global minimum (B-Phe = 2 deg)
reached by B-Phe dihedral twist optimized with CAM-B3LYP/6-31G(d) level of
theory. The optimization with 6-31+G(d,p) does not lead to a minimum.

of 0-180◦ . Two of these minima could not be reproduced with the larger basis set (6-31+G(d,p)). The two minima located near the FC region correspond
to the excited-state optimized geometries which are referred to as the LE state.
Representative structures of the LE state are shown in Fig. 6.7 b). These structures are characterized by relatively large oscillator strength values (f=0.32 at
CAM-B3LYP/6-31G(d) optimized geometry). The other two structures (see Fig.
6.20), which represent global minima (but only with the smaller basis set; see
below), are not expected to show fluorescence due to the low oscillator strength
values (f=0.002 at CAM-B3LYP/6-31G(d) optimized geometry). In addition, large
structural changes in the core geometry (Fig. 6.20) take place suddenly once the
dihedral values change from ∼30-20◦ with CAM-B3LYP level of theory (in the case
of both examined basis sets). This, in combination with oscillator strength drop
and general proximity of the ground and excited-state potential energy surfaces
strongly suggests that surface crossing occurs near these coordinates.
As in the ground-state calculation, two LE state minima are located on the
S1 surface and correspond to the two excited-state conformers. These minima
are separated by a small energy barrier (∼3.2 kcal mol−1 ) which is somewhat
greater than the barrier which separates the two conformers in the ground state.
The decrease in B-Phe dihedral (or its increase towards 180◦ ) results in S1 energy
drop, which is accompanied by a rise in energy of the ground-state structure. The
estimated energy barrier for this rotation is only 0.5 kcal mol−1 , indicating that
this motion occurs easily at room temperature.
Although the change in B-Phe angle towards 0◦ (or 180◦ ) leads to a global minimum in the case of the 6-31G(d) basis set, geometry optimizations become increasingly difficult as dihedral angle approaches the extreme values. Change in dihedral
is also accompanied by a sudden drop in oscillator strength (f = 0.3 → 0.002, from
30◦ to 20◦ , see Fig. 6.19). Since we do not experimentally observe dark transient
intermediates associated with these highly distorted minima, the presence of a

References
conical intersection near these coordinates is the most likely explanation for the
observed fluorescence deactivation and its high efficiency.
We were not able to find the minimum that would be associated with the FC
state (due to which ∼10 ps time constant is observed). The most likely reason is the
overall flatness of the excited-state potential energy surface, since even increasing
the grid size and varying the starting geometries did not result in stable geometries
different from the one attributed to the LE state (or the distorted structure with
B-Phe dihedral ∼0). It is likely that more advanced theoretical models would need
to be used to find such geometry (if it exists), but such calculations are out of the
scope of the current paper.
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Molecular Rotors for Contact Area Visualization∗

Abstract
In this work we characterize and compare three molecular rotors
immobilized on a glass surface for the purpose of imaging the microscopic contact area between surfaces with molecular sensitivity
and high spatial resolution. Because the signal that discriminates
contacts from background originates from molecular emitters, such
method offers a considerable improvement in axial contact discrimination over optical measurements based on interference patterns of the
reflected light. While the fluorescence of the two examined molecular
rotors based on the dicyanomethylenedihydrofuran (DCDHF) accepting unit is significantly enhanced within the contact zone, the molecular rotor based on unhindered meso-substituted boron-dipyrromethane unexpectedly does not show confinement-induced response. Uniformly distributed fluorescence lifetimes of DCDHF molecular rotors
confined between a glass cover slips and a polystyrene bead point towards the presence of unresolved asperities that are homogeneously
distributed throughout the contact between the examined objects.
Comparison of spectra and fluorescence lifetimes of DCDHF rotors
in solution and in contacts shows that the confinement in the contact
areas is homogeneous, but not complete. The environment is more
like a viscous liquid.

∗ This chapter is adapted from:
Suhina, T; Weber, B.; Petrova, D.; Bonn, D.; Brouwer, A. M., in preparation.
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We have recently reported a contact imaging method (see Scheme 7.1) which
makes use of the fluorescence response of viscosity-sensitive molecular rotors based
on the dicyanomethylenedihydrofuran (DCDHF) acceptor unit (compound 1 in
Scheme 7.1). 1 We developed this method 1 in order to contribute towards understanding the relation between contacts and friction, which is considered to be
responsible for for approximately one third of the world energy consumption. 2
#»
#»
Frictional force is commonly quantified by F = µ L 3,4 , the expression which is
nowadays referred to as Amontons’ first law of friction and is known to be valid
for a vast majority of frictional interfaces. In this expression, the magnitude of
#»
#»
the frictional force (F ) is directly proportional to the applied load ( L) scaled by
µ, which is an experimentally determined and system-specific constant known as
the friction coefficient. 5
Real (microscopic) contact area and its relation to the friction coefficient µ is,
however, considered to be a crucial question towards understanding of friction mechanics. 6,7 Real surfaces are microscopically rough, and as a result of roughness,
the real contact area differs from the macroscopic contact area. The relationship
between the real area of contact and friction has been a subject of considerable
theoretical work, 8–13 and many experimental attempts at measuring the real contact area have been made. 8,14–19 Contact area measurements were, however, either
indirect or applicable for a very limited number of systems/object geometries and
did not show sensitivity on a molecular scale. This rendered experimental confirmation of contact theories rather difficult, and the physical meaning of the friction
coefficient is still not well understood. 6,7
Our previously reported fluorescence microscopy contact imaging method 1 is
based on enhanced fluorescence of molecular rotors under contact-induced confinement. Dye 1 is ideally suited for microscopy applications because it works well
with the common excitation wavelength of 488 nm, for which optimized filter sets
are available. We were interested in exploring the scope of this type of dye, in
particular to allow excitation at longer wavelengths. Many red-shifted DCDHF
dyes, however, are moderately to strongly fluorescent in non-viscous solvents. 20
These compounds are therefore not suitable for applications as probes of viscosity
or confinement. The only exception among the published DCDHF dyes was the
chromophore of compound 2 (Scheme 7.1), 21,22 which is conceptually derived from
1 by insertion of a C=C double bond between the aniline and DCDHF units. As
we will show below, fluorophore 2 is similarly effective for probing confinement as
1, but it is suitable for use with 532 nm excitation, another popular wavelength
in microscopy and can be excited up to 600 nm.
BODIPY molecular rotors are well known as molecular probes of viscosity, and
we considered them as an alternative means of probing confinement. Therefore
we included compound 3 in the present study. In their excited state, DCDHFand BODIPY-based molecular rotors perform geometrical distortions which result
in efficient excited-state deactivation (fluorescence quenching). 23,24 Because such
motions have significant spatial requirements, increasing the viscosity/rigidity of
the molecular surroundings results in enhanced fluorescence from these molecules.
In case of 1 and 2, the same effect can be achieved locally when a surface with
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Figure 7.1: Schematic illustration
of the setup used for contact imaging.

covalently attached molecular rotors is brought into contact with another surface.
Molecular confinement takes place only where the two surfaces form a direct contact, and this enables contact visualization by means of fluorescence microscopy
which provides excellent sensitivity and good spatial resolution. 1
One question that was not addressed in our previous study is the nature and
extent of confinement in a contact that gives rise to the fluorescence turn-on effect.
Is the nonradiative decay of the probe molecules fully suppressed, or is there still
some freedom of motion? Is there a variation in the degree of confinement within
the contact area? Compounds used in the previous study (compounds 1 and
1a) and current work (compounds 2, 2a and 3), together with the silane linkers
that were used to immobilize molecular rotors onto glass substrates (S1 and S2)
are shown in Scheme 7.2. While the fluorescence of molecular rotors 1 and 2
becomes significantly enhanced upon confinement, the fluorescence quantum yield
of compound 3 based on meso-substituted boron-dipyrromethane (BODIPY) does
not change, despite the fact that it shows pronounced viscosity response in liquids.
The work presented in this paper is divided into three parts. In the first part,
we characterize and compare the behavior of the three examined molecular rotors
and relate the changes in their fluorescence response to the changes in viscosity
of their local environment. In the second part, we examine the photophysical
properties of the molecular rotors covalently attached onto a glass substrate. For
this purpose, we use 1 as a model system and examine the influence of two silane
linkers (S1 and S2) on the photophysical properties of the surface-attached probe.
To study the effect of surface-bound chromophore concentration, we introduce the
inert cyclohexane acetic acid (CHAA) as a "spacer" together with 1. Measured
fluorescence lifetimes and emission peak maxima allow us to estimate the polarity
of the environment in which immobilized molecular rotors reside, and to asses
whether self-quenching processes occur. In the final part, we demonstrate the
applicability of 1 and 2 for contact area measurements by means of intensity
and lifetime based fluorescence imaging methods, and discuss the benefits of our
method over the reflection-based contact measurement. We additionally discuss
the potential reasons behind the lack of response in contact imaging experiments
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using BODIPY based probe 3.
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Scheme 7.1: Compounds used in this work. Arrows indicate bond rotations
which lead to rapid nonradiative decay in polar solvents.

7.1

Experimental details

All solvents that were used in fluorescence measurements were of spectroscopic or
HPLC grade. N 1-(2-aminoethyl)-N 2-(3-(trimethoxysilyl)propyl)ethane-1,2-diamine was purchased from Gelest. All other reagents were purchased from Sigma
Aldrich. Experimental details for most experiments are explained in Chapter 2 of
this thesis. Experimental details that are specific to this chapter are given below.
Preparations of molecules
Preparation of compounds 1, 1 1a, 25 and 3 26 has been described elsewhere. Compound 2 was prepared by a procedure analogous to that for 2a. All reactions were
conducted under N2 .
Compound 2a: The preparation procedure was analogous to the one reported in
ref. 22, but 4-dimethylaminobenzaldehyde was used instead of 4-diethylaminoben-

7.1 Experimental details
zaldehyde. 4-Dimethylaminobenzaldehyde (675 mg, 4.53 mmol) and 2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (388 mg, 2.06 mmol) were dissolved in 18 mL of pyridine, and 3 drops of acetic acid were added. The mixture
turned dark blue after approximately 10 minutes of stirring at room temperature.
After 48 hours, the mixture was poured into 150 mL of ice-water and filtered. The
precipitate was dissolved in CH2 Cl2 , washed thoroughly with water/brine and the
organic solvent was evaporated. The obtained dark blue powder was reprecipitated from CH2 Cl2 /MeOH to give 211 mg of 2a (31 %). A similar preparation of
this compound can be found in ref. 27. 1 H NMR (400 MHz, CDCl3 ): δ (ppm) 1.76
(6H, s), 3.15 (6H, s), 6.70-6.78(3H, m), 7.53-7.63 (3H, m). 13 C NMR (400 MHz,
CDCl3 ): δ (ppm) 26.79, 40.21, 53.42, 96.75, 108.84, 111.42, 111.85, 112.17, 112.63,
121.85, 132.18, 148.34, 153.75, 174.20, 176.23. CSI-MS: MH+ 331.38 (calculated),
331.15 (observed).
Compound 2: A mixture of 4-(bis(2-hydroxyethyl)amino)benzaldehyde (778 mg,
3.72 mmol) and 2-(3-cyano-4,5,5-trimethylfuran-2(5H)-ylidene)malononitrile (340
mg, 1.69 mmol) in pyridine (200 mL) was stirred at room temperature until all
reagents dissolved. After that, 3 drops of acetic acid were added to this mixture,
which turned dark after 10 minutes of stirring at room temperature. The reaction
mixture was left to stir for 24 hours, after which it was poured into 150 mL of
ice-water. 0.1 M HCl was added until a precipitate could be observed. This precipitate was filtered, and 140 mg of blue powder with a reddish shine was obtained
(22 %). Preparation of this compound is also described in ref. 28. 1 H NMR (400
MHz, DMSO−d6 ): δ (ppm) 1.76 (6H, s), 3.61 (8H, s), 6.7-6.9 (3H, m), 7.6-8 (3H,
m). CSI-MS: MH+ 391.44 (calculated), 391.18 (observed).

Glass silanization
Cleaning: A rack with 4 borosilicate glass cover slips (2 cm × 2 cm × 170 µm)
was sonicated in aqueous Extran solution (0.3 % w/w) for 30 mins, then sonicated
in deionized water (10 min) and in ethanol (30 mins), dried under an air current,
and placed in an ozone photoreactor for 2 hours.
Silanization with 3-aminopropyltrimethoxysilane (APTES, S1): 80 mL
of aqueous ethanol (96 %, v/v) was mixed with a small amount of acetic acid (so
that pH ∼ 5). To this mixture, APTES (S1, 2 mL) was added. Cover slips were
placed in this solution and were left to react (with stirring) for 25-30 minutes.
After this time, the cover slips were sonicated in ethanol 2 times for 30 minutes,
dried in air, and annealed at 130 ◦ C for 3 days.
Silanization with N1-(2-aminoethyl)-N2-(3-(trimethoxysilyl)propyl)ethane-1,2-diamine (S2): 80 mL of toluene was mixed with 0.2 mL of S2. Glass
cover slips were immersed in this mixture and the reaction was left to proceed for
25 minutes (under nitrogen). Cover slips were afterwards sonicated in toluene and
ethanol, dried under an air flow and annealed for 3 days at 130 ◦ C.
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Immobilization of 1, 2 and 3
CS1: 1 (15 mg, 0.037 mmol) was dissolved in 80 mg of dry dimethylformamide
(DMF) under N2 . To this solution, (benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP; 100 mg, 0.230 mmol) and hydroxybenzotriazole (HOBt; 35 mg, 0.23 mmol) were added. 120 µL of N,N-diisopropyl-ethylamine (DIPEA) were added to this solution, and a rack with cover slips
(previously functionalized with S1) was immersed in the solution. This was left to
stir overnight. After that, cover slips were sonicated in ethanol twice for 15 minutes, and dried under an air current. Cover slips were stored in plastic containers
until use.
CS1-CHAA: 1 (15 mg, 0.037 mmol) and cyclohexane acetic acid (CHAA; 53 mg,
0.37 mmol) were dissolved in 80 mL of dry dimethylformamide (DMF) under N2 .
To this solution, BOP (824 mg, 1.87 mmol) and HOBt (252 mg, 1.65 mmol) were
added. 1.3 mL of N,N-diisopropylethylamine (DIPEA) were added, and a rack
with cover slips (previously functionalized with S1) was immersed in the solution.
This was left to stir overnight. After that, cover slips were sonicated in ethanol
twice for 15 minutes, and dried under an air current. Cover slips were stored in
plastic containers until use.
CS1-L: The samples were produced using the same quantities as CS1, only the
cover slips functionalized with S2 were used. Samples were stored in sealed plastic
containers under Ar until use.
CS2: Compound 2 (10 mg, 0.025 mmol) was dissolved in dry dichloromethane
under N2 atmosphere. To this solution, 15 % phosgene solution (0.50 mL, 0.66
mmol) in toluene was added. This solution was stirred for 5 minutes in order to
provide enough time for the acylation reaction of phosgene with the alcohol groups
to take place, after which a rack with silanized (S1) cover slips was added. This
was stirred for approximately 20 minutes after which the cover slips were taken
out and thoroughly washed in dichloromethane, toluene and ethanol by sonication
for 15 minutes in each solvent. Samples were stored in sealed plastic containers
under Ar until use.
CS3: BODIPY derivative 3 (10 mg, 0.031 mmol) was dissolved in 70 mL of dry
DMF. Five drops of triethylamine were added, and a rack with cover slips was
placed in the reaction flask. This mixture was heated to 50 ◦ C and left to stir
overnight. Cover slips were sonicated in ethanol (twice for 15 minutes), rinsed
with dichloromethane, dried under an air current and stored in plastic containers
under Ar until use.

Polystyrene beads
550 µm polystyrene spheres (microbeads) were purchased from the Precision Plastic Ball Company (Addingham, Ilkley, UK) and roughened by placing them over
240 grit sand paper on an orbital shaker (1200 rpm) for 2 days.

7.2 Results and discussion
Fluorescence microscopy and CCD spectra
Fluorescence Lifetime Imaging: Instrument description is given in Chapter 2.
The spheres were pressed onto functionalised cover slips by applying an arbitrary
external load, as our goal was not to examine contact area dependence on load
with these experiments. Because of the nonexponential nature of the fluorescence
decays, the difficulty in estimating of the instrument response function and short
lifetime, the average fluorescence lifetimes reported for our FLIM data are defined
as the average times that emitted photons take to reach the detector after the
excitation pulse (fastFLIM).
Cover Slip Emission Spectra: Contact emission spectra could not be obtained
using the SPEX Fluorolog, and were instead measured using the MicroTime 200
confocal microscope. Light captured by the objective was directed towards the
attached spectrograph (Spectra Pro-150, Acton Research Instruments), and captured with a Princeton Instruments Photon Max 512 EM-CCD camera. Before
measuring emission spectra within contact, the spectrograph was calibrated by
measuring peaks of a Hg lamp and by comparing the fluorescence emission spectra
of dry and wetted samples measured with SPEX Fluorolog and confocal microscope.

CCD spectral fitting
In order to find consistent values of the fluorescence emission maxima measured
with the EM-CCD camera, we fitted the raw measured spectra (in wavelength
domain) with one or two exponentially convolved gaussian functions. 29
Steady state vis spectra
See Chapter 2 for details. Fluorescence quantum yields were measured relative to fluorescein in 0.1 M NaOH (1a, 3; Φf = 0.89 30 ) or rhodamine 101 (2a;
Φf = 0.915 30 ).
Calculations
All Density Functional Theory (DFT) calculations were done with the Gaussian
09 software package (revision D.01). 31

7.2
7.2.1

Results and discussion
Photophysical properties of molecular rotors in solution.

Because molecular rotors 1 and 2 posses polar functional groups (-COOH and OH, respectively) that may cause specific interactions (such as hydrogen bonding)
in solutions, compounds 1a and 2a were prepared as "clean" chromophore models
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Table 7.1: Photophysical properties of the examined chromophores in solution
and immobilized on glass cover slips.
Variable
λem,dry (nm)
λem,toluene (nm)
λem,DMSO (nm)
λem,contact (nm)
τavg,dry a (ns)
τavg,DMSO/MeCN b (ps)
τavg,glycerol c (ns)
τavg,contact d (ns)
τavg,PMMA (ns)
Φf e (%)

1a
509
542
27
1.34
2.7
0.5

2a
605
656
77
1.22
2.4
1.4

3
530
532
50
7.3
0.5

CS1
521
541
535*
1.5 (∼1.3)
<400
1.3
1.5
-

CS1-L
526
1.4
1.4
-

CS1-CHAA
521
1.7 (∼1.8)
1.5
-

CS2
634
654
637*
(∼1.7)
(∼1000)
1.8
-

a Values obtained by single photon counting (IRF FWHM ≈ 24 ps), decays fitted using
triexponential function. Values in brackets obtained with TCSPC unit of a confocal microscope
(FWHM ≈ 0.4 ns), average lifetimes estimated by fast FLIM procedure; b fluorescence lifetime
of 3 measured in MeCN, others in DMSO; decay curves for CS1 and CS2 were measured with
TCSPC unit of our confocal microscope; c slowest component of triexponential fit in solutions
for 1a and 2a (negative amplitudes observed for other components at some wavelengths); d
measured with TCSPC unit of a confocal microscope; e Fluorescence quantum yields for 1a, 3
and 2a obtained from ref. 24, Chapter 6, and measured relative to R101 in EtOH
(Φf = 0.915), 30 respectively; * from fits of the fluorescence spectra measured with EM-CCD
camera on confocal microscope.

and used in experiments in which immobilization was not required. Electronic
absorption and emission spectra in polar DMSO are shown in Figure 7.2. All
three molecules absorb and fluoresce in the visible spectral range at relatively
low energies, which makes them convenient chromophores for use in microscopy
experiments. Molecular rotor 2 (2a) has an obvious advantage for microscopy
applications, as its absorption and emission spectra are significantly red-shifted
compared to chromophores 1 and 3. In DMSO, all three compounds exhibit
very low fluorescence quantum yields (0.5 %, 1.4 % and 0.5 % for 1a, 2a and 3,
respectively).
1a, 2a and 3 exhibit very short fluorescence lifetimes in polar DMSO and

Figure 7.2: Normalized steady state
electronic absorption (solid lines) and
emission (dashed lines) spectra of 1a, 2a
and 3 in DMSO.

7.2 Results and discussion
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Figure 7.3: a) Fluorescence decay curves of 1a, 2a and 3 (time-correlated single
photon counting, IRF ∼24 ps) in polar, low-viscosity solvents. b) Fluorescence
decay curves of 1a, 2a and 3 in PMMA films. c) Nonradiative decay rate of
1a, 2a and 3 as a function of viscosity. Viscosity was varied by changing the
temperature of glycerol solutions of the probes from 283 K to 328 K.

MeCN, but their lifetimes are two orders of magnitude longer in PMMA polymer
matrix than in liquid polar solutions (1a: 27 ps in DMSO 24 → 2.7 ns in PMMA;
2a: 77 ps in DMSO → 2.4 ns in PMMA; 3: 50 ps in MeCN → 7.3 ns in PMMA).
These numbers alone suggest 3 as the best viscosity/confinement probe, as its
fluorescence increases more than 140× in polymer, as compared to the low-viscosity
MeCN.
Fluorescence quantum yields of all three compounds exhibit pronounced sensitivity towards the viscosity of their micro-environment. The nonradiative rates
of all three compounds can be calculated according to:
knr =

krad
− krad ,
Φf

(7.1)

where knr , Φf and krad represent the nonradiative rate constant, fluorescence quantum yield and radiative rate constant, respectively (see ref. 24, Chapter 6, and
Appendix 7.4.1). Radiative rate constants were calculated using the fluorescence
lifetimes of molecular rotors confined in a polymer matrix, where we assume that
PMMA completely confines the rotors and knr = 0. To demonstrate the viscoelastic response of the three molecular rotors, and to compare them quantitatively, we
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Figure 7.4: Fluorescence emission spectra of 1a and 2a in toluene ( = 2.4),
EtOAc ( = 6.0) and DMSO ( = 46.8).
Relative dielectric permittivities from ref.
5.

measured their fluorescence quantum yields as a function of temperature (from 283
K to 328 K) in glycerol. Viscosity values were interpolated based on the parameters reported in ref. 32. We interpret the obtained nonradiative rates in terms of
hydrodynamic theory:
knr /T = C η −α ,
(7.2)
where C is a (geometry-dependent) constant, α is a coefficient that describes how
the nonradiative decay rate constant correlates with the bulk viscosity, and T is
the temperature (in K). For simplicity, we assume that the intrinsic activation
barrier for all three molecules is negligible, and obtain α values of 0.72 for 1a, 0.84
for 2a, and 0.75 for 3. The observed high correlation values between deactivation
rates and bulk viscosities demonstrate that the examined molecules are excellent
sensors for bulk viscosity measurements.
The charge transfer character of 1 and 2 renders the spectra of these probes
sensitive towards the polarity of their environment. We demonstrate this in Fig.
7.4, where we show fluorescence emission spectra of 1a and 2a in non-polar toluene,
medium polarity EtOAc, and polar DMSO. We use this behavior to qualitatively
estimate the environment polarity of our molecular probes. 33

7.2.2

Photophysical properties of immobilized molecules

Molecules 1, 2 and 3 have functional groups that allow them to react with terminal
amino groups on modified glass surfaces. We immobilize 1 through a well developed peptide coupling procedure (BOP+HOBt+DIPEA), 2 through reaction of
the alcohol groups with phosgene to create acyl groups that react with the amino
groups on the surface, and 3 through reaction of the amino groups on the surface
with the ester group of the BODIPY dye. The resulting cover slips prepared by
immobilization of 1, 2 and 3 are denoted as CS1, CS2 and CS3, respectively
throughout the rest of this text.
The emission spectra shown in Fig. 7.5 demonstrate that the molecules have
been successfully immobilized on the glass surface. Samples functionalized with
molecular rotor 2 exhibit excitation and emission spectra that are significantly redshifted due to extended degree of conjugation compared to 1, which is beneficial for
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Figure 7.5: Normalized emission spectra of dyes immobilized on the glass surface. No solvent was added. λexc = 470
nm for CS1, CS1-CHAA, CS1-L, and
CS3; λexc = 530 nm for CS2.

microscopy applications. Since dyes 1 and 2 posses a significant degree of chargetransfer character 20,23,24,34 , they show solvatochromic behavior which provides
information about the polarity of their environment. Emission maxima of CS1
and CS2 are at 521 and 629 nm for dry cover slips. These are in between the
emission maxima of probes 1a and 2a in non-polar toluene (509 and 602 nm,
respectively) and DMSO (542 and 656 nm). This indicates that the molecules on
a surface reside in a moderately polar environment. We examined the potential
influence of self-quenching and aggregate formation by functionalizing cover slips
with 1 and hydrophobic "spacer" molecules (cyclohexyl acetic acid, CHAA) by
reacting amino-functionalized glass, 1 and 10 molar equivalents of CHAA relative
to 1. The resulting samples are labeled CS1-CHAA in the text. Attempts to
produce more dilute samples by reacting 50 eq. of CHAA relative to 1 resulted in
samples unsuitable for contact imaging and characterization (fluorescence was too
weak).
The fluorescence spectrum of CS1-CHAA is not shifted with respect to that
of CS1 which lacks the spacer molecules, and the spectral width is also identical. This indicates that the presence of aggregates on the surface is unlikely.
Interchromophore interactions are therefore not responsible for the observed spectral shift of the surface-bound chromophore relative to 1a in non-polar toluene.
Excited-state stabilization must then originate from interactions with remaining
amino-terminated linker molecules on the surface and possibly moisture adsorbed
from air. We also attached 1 to glass cover slips functionalized with a longer
silane linker (S2) that contains two additional secondary amino groups. This type
of linker has been proposed to give a more organized surface structure. 35 This sample (CS1-L) exhibited a small, but observable spectral shift of ∼ 5 nm relative to
CS1/CS1-CHAA (Fig. 7.5).
We examined the possibility of self-quenching by measuring fluorescence decays of CS1 and CS1-CHAA with time correlated single photon counting. Both
samples were prepared in parallel and mounted onto a sample holder of our TCSPC apparatus (IRF fwhm ∼ 24 ps) shortly after drying under an air current to
minimize the potential influence of humidity from air, and ocasionally moved during the measurement to avoid the influence of photobleaching. Average lifetimes
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obtained from triexponential fits of the decay curves (shown in Appendix 7.4.1)
measured for dry cover slips were 1.5 ns and 1.7 ns for CS1 and CS1-CHAA,
respectively. The relatively long average lifetimes on the dry surfaces indicate a
high degree of molecular confinement. The relatively small difference in average
lifetime values of the two samples indicates that self-quenching does not have a
dramatic influence on excited-state decay. Because we use DMSO in our contact
imaging experiments (to reduce background fluorescence and scattering), we measured fluorescence decays of DMSO-wetted CS1 and CS1-CHAA on this setup,
as it provides a time resolution that is superior to our FLIM microscope. These
attempts, unfortunately, were not successful, because we were not able to collect
a sufficient number of photons to fit fluorescence decay curves. Upon wetting the
samples in viscous glycerol, the average fluorescence lifetime values decrease to
1.3 ns (CS1) and 1.5 ns (CS1-CHAA). Attaching 1 to a longer silane (CS-L)
produced values similar to the ones obtained for CS1 (1.4 ns for dry and glycerol
wetted). Notably, CS1-L does not show decrease in τavg upon wetting with glycerol. We did not find samples labelled CS1-L suitable for contact area imaging
experiments because addition of DMSO produced micro-droplets over the surface
of the sample and within the imaged contact area. This presumably comes as a
combined effect of increased hydrophobicity of CS1-L relative to CS1 and low
viscosity of DMSO that results in droplet formation within a time-frame that is
considerably shorter than needed for us to conduct contact imaging measurements.

7.2.3

Contact area measurements

Next, we examine the applicability of molecular rotors for contact area measurements by pressing solid objects on glass surfaces functionalized with molecular
rotors 1 (CS1), 2 (CS2) and 3 (CS3). For this purpose, we used a fluorescence
confocal microscope with a rheometer mounted on top. A polystyrene (PS) bead
was glued to the rheometer tip. In this way we were able to control the position at
which the contact occurs, control the contact force, and simultaneously measure
the fluorescence response. This experiment is shown in Scheme 7.1.
We first consider samples with surface-bound fluorophores 1 and 2, CS1 and
CS2. Fig. 7.6 shows the PS sphere contacts on these cover slips for various normal
forces. The cover slips functionalized with probes 1 and 2 both give excellent
contrast between contact and non-contact conditions, indicating that the probes
strongly respond to confinement. We compare the experimental images to Hertz
theory, 36 which describes the sphere-on-a-flat-surface contact in the absence of
roughness. Red circles in Fig. 7.6 represent the apparent contact area calculated
according to the Hertz equation (Eq. 7.3), where F represents the applied load,
R the radius of the PS bead, and E ∗ Young’s (shear elastic) modulus of the
sphere. E ∗ is calculated according to Eq. 7.4, where E and ν are the Young’s
modulus and the Poisson ratio of the sphere material (polystyrene). In the case
of a PS sphere pressed on glass, the elastic modulus of the glass can be ignored,
since it is more than ten times higher than the PS modulus. The contact area
measurements shown in Fig. 7.6 a)-f) are quantitatively compared to the ones
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predicted by Hertz theory 36 in Fig. 7.6 g) and h). An atomic force microscopy
image of the representative (rough) PS surface is shown in the Appendix (Fig.
7.19). Throughout the examined range, the apparent contact area predicted by
Hertz theory agrees well with the overall contact area, but the real contact area is
much smaller due to the roughness of the surface.
AHertz = π



3F R
4E ∗

2/3

(7.3)

E
(7.4)
1 − ν2
Next, we demonstrate the sensitivity of molecular sensors in contact area measurements by comparing the fluorescence technique to an interference based contact area measurement. For this purpose, the reflected light from the contact was
collected in addition to the fluorescent light. Destructive interference occurs when
the distance between the bead and the surface is 0.5(m + 0.5)λ, where m is an
integer (m = 1, 2, 3, ...) and λ is the wavelength of the reflected light. In the centre
m = 0, and destructive interference within the central circle occurs as long as the
gap is < λ/4 (∼120 nm, since λ = 488 nm). Molecular rotors, however, become
confined only when the axial distance between the surface and the bead is much
smaller (∼ 9 nm, see Chapter 8). Because of this, they are able to discriminate the
overall contact areas more accurately and resolve fine structure within the contact.
An illustrative example is shown in Fig. 7.7, where the contact diameters are illustrated with bars of different color. Differences between contact areas measured
by fluorescence and reflection methods can differ when beads of different radii and
roughness are used, and the differences between reflection- and fluorescence-based
areas are more pronounced under small loads.
To investigate the nature of confinement in contact, we created contacts similar
to the ones shown in Fig. 7.6 in a fluorescence lifetime imaging (FLIM) microscope
(Fig. 7.8 a)). Two distinct populations (Fig. 7.8 b)) can be observed near the
contact zone, due to confined (within contact) and non-confined (out of contact)
molecular probes. Pixels that lie outside the contact zone (dark blue regions and
representative decay curve in Fig. 7.8 a) and c), respectively) are characterized
by average lifetime values around 0.4 ns (lifetime distribution FWHM ≈ 0.13 ns,
Fig. 7.8 b)). This value is close to the full width at half maximum of our instrument response function, so the actual values may be smaller. Within the contact
zone, average lifetime values are narrowly distributed around 1.5 ns (lifetime distribution FWHM ≈ 0.19 ns, Fig. 7.8). The histograms of the two populations
can not be described by normal distributions, but are skewed towards longer and
shorter lifetimes for short- and long-lifetime population, respectively. Fluorescence
lifetimes measured within the contact zone are shorter than expected for fully confined molecules (∼ 2.7 ns in PMMA). Decay curves measured with our confocal
microscope in different environments are shown in Fig. 7.8 c). The obtained values
of τavg indicate that the average degree of confinement within the contact pixel is
comparable to the confinement that molecules experience while immobilized on a
E∗ =

142

Molecular Rotors for Contact Area Visualization

Figure 7.6: a), b) and c) fluorescence intensity images of contact between CS1
and a roughened polystyrene bead, obtained under loads of 1.5, 81.5 and 405.5
mN, respectively. d), e), and f) images obtained with CS2, under normal loads of
4.0, 62.0 and 340.0 mN. Red circles indicate the size of the contact area calculated
from Eq. 7.3. Image size 70 × 70 µm. g) and h) show experimentally obtained
real contact area (RCA) measured with CS1 and CS2, respectively. Real contact
area is directly compared with the apparent contact area predicted by Hertz (red
line). 36
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b)

c)

Figure 7.7: Comparison of the measured fluorescence response (green) and reflection image (red) obtained by pressing a (relatively smooth) glass bead of 2
mm radius on glass cover slip CS1. White bars: contact diameter obtained by
reflections; black bars: contact diameter obtained by fluorescence. Applied loads:
a) 21 mN; b) 196 mN; c) 410 mN.

Figure 7.8: a) Fluorescence lifetime image of the contact area produced by
pressing a smooth polystyrene bead onto DMSO-wetted CS1 (glass surface functionalized with 1). Step size 0.25 µm, pixel dwell time 10 ms. Color represents
the average arrival time of the photons after the laser pulse at a measured point;
b) Histogram of lifetimes from a); c) Representative time correlated single photon
counting traces measured with microscope for 1 or 1a in different environments
(integrated over 10-20 points to reduce noise). Holes represent dark areas within
the contact zone, as indicated in a); d) Representative fluorescence emission spectra fits of 1 / 1a in different environments.
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Figure 7.9: a) Fluorescence lifetime image of contact area obtained by pressing a
PS bead on CS2 (glass cover slips functionalized with 2). Image size 80 × 80 µm,
step size 250 nm, dwell time 10 ms; b) Histogram of lifetimes from a); c) Representative fluorescence emission spectra fits of 2 / 2a in different environments..

dry (1.5 ns) or glycerol wetted (1.3 ns) cover slip. Although the diffraction limit in
the lateral plane does not allow us to distinguish possible structural features that
are smaller than the optical resolution of our microscope, we can obtain additional
information about the molecular environment by measuring fluorescence emission
spectra.
Figure 7.8 d) shows examples of fluorescence emission spectra of 1 (or 1a)
measured in different environments. As the polarity of the local environment
increases, fluorescence emission spectra shift towards lower energies due to the
solvent induced stabilization of the excited state. In low polarity PS matrix the
emission maximum is located at 510 nm. Upon immobilization of 1 on glass (CS1),
the emission maximum shifts to 522 nm. Addition of DMSO on CS1 results in
a pronounced red shift of emission to 541 nm. The emission maximum of 1a in
DMSO is at 542 nm, which indicates that the immobilized probe is fully solvated
in the case of DMSO wetted CS1. Spectra obtained from the contact zone (upon
pressing a PS sphere onto a DMSO wetted CS1, see Fig. 7.8 b)) show only a
slight hypsochromic shift (∼ 5 nm) relative to the spectrum of CS1 in DMSO.
This indicates that the molecules still reside in a very polar environment within
the contact zone and points towards the presence of DMSO.
CS2 samples show behavior similar to that of CS1, but we found that flu-
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Figure 7.10: Fitted fluorescence emission spectra of CS3 (glass cover slips
functionalized with 3) obtained by soaking the functionalized cover slip with
DMSO and glycerol.

orescence lifetimes of surface-bound probe 2 vary with sample preparation procedure (acylation and surface functionalization time). This likely occurs due to
self-quenching at high grafting densities, 37 because fluorescence quantum yield
of this chromophore is known to be concentration dependent in polymer matrices. 38 Here we report quantities for samples prepared according to the procedure
described in the experimental section of this Chapter. A typical fluorescence lifetime image, image histogram, and representative fluorescence emission spectra are
shown in Fig. 7.9 a), b) and c), respectively. Fluorescence lifetimes of CS2 in
contact (τavg ∼1.8 ns) are somewhat longer than those of CS1, but they still do
not approach the lifetimes measured for the completely confined probe (∼2.4 ns).
Fluorescence emission spectra shift similarly to those of CS1, but spectral shifts
seem to be more pronounced due to the higher degree of conjugation which results
in a larger excited-state dipole moment.
When similar experiments were performed with CS3, the probe did not show
any difference in intensities (nor lifetimes) upon confinement with the PS sphere
(not shown). Samples did, however, exhibit increased fluorescence intensities when
wetted with viscous liquid (glycerol) (Fig. 7.10). This is surprising, because
3 shows sensitivity towards viscosity in solution and when immobilized on the
surface just like 1 and 2.

7.2.4

Discussion

In this work, we demonstrate that fluorescent molecular rotors can be used for
very sensitive contact imaging. The fluorescence quantum yields of such probe
molecules strongly depend on their ability to undergo large amplitude geometrical distortions that result in fluorescence quenching (and shorter fluorescence
lifetimes). When one of the surfaces is functionalized with covalently attached
molecular rotors 1 or 2 and brought into contact with another surface, intermolecular motion required for excited-state deactivation is restrained, and the molecules
become strongly fluorescent.
The average fluorescence lifetimes for molecular probes 1 - 3 in solution are
short, several tens of picoseconds, but they are much longer (∼1.5 ns, CS1; ∼1.7
ns, CS2) for surface-bound molecular probes 1 and 2. Apparently, there is a
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high degree of molecular confinement due to noncovalent interactions between the
probes and the surface. The fluorescence spectral maxima of surface-bound 1 and
2 are in between those in non-polar and polar solvents (Figs. 7.8 d) and 7.9 c)).
Wetting of the surface with the polar solvent DMSO, however, largely breaks the
molecule-surface interactions, which results in shorter lifetimes (∼0.4 ns, CS1; ∼1
ns, CS2), and in fluorescence spectra that are the same as in solutions of 1a and
2a in the same solvent (Table 7.1).
Upon formation of the contact between the wetted glass surface functionalized with probes 1 or 2 and an object (in our case a polymer or glass bead),
intramolecular motion of the probe molecules becomes severely hindered, which
results in strong localized fluorescence enhancement that can be imaged with fluorescence microscopy, as demonstrated in Fig. 7.6. Contours of the contact areas
extracted from our images are comparable to the ones predicted by the widely
accepted Hertz theory, 36 which assumes no roughness and perfect elasticity. Our
images, however, enable us to observe the detailed microscopic patterns within
the contact zone, allowing us to extract quantitative information about the real
microscopic contact. In Chapter 8, we show that the asperities of the sphere in
contact are deformed plastically (in contrast with Hertz theory), which gives rise
to a nonlinear dependence of the real contact area on load. Since the signal that
discriminates contacts from background originates from molecular emitters, our
method offers significant improvement in axial contact discrimination over optical
measurements based on interference patterns of the reflected light (see Fig. 7.7).
Fluorescence lifetimes that we obtain for surface-bound molecular probe 1
(CS1, τavg = 1.5 ns) under contact-induced confinement do not approach the
natural radiative lifetime of 1a (3.4 ns 24 ) obtained from the Strickler-Berg expression, nor lifetimes that we measure in rigid polymer matrices (τavg = 2.7 ns).
Surface-bound 2 behaves similarly. Diluting 1 on the surface with inert cyclohexane acetic acid leads to a small increase of the lifetime to 1.7 ns, indicating that
self-quenching due to the high density of fluorophores is not very important. The
lifetime of 1.7 ns is still shorter than that of fully confined 1.
Because 1 is a more robust system in respect to potential self-quenching issues
(see Appendix 7.4.3), we use it as a model system to examine the properties of
environment within the contact zone. The nonradiative rates for CS1 within the
DMSO-wetted contact (1.5 ns) are uniformly distributed and somewhat smaller
than those of the probes in glycerol (1.3 ns), or CS1 wetted with the same viscous
solvent (1.3 ns). We can estimate the "effective viscosity" within the contact zone
to be ∼1600 cP. This may be because of unresolved asperities that are homogeneously distributed throughout the contact between the examined objects. The
emission spectra of CS1 and CS2 in contact are blue-shifted compared to those
in the wetting solvent DMSO. In the contacts, the pressure is quite high (100-250
MPa 39 ), and solvent will be squeezed out from the confined space between the
cover slip and the contacting surface. This will press the probe molecules towards
the surface, and reduce their solvation (Figs. 7.8 d) and 7.9 c)). In addition, the
solvation dynamics may be slowed down.
The average fluorescence lifetimes in contact and non-contact points have a

7.2 Results and discussion
bimodal distribution (Fig. 7.8 b), CS1; Fig. 7.9 c), CS2). The distribution
of lifetimes of CS1 and CS2 in contacts tails towards shorter lifetimes. In some
pixels, especially at the edge of a contact area, the probes will not be fully confined
because the microscopic contact does not cover the whole pixel. This will lead to a
larger contribution from the non-confined lifetime of ∼0.4 ns (∼1 ns for CS2), and
therefore a shorter average lifetime. Apart from this, the bimodal distribution of
lifetimes shows a very good contrast, and a sharp turn-on behaviour of fluorescence
in contact. The probe molecules in the contacts, seem to experience a homogeneous
environment, despite the possible differences in pressure in different parts of the
Hertz contact.
A surprising result of the present work is the failure of contact imaging with
surface-bound BODIPY derivative 3 (CS3), despite the fact that it shows pronounced sensitivity towards confinement in polymers and to viscosity changes (see
Fig. 7.3). 40,41 We propose a tentative explanation for this observation, which is
based on the different modes of distortion that lead to the nonradiative decay
channel. DCDHF-based molecular rotors 1 and 2 are nearly planar in their fluorescent state, and nonradiative decay involves a twisting of the dicyanomethylene
unit in non-polar solvents and the phenyl ring in polar solvents. This process
requires an increase in volume, which is counteracted by the high pressures in the
mechanical contacts. Excited-state decay of 3 on the other hand is accompanied
by a decrease of the volume, as the dihedral angle between the phenyl ring and
the BODIPY core decreases in going from the locally-excited highly emissive state
(∼50◦ ) towards a conical intersection between the ground- and excited-state potential energy surfaces (∼20◦ − 30◦ ), see Chapter 6. Thus, the high pressure in the
contact zones may actually compensate for the influence of the increased viscosity
in the case of 3, while the two work together in the case of the DCDHF dyes 1
and 2.
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Figure 7.11: Excited-state decay pathway schematically shown for: a) 3 (CAMB3LYP / 6-31+G(d,p)); left structure corresponds to optimized excited-state geometry, right structure corresponds to the molecular geometry near conical intersection; b) 2a (CAM-B3LYP / 6-31+G(d)); optimized excited-state geometry is
shown on the left, dark TICT state on the right.

7.3

Conclusion

In this work we compare three fluorescent molecular rotors in solution and provide photophysical characterization of these molecules while immobilized on a
surface with the goal of imaging the microscopic real contact area between solid
objects. DCDHF molecular rotors provide excellent response towards confinement
and molecular scale contact detection sensitivity in the axial direction. Because
of this, our contact imaging method provides significant improvement in axial
contact discrimination over measurement that are based on interference patterns
of the reflected light. Two distinct populations of surface-bound probes can be
observed in proximity of the contact zone. The population with shorter average
fluorescence lifetime is associated with unconfined and fully solvated molecular
probes on the surface, while the population associated with longer average fluorescence lifetime is associated with probes that are partially confined by the rigid
environment within the contact. This is further indicated by the fact that the
probes are partially solvated due to the limited amount of available space within
contact, which is not sufficient for them to form a complete solvation shell. The
BODIPY based molecular rotor 3, however, did not show measurable response
upon surface-induced confinement. While DCDHF derivatives twist away from
planarity along the excited-state decay reaction coordinate, BODIPY-based rotor
3 becomes increasingly planar and requires less space to perform this motion. The
high pressure in the contact areas will relatively favor process with a negative
activation volume, which counteracts the viscosity effect for 3.
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7.4
7.4.1

Appendix to Chapter 7
Photophysical behavior of 2 and 2a

In our previous work 24 we have shown that excited-state deactivation of 1 takes
place through two pathways. The pathway that is favored in non-polar solvents
mainly involves torsional motion around dicyanomethylene double bond, which
results in conical intersection between the ground- and excited-state potential energy surfaces and involves no transient intermediates. The pathway favored in
polar solvents involves a twist around the single bond connecting the phenyl and
furan rings, and results in formation of the dark twisted intramolecular chargetransfer state intermediate. Our experimental and theoretical data shown below
suggest that excited-state deactivation of extended derivatives 2 and 2a is similar
to that of 1. Twisting motion around β1 does not result in a different conformer,
but twisting around β2 does. We have optimized these conformers at the CAMB3LYP/6-31+G(d) level of theory. The two conformers have different relative
energies (∼0.16 kcal mol−1 ) and slightly different excitation energies (3.04 and
2.98 eV for higher and lower energy conformer, respectively). Ground state rotation around the β2 bond is expected to result in structural inhomogeneity of
the ground state molecular geometries, and upon photoexcitation, to result in an
excited-state conformer distribution. Ground state dipole moments calculated for
both conformers are very similar (18.27 and 18.06 D), and variations in solvent polarity are thus not expected to have a significant influence on relative populations
between the two.
Optimization of the first excited state (TD CAM-B3LYP/6-31+G(d)) produces
geometries that are similar to those of the ground-state. These structures are
shown in Fig. 7.13, and are referred to as ES1 (higher-energy conformer, µ = 20.34
D) and ES2 (lower-energy conformer, µ = 20.57 D). Both geometries are emissive
(2.73 eV for ES1 with oscillator strength of 1.57; 2.66 eV for ES2 with oscillator
strength of 1.38). Unconstrained optimization of the geometry in which β1 is
initially set to 90◦ results in twisted, highly polar and dark (osc. strength = 0)
local minimum that we refer to as ESβ1 (µ = 35.88 D), with excited- to groundstate energy gap of 2.42 eV. Partial optimization of the geometry in which β2 is
fixed to 90◦ produces a highly polar structure ESβ2 (µ = 30.84 D) with excitedto ground-state energy gap of 2.33 eV (osc. strength 0.12), but the subsequent
optimization without imposed constraints converges back to the ES2 structure,
which is a global minimum.
The molecular dipole moment calculated for the optimized γ-twisted excitedstate γ-twisted geometry (Fig. 7.12, µ = 11.17 D) indicates that twisting around
the dicyanomethylene double bond is less likely to take place in polar environment,
as the large drop in molecular dipole moment is expected to make this twist unfavorable in polar solvents. In analogy to 1a, twisting around this bond is expected
to result in a conical intersection and momentary ground state repopulation. 24
We note that the calculations we present here are preliminary results that we
obtain in vacuum. In analogy to previous results reported for 1, introducing solvent
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Table 7.2: Molecular properties obtained for excited-state geometries (isolated
molecules, CAM-B3LYP / 6-31+G(d)). See Figure 7.13 for relevant geometries
mentioned in this table.

Variable
E(GS)(a)
E(S1 )(b)
f(c)
µ(d)

ES1
3.74
66.44
1.57
20.34

ES2
3.77
64.95
1.38
20.57

ESβ1
16.89
72.57
0.00
35.88

ESβ2 (β2 fixed to 90◦ )
24.13
77.68
0.12
30.84

ESγ
40.17
49.84
0.00
11.17

a

Energies of excited-state geometries (kcal mol−1 ) relative to the ground-state minimum
energy; b First excited-state energies (kcal mol−1 ) relative to the ground-state minimum
energy; c Oscillator strength values; d Excited-state molecular dipole moment. Geometries
labelled ESβ1 and ESγ are fully optimized twisted geometries (dihedrals β1 and γ ∼90◦ , while
ESβ2 is partially optimized geometry in which β2 dihedral value was fixed to 90◦ .

through PCM (or some other formalism), can be expected to dramatically lower
the energy of the highly polar twisted intermediates ESβ1 and ESβ2 relative to the
global minimum that we obtain in vacuum. Our current results are summarized
in Table 7.2 and relevant structures are shown in Figure 7.13.

Figure 7.12: Optimized ground-state geometry (CAM-B3LYP/6-31+G(d)) of
molecular rotor 2a with indicated relevant torsional motions.

We measured vis-pump vis-probe transients of compound 2a in EtOAc, MeOH
and DMSO. In case of all three solvents, stimulated emission (SE) time traces could
be well fitted with triexponential functions. A typical single time trace with the fit
is shown in Fig. 7.14. While the two shorter components are associated with the
increase of the SE, the longest component is associated with the decrease of SE.
The first component is very short (hundreds of fs) and likely occurs due to vibra-
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Figure 7.13: Relevant excited-state structures obtained by TD CAM-B3LYP/631+G(d) level of theory.

tional relaxation and solvation. The second short component (few ps) can be due
to solvation. The third (and slowest) component is attributed to the excited-state
population decay. The decay time of this component is in good agreement with
the time constant obtained by measuring fluorescence decays using time correlated
single photon counting. Decay-associated difference spectra produced by means
of global analysis of the transient-data matrices measured in EtOAc, MeOH and
DMSO are shown in Fig. 7.15 a), c) and e), while evolution-associated difference
spectra (sequential model) are shown in Fig. 7.15 b), d) and f). Although theoretical results indicate that excited-state deactivation of 2a takes place through
γ-twist in vacuum, excited-state depopulation via β1 -twisted intramolecular charge
transfer intermediate is likely to occur in the polar solvents used in our experimental study. As β1 twist results in large decoupling of the donor and acceptor
parts of the molecule, it produces a large dipole moment which is expected to
be significantly stabilized by a polar environment. From Onsager solvation theory 42 , calculated energies and dipole moments for the ES2 and ESβ1 (Table 7.2)
and estimated cavity radius of 5.77 Å we estimate that the ESβ1 will be approximately 17 kcal mol−1 lower in energy relative to ES2 in EtOAc ( = 6 5 ). Our
transient absorption experiments, however, were not able to capture formation of
transient intermediates that could be associated with the TICT state formation in
a straight-forward manner. A potential cause for this is that ESβ1 →GS internal
conversion is an order of magnitude (or more) faster than the conversion of ES2 to
ESβ1 . From data presented in Table 7.2, calculated ground-state dipole moment
of 18.3 D for ESβ1 and Onsager theory 42 , we estimate that the excited- to ground-
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Table 7.3: Time constants (τx ) obtained by global analysis of transient-data
matrices and fluorescence quantum yields (Φf ) of 2a . Fluorescence decay rates
obtained by time correlated single photon counting technique are given in brackets.

Solvent
EtOAc
MeOH
DMSO

τ1 / ps
0.6
0.5
0.4

τ2 / ps
6.7
5.5
2.3

τ3 / ps
245.1 (254)
30.3 (28)
77.0 (78)

Φf / %
4.5
0.6
1.4

state energy gap of the β1 -twisted geometries is ∼15-36 kcal mol−1 (depending on
the solvent). Such a small difference in energy would, judging by the experimental data for S1 →S0 internal conversion reported in ref. 43 for highly conjugated
polyenes, result in S1 →S0 internal conversion rates of a few ps. Such an efficient
internal conversion would result in a very low population of the ESβ1 state that
can not be detected by our transient measurements.
Excited-state deactivation through γ bond twist is expected to result in a
conical intersection with the ground state potential energy surface similar to the
case of 1a. 24 This excited-state decay pathway is likely a dominant excited-state
deactivation pathway of 2a in non-polar solvents, due to a low dipole moment
that is associated with the γ-twisted geometry (ESγ ). 24

Figure 7.14: Stimulated emission time trace of 2a in DMSO (λexp = 488 nm;
λmon = 585 nm). Triexponential fit yields time constants of τ1 = 0.5, τ2 = 3.0
and τ3 = 80.3 ps.

Time constants obtained by global analysis of transient-data matrices and fluorescence quantum yields (Φf ) are summarized in Table 7.3.
In order to gain more insight into excited-state deactivation pathways of 2a,
we measured its fluorescence intensities as a function of the Onsager polarity func-
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Figure 7.15: Decay associated and evolution associated difference spectra of 2a
in EtOAc, MeOH and DMSO.

tion f () = ( − 1)/(2 + 1) 33 in toluene/MeCN mixtures by titrating toluene
solutions of 2a (Φf,tol = 1.1 %) with MeCN (Φf,MeCN = 1.6 %). Relative permittivities  of these mixtures were obtained by interpolation of the experimental data reported in reference 44. Upon addition of MeCN to toluene solutions
of 2a, fluorescence intensities (corrected for absorption differences) initially increase and reach a maximum (∼18 × relative to the intensity measured in pure
toluene). After this point, fluorescence intensities decrease towards pure MeCN
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solution. Absorbance-corrected emission spectra and integrated fluorescence intensities from this experiment are shown in Figure 7.16. Such behavior is consistent
with the presence of two excited-state deactivation pathways with opposite polarity response, as indicated by DFT calculations described above, and similar to the
trends observed for 1a. 24

Figure 7.16: a) Fluorescence spectra and b) normalized integrated fluorescence
intensities obtained for 2a in toluene/MeCN mixtures.

7.4.2

Fluorescence decays of surface-bound probe 1

To examine the influence of different immobilization procedures and fluorophore
concentrations on the surface on fluorescence lifetimes of surface-bound 1, we measured fluorescence decays of such samples (FWHM ∼24 ps). In cases where we
measured the influence of glycerol, we applied a drop of glycerol on our samples
functionalized with 1 and sandwitched them between two clean cover slips. Fluorescence decay curves mentioned in the main text are shown in Fig. 7.17.

7.4.3

Self-quenching of probe 2 on the surface

Willets et al. reported that chromophore 2 undergoes concentration-dependent
self-quenching in polymer matrices. 38 In our experiments, we observe a similar
phenomenon which seems to be dependent on grafting density of 2 on the surface.
This effect is illustrated in Fig. 7.18, where we show fluorescence decays measured
for dry CS2 measured on confocal microscope. In these samples, 2 was allowed
to react with amino-functionalized cover slips for 30 mins. and 24 hours, while
other parameters were kept identical (including the reaction flask). The sample
that was prepared by reacting probe 2 with amino-functionalized cover slips for 24
hrs. shows significantly shorter fluorescence decay compared to the sample that
was allow to react only for 30 mins. A similar effect in polymer matrices was not
observed for chromophore 1. 38

7.4 Appendix to Chapter 7

Figure 7.17: Fluorescence decay curves of surface-bound chromophore 1 immobilized through different procedures. Red dots are measured curves, and blue lines
are triexponential fits.

7.4.4

AFM measurements of PS bead

The examined cover slips with immobilized molecular rotors are very smooth
(within the spatial resolution of our AFM). A typical AFM image of clean glass
cover slip is shown in Fig. 7.19 a). Periodic "waviness" of the surface of the clean
glass cover slips occurs because of the manufacturing process of glass cover slips
(float glass). Occasional bumps can be observed, likely due to the presence of dust
particles. AFM images of the beads used in our measurements, however, show
roughness on the µm scale. A typical example is shown in Figure 7.19 b). The
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Figure 7.18: Influence of reaction time on fluorescence decays of CS2 samples.

roughness of clean cover slips is on nm scale (standard deviation in Fig. 7.19 a) is
1.2 nm), while the roughness of PS beads used in our experiments is on µm scale
(standard deviation in Fig. 7.19 b) is 220 nm).

Figure 7.19: AFM measurement of a) a typical clean glass cover slip; b) a typical
PS bead used in contact area imaging experiments. Curvature of the PS bead was
subtracted using a polynomial fit.

7.4.5

Surface density of molecular rotors

Molecular rotors are immobilized on the surface by reacting amino-functionalized
glass cover slips with chromophores that contain reactive functional groups. Surface reactions and layer formation of APTES (and similar silanes) is relatively
complex, and detailed discussion about the nature of mono-(or multi) layer silane
structures or potential defects on the surface falls out of the scope of this text.
In order to roughly estimate the grafting density of chromophores on our functionalized surface, we have measured absorption spectra relative to the silanized
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cover slips. A typical absorption measurement is shown in Figure 7.20. Absorbance
is very low, as expected from a single dye layer attached to the surface. Compared
to solutions, absorption spectra of CS1 and CS2 appear to be broader. The band
shape of 1 and 2 on the surface suggests the presence of additional bands at high
energies. Since locations and shapes of high energy bands look different in the
case of CS1 and red shifted CS2, photoexcitation to higher excited states provides possible explanation for these bands, although the reason for this transition
being more pronounced on a surface is not known to us. Nevertheless, peak absorption values enable us to roughly estimate the grafting density on the surface.
If we assume that the optical cross sections of immobilized molecules are the same
as in toluene solutions (62 200 M−1 cm−1 and 42 300 M−1 cm−1 for 1a and 2a,
respectively), Lambert-Beer law can be used to estimate the number of molecules
A
(since both sides of cover slips are functionalized). The
per unit area to be ∼ 2
grafting density obtained in this way is ∼1 molecules per 10 nm2 for both CS1
and CS2. Such a low grafting density should, in principle, not allow for a large
degree of homo FRET and self quenching. 33

Figure 7.20: Absorption spectra of cover slips used in contact imaging.

7.4.6

Additional examples of surface contacts

Surface contacts can be imaged by pressing different materials onto the functionalized cover slips, as demonstrated in Figure 7.21 that shows additional contact
imaging examples obtained by pressing spheres of different materials and roughness on CS1.
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Figure 7.21: Contacts imaged with different surfaces pressed on CS1. Image
sizes were 330 × 330 µm, 360 × 360 µm, 140 × 140 µm and 90 × 90 µm for teflon,
sylgard (polydimethylsiloxane), PMMA and glass, respectively. Contacts shown
here are illustrative examples that demonstrate the applicability of our method
for a range of bead materials and are not quantitatively discussed in the text.
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8
Fluorescent Molecular Rotors reveal Deviations
from Amontons’ Law∗

Abstract
In this chapter, we demonstrate how fluorescent molecular probes
are used to solve one of the most challenging problems in contact
mechanics, namely deviations from Amonton’s law and the relation
between friction and real contact area. The goal of this chapter is not
to provide a rigorous description of conducted experiments and the
existing literature on this topic (as the simulations and many of the
experiments were not conducted by the author of this thesis), but to
serve as a closing chapter which demonstrates the applicability of the
system that we developed (Chapters 3 and 7) towards understanding
friction mechanics.

∗ This chapter is adapted from:
Weber, B.; Suhina, T.; Junge, T.; Pastewka, L.; Brouwer, A. M. and Bonn, D. Submitted
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8.1

Introduction

Approximately one third of the world’s energy consumption is lost to friction, but
our fundamental understanding of how this friction emerges is not complete. 1 Friction is commonly described in terms of Amontons’ law, which defines a materialdependent constant, the friction coefficient µ, as the ratio between friction force
and normal force. 2 Amontons’ law is commonly explained with the two non-trivial
assumptions that both the frictional and normal force depend linearly on the real
contact area between the two sliding surfaces. 3,4 Most surfaces are rough 3,5–10
and experimental testing of frictional contact models has proven difficult, because
few in-situ experiments are able to resolve this real contact area. All frictional
theories ultimately aim to understand how frictional dissipation emerges from the
details of contacts between two sliding surfaces. Experimental testing of such contact theories for rough interfaces is crucial, but has proven very challenging. In
the late 19th and early 20th century electrical conductivity has been used as a
measure of the contact area between metal surfaces. 11 More recently, optical techniques such as phase-contrast microscopy, 12 frustrated total internal reflection 13
or interferometry 14 have been used to gain insight into contact and friction mechanics. However, two important aspects of contact mechanics and their relation
to friction were difficult to address by these experiments due to limited spatial resolution. First, can deformations of the roughness be elastically transferred from
one contact point to another and thereby influence the contact area? Second, what
is the relative importance of plasticity and elasticity in the formation of contact
area and friction?
Answering these questions requires a detailed experimental observation of the
real contact area. The contact imaging method that we developed (see Chapters
3 and 7) enables us to independently probe the two relations that form the microscopic origin of Amontons’ law. While the friction force is proportional to the real
contact area, we find that this real contact area does not increase linearly with
normal force. Contact simulations show that the breaking of Amontons’ law is due
to both elastic interactions between asperities on the surface and contact plasticity
of the asperities. Contact area and fine details of the measured contact geometry
are exactly reproduced by including plastic hardening into the simulations. These
new insights into contact mechanics pave the way for a quantitative microscopic
understanding of contact mechanics and tribology.

8.2

Results and discussion

In the experiments, we chemically attach molecules shown in Scheme 8.1 to the
surface of very smooth and flat glass cover slips, 15 which are then inserted into
our microscopy setup (illustrated in Chapter 1, Fig. 1.5 and Chapter 7, Fig. 7.1).
A sphere is lowered into contact with the cover slip wetted with a polar liquid
(to reduce light scattering at the surface) and the contact is illuminated from
below, to excite the monolayer of rigidochromic molecules at the surface of the
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Scheme 8.1: Molecular rotor used in this work.

cover slip. The molecules confined by the sphere fluoresce very strongly within
the contact zone, whereas practically no fluorescence can be observed outside of
the contact. Compared to frustrated total internal reflection used for contact
detection in other experiments, 16 rigidochromic molecules are more than an order
of magnitude more accurate in detecting contacts in the axial (z-) direction. This
is easily demonstrated by monitoring the excitation light that gets reflected by the
interface between the sphere and the contact immersion liquid or the substrate and
the contact immersion liquid. The interference between these two contributions
leads to a ring shaped intensity pattern around the contact, commonly known as
Newton rings. Such a pattern in shown in Fig. 8.1. These rings have maximal
intensity where the gap between the sphere and the substrate is equal to: 17
1 λ
d = (m + ) ,
2 2n

(8.1)

where m = 0, 1, 2, ... is the ring number, λ = 488 nm is the wavelength of reflected
light and n = 1.447 is refractive index of the immersion liquid (in our case formamide). We consider a line profile that runs through the center of the contact and
extract the points at which the line intersects with the Newton rings. Such intensity profile is shown in Fig. 8.2 a) (blue line) and compared with the fluorescence
response (green line) of our confined molecules. We use the Otsu thresholding to
separate fluorescence intensity from the background (shown as dashed lines in Fig.
8.2 a)). Using Eq. 8.1, these intersection points then give us the profile of the gap
between the sphere and the substrate, close to the contact. By interpolating this
profile towards the edge of the contact (Fig. 8.2 b)), as defined by the thresholded
fluorescence signal (green squares in Fig. 8.2 a) and b)), we obtain the gap at
which the rigidochromic molecules light up. The average gap estimated from 20
different profiles was 9 nm at the location where the fluorescence intensity indicates
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10 μm

Figure 8.1: Fluorescence (green) and reflections (blue) measured at the contact
between a 4 mm glass sphere and a rigidochromic cover slip (image size 90×90µm).
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Figure 8.2: Intensity profile and gap extrapolation. a) The fluorescence (green)
and the reflections (blue) along the line profile. Blue circles indicate the positions
of maximum intensity for each Newton ring. b) Gap calculated from Eq. 8.1 vs.
the distance from the contact centre.

the edge of the contact. This number is of the same order of magnitude as the
combined roughness of the sphere and the float glass cover slip used in this experiment. From this, we conclude that the molecules fluoresce when the gap between
sphere and cover slip becomes of the order of the molecule size. The integrated
fluorescence intensity therefore is a direct measure of the molecular contact area.
For comparison, the smallest Newton ring (reflection, Fig. 8.2 a) and b)) indicates
a gap of 84 nm between the sphere and the cover slip. In the x-y plane, we resolve
the contact structure with diffraction limited microscopy (based on point-spread
function, we estimate our lateral resolution to be ∼450 nm). The fact that contact
pixel intensities do not vary spatially or with load, indicates that there is not much
contact structure below this scale.
In the experimental range of normal forces, the real contact area evolves from
a discrete collection of asperities in contact at 4 mN to an almost Hertzian 18
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contact circle at 400 mN. This is quantitatively demonstrated in Fig. 8.3, where
we press a PMMA bead (radius = 0.75 mm) onto the functionalized cover slip.
During this evolution, existing contacts deform and increase their area while new
contact patches emerge elsewhere. Quite surprisingly and contrary to the common
interpretation of Amontons’ law, the real contact area does not increase linearly
with the normal force. This is shown in Fig. 8.4 a). Squares, triangles and circles
represent experiments on three similar polystyrene spheres, while solid lines show
values obtained from different theories (see below). The inset shows the same
data on a logarithmic scale. Experimental contact is reproduced by the contact
hardening model that considers long range elastic asperity interactions and local
plasticity at contact (see below). Other models either underestimate the contact
area or do not describe the deviation from linearity found in the experiment.
If the contact area links the normal force to the friction force, this observation
would imply that Amontons’ law is broken. To induce frictional slip and measure
the friction coefficient, we rotate the rheometer plate at a constant velocity of 1
µm/s (see Chapter 1, Fig. 1.5) resulting in a linear build up of friction force,
caused by the finite stiffness of the measurement system (inset Fig. 8.4 b)). Once
the applied force exceeds the static friction, the contacts break and slip. We indeed
observe that Amontons’ law is broken; the static friction force is proportional to
the contact area but not to the normal force (Fig. 8.4 b)). This means that the
friction coefficient is ill-defined, as it depends on the normal force.
The experiments thus show that friction is controlled by the contact area, but
not what sets the contact area. Many of our present-day insights into the mechanics of rough contacts come from theoretical considerations. Early models assumed
that surfaces deform purely plastically. 3,5 These models assume that surface roughness causes the contact area to be small, which results in large pressures within
the contact zone, which leads to irreversible (plastic) deformation of the contact
points. The real contact area A is then proportional to the load N pushing the
surfaces together, (A = N/pγ ). In this expression pγ is the penetration hardness
of the material. It was initially argued that after the first, irreversible deformation
of the material, the material deforms elastically. This assumption led to the development of sophisticated multi-asperity models. 6–8,19,20 These theories describe
surface roughness as a collection of identical, non-interacting, spherical summits of
random height that follow elastic, Hertzian 18 contact mechanics. Persson’s recent
scaling theory 21 alternatively, uses a description with an arbitrary form for the
roughness, taking into account elastic interactions between asperities on different
length scales. Both multi-asperity and Persson theory also predict proportionality
A = N/prough with the characteristic pressure prough = E ∗ /2 hrms . According to
this theory, the real contact area is governed by normal load N , elastic contact
modulus E ∗ , and root mean square slope of the surface roughness hrms .
To investigate why in the experiments proportionality between contact area
and normal force is not observed, simulations in which different effects can be
considered or left out were performed by our coworkers Junge and Pastewka. Prior
to the contact experiment, we use atomic force microscopy (AFM) to obtain a three
dimensional map of the sphere roughness at the exact same location that is pressed
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Figure 8.3: Measurement of the real contact area obtained by pressing a PMMA
bead onto a functionalized cover slip.
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Figure 8.4: Amontons’ law and the real contact area. a) Real contact area vs
normal force; b) static friction force of contacts like those in (a), measured at
different normal forces. See text for details.
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Figure 8.5: AFM image of the polystyrene bead mesured a) before contact
formation; b) after contact formation; c) predicted by strain-hardening simulation.

onto the glass (see Fig. 8.5 a)). Since we use materials for the sphere that are
significantly softer and rougher than the glass, the deformation of this roughness
map completely determines the experimental contact area and therefore forms the
ideal input for contact simulations. We first consider elasticity and start with
the rough-sphere multi-asperity model of Greenwood & Tripp 19 to compute the
dependence of the contact area on normal force. Surprisingly, the contact area
resulting from this calculation (Fig. 8.6 b)) is five times smaller than that found
in the experiment (Fig. 8.6 a)). By reducing rough surfaces to a collection of
discrete asperities, multi-asperity theories such as the Greenwood & Tripp model
ignore strain transmitted from asperity to asperity through the bulk.
The omission of such interactions from multi-asperity theories is considered
to be problematic, 21 because many surfaces are fractal; smaller asperities exist
on top of larger asperities implying that in contact, asperities have to transmit
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Figure 8.6: Measured and simulated real contact area at different normal loads.
a) Fluorescence intensity images of the contact; b) elastic Greenwood-Tripp simulation of the contact area; c) Elastic simulation with interacting asperities; d)
strain-hardening simulation.

8.3 Conclusion
strain to one another. We therefore compare the Greenwood & Tripp model to a
full numerical calculation of the contact area using a Green’s function method 22
that treats the elastic interaction exactly on all length scales. This simulation
ignores nonlinear elastic effects but constitutes the exact mathematical solution of
the problem that both multi-asperity theories and Persson’s analysis approximate.
There are no adjustable parameters in the elastic simulation, because sphere radius, sphere roughness and modulus are all independently measured. We observe
that the inclusion of asperity interactions leads to a different contact patch distribution (Fig. 8.6 c)) compared to that of the Greenwood & Tripp model. The
contact morphology obtained by elastic simulation is closer to the experiment,
leading us to conclude that asperity interactions are required to more accurately
predict the real contact area. The real contact area from the elastic simulations,
however, is still linear in normal force and still significantly smaller than in the
experiment (Fig. 8.6 a)).
Due to large stresses at the contact points (∼ 200 MPa), plastic deformation of
the polystyrene bead may occur (penetration hardness of polystyrene is of the same
order of magnitude 23 ) in addition to elastic deformation. To confirm that plasticity
is indeed important in the experiment, we measured the surface topography by
AFM after the contact experiment, which shows permanent deformation of the
contact points (Fig. 8.5 b)). For this reason, we tested purely plastic contact
deformation effect in our simulations. We varied penetration hardness (pγ ) as the
only adjustable parameter, but could not achieve agreement with our experimental
results.
From the purely plastic deformation model, one would expect that the contact
pressure remains constant at the value of the penetration hardness of the material. In our experiment, however, the dependence of real contact area on load
is sub-linear. For this reason, the average contact pressure changes during our
experiments, which suggests that the contacts become harder to deform at large
strains. This effect is generally observed for polystyrene. 24 To describe this effect,
we define linear hardening with local plastic displacement pγ = kh and adjust k
to match our experimental contact area vs load curves. Such simulations are able
to reproduce measured contact area (Figs. 8.5 and 8.6 a) and d)) and deviations
from linearity of contact area with load (Fig. 8.4 a)). This way, we are able
to predict where the contact will occur using only surface topography as input.
The strain-hardening model also describes the contact mechanics of poly(methyl
methacrylate), and we have observed sub-linear dependence of real contact area
on load for polytetrafluoroethylene and glass, which indicates that these materials
behave similarly to polystyrene (see ref. 25 for description of these experiments).

8.3

Conclusion

To summarize, molecular rotors covalently attached to the glass surface enable us
to image frictional contact with molecular resolution in the axial (z-) direction, and
diffraction-limited lateral (x-y) resolution. Our results show that static friction is
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directly proportional to the real contact area. The contact area, however, does
not grow linearly with normal load. Simulations show that this stems from elastoplastic nature of deformations that constitute the surface roughness. Real contact
area can only be accurately predicted when both elastic deformations between the
asperities (ignored in multi-asperity models) and strain-hardening of the material
(ignored in most numerical calculations) are taken into account. While the elastic
behavior is expected to be observed in most other materials, surface plasticity may
be material-dependent.
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Summary

Fluorescent Molecular Rotors: From Working Principles to
Visualization of Mechanical Contacts
In this thesis, we develop and characterize a method that enables us to visualize
the real microscopic contact area between objects, using fluorescent molecules.
Visualization and the ability to predict the real contact area between touching
objects is a subject of a considerable interest, because the real contact area plays an
important role in friction. Friction, defined as a force that resists relative motion
between two surfaces in contact, is of immense importance, and can be found
everywhere around us. If there was no friction, we could not survive because we
could not move. At the same time, friction is considered to be responsible for huge
energy losses amounting to about 30 % of the world’s total energy consumption.
To visualize the real contact area between solid surfaces, we developed a method
based on fluorescent molecular rotors immobilized on a solid glass substrate. Fluorescent molecular rotors are weakly fluorescent in low-viscosity solvents, because
internal rotational motions result in a rapid decay of the excited state, such that
the emission of a fluorescence photon is not fast enough to compete effectively.
In high viscosity liquids and polymer matrices, however, such motions become
severely hindered. Therefore, the molecules can remain in the excited state much
longer, and become strongly fluorescent. A similar situation arises when molecular
rotors are confined in contacts between objects, and this effect can be imaged and
used to measure the real contact area with fluorescence microscopy.
Chapter 1 introduces the topic of this thesis and the role and the importance
of the real contact area in understanding friction is discussed. In this Chapter
we also introduce fluorescent molecular rotors, their application, and the origin
of their response towards confinement. In Chapter 2, we describe experimental
methods and data analysis used throughout this thesis.
In Chapter 3, we demonstrate the validity of our approach for visualizing the
contact area by immobilizing dicyanomethylenedihydrofuran (DCDHF) molecular rotors on glass cover slips and making contact between functionalized cover
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slips and a PMMA bead. Contact-induced confinement of surface-bound DCDHF
molecular rotors results in a strong fluorescence enhancement, and allows us to
image contacts between these objects. We compare our experimentally-obtained
contact area with the one predicted by the widely-used Hertz theory for nonadhering elastic contacts, and find excellent agreement between the two. Nonexponential excited-state decays and fluorescence quantum yields that we observed
in this work indicate that the photophysical behavior of DCDHF molecular rotors
is more complex than previously reported. This motivated us to conduct a detailed
photophysical characterization of this chromophore described in Chapters 4 and
5.
Chapter 4 describes steady-state and time-resolved spectroscopic measurements conducted on the DCDHF-based chromophore used in Chapter 3. The combination of these powerful laser spectroscopy techniques with quantum-chemical
TD-DFT calculations enables us to learn more about the excited-state dynamics of DCDHF molecular rotors in low, medium, and high polarity solvents. We
show that both single and double bond rotations can cause excited state decay
in the case of DCDHF rotors: fluorescence is quenched by rotation around the
dicyanomethylene double bond in non-polar solvents, but in a sufficiently polar
environment rotation about a formally single bond leads to a nonfluorescent internal charge-transfer state. We detect this species directly using time-resolved
infrared spectroscopy in the polar solvent dimethylsulfoxide.
Chapter 5 describes further mechanistic studies using quantitative fluorescence
and transient absorption spectroscopy on the previously introduced DCDHF-based
molecular rotor in order to examine and quantify the influence of solvent polarity
on the photophysical behavior of this type of molecule. The obtained experimental data support the model with two polarity-responsive excited-state deactivation barriers. We demonstrate that in solvent of low viscosity the presence of two
excited-state deactivation pathways leads to fast excited state decay and weak
fluorescence both in solvents of low polarity and in solvents of high polarity. In
solvents of intermediate polarity, the fluorescence quantum yield, however, is remarkably high. Finally, pump/probe measurements in the visible spectral range
reveal the spectra of the intermediate dark state in three (polar) solvents. Thus,
the results provide strong support for the model that was proposed in Chapter 4.
Chapter 6 describes a detailed photophysical characterization of a molecular
rotor based on meso-substituted boron-dipyrromethane (BODIPY). We again use
visible and IR pump-probe spectroscopies combined with TD-DFT calculations,
and we show that fluorescence deactivation of this molecule takes place through a
fast and irreversible process which does not involve intermediate electronic states.
Our data indicate that nonradiative excited-state deactivation of BODIPY molecular rotors is practically independent of solvent polarity, but strongly governed
by viscoelastic/free volume properties of the local environment in both low- and
high-viscosity regimes.
In Chapter 7 we introduce a new DCDHF-based molecular rotor with extended
π-conjugation, which results in a significant red shift of the absorption and emission
spectra relative to the previously introduced DCDHF and BODIPY molecular
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rotors. In this chapter we compare the photophysical behavior of these molecular
rotors in solutions, immobilized on a glass surface, and under contact-induced
confinement. While the fluorescence of the two examined molecular rotors based
on dicyanomethylenedihydrofuran accepting unit is significantly enhanced within
the contact zone, the BODIPY-based molecular rotor unexpectedly does not show
confinement-induced response. Furthermore, we show that in the contact zones
the probe molecules are strongly confined but still have some freedom to move.
The nanoscale environment resembles a viscous liquid like glycerol.
Chapter 8 describes an application of our method to study the relation between
friction and the real contact area. We find that frictional force is directly proportional to the real area of contact between a glass cover slip and a polystyrene
bead, but the contact area does not grow linearly with the applied normal force,
which results in breaking of Amontons’ law. With the help of simulations from
our collaborators we find that this is because both elastic interactions and plastic deformations play an important role in deformations of the asperities that are
present within the zone of contact between the objects.
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Fluorescerende moleculaire rotors: van werkingsprincipe tot het
visualiseren van mechanische contacten
In dit proefschrift ontwikkelen en karakteriseren we een methode voor het meten
van het echte, microscopische contactoppervlak tussen twee objecten met behulp
van fluorescerende moleculen. Visualisatie en voorspelling van dit echte contactoppervlak is van grote praktische waarde, omdat het echte contactoppervlak bepalend
is voor wrijving. De wrijvingskracht gaat relatieve beweging van oppervlakken in
contact tegen en is van groot belang omdat alle toepassingen met bewegende onderdelen aan wrijving onderhevig zijn. Zonder wrijving zouden we ons niet voort
kunnen bewegen. Anderzijds zorgt wrijving voor grote energieverliezen: wrijving
is verantwoordelijk voor ongeveer 30 % van de wereldenergieconsumptie.
In dit onderzoek visualiseren we het echte contactoppervlak tussen twee oppervlakken door middel van fluorescerende moleculaire rotoren, vastgemaakt op
een glasoppervlak. Deze moleculen fluoresceren zwak in oplossingen met een lage
viscositeit, doordat interne rotatiebewegingen van het molecuul in de aangeslagen
toestand ervoor zorgen dat het zo snel terug kan keren naar de grondtoestand dat
het geen kans ziet een foton uit te zenden. Dergelijke bewegingen worden sterk
belemmerd in visceuze oplossingen en polymeermatrices, waardoor het molecuul
langer in de aangeslagen toestand verblijft en voornamelijk terugkeert naar de
grondtoestand door emissie van een foton. De fluorescentie neemt in deze omstandigheden sterk toe. Een vergelijkbare situatie doet zich voor wanneer moleculaire
rotoren in het contact tussen twee vaste stoffen worden vastgeklemd. Dit effect
maakt het mogelijk om het echte contactoppervlak door middel van fluorescentiemicroscopie zichtbaar te maken.
Hoofdstuk 1 introduceert het onderwerp van dit proefschrift en de rol van het
echte contactoppervlak in relatie tot wrijving. In dit hoofdstuk introduceren we
fluorescerende moleculaire rotoren, toepassingen van deze rotoren en hun gedrag
onder druk. In hoofdstuk 2 beschrijven we de experimentele methoden en dataanalyse toegepast in dit proefschrift. In hoofdstuk 3 demonstreren we dat de
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fluorescerende moleculen het echte contactoppervlak daadwerkelijk doen oplichten; we immobiliseren dicyanomethyleendihydrofuran (DCDHF) moleculen op een
glasoppervlak en brengen het contact tussen dit oppervlak en een PMMA bol in
beeld. De contactdruk resulteert in een significante toename van de fluorescentie waardoor we het contact met behulp van een fluorescentiemicroscoop kunnen
visualiseren. We meten het contactoppervlak tussen de bol en het glasoppervlak
en vergelijken dit met de Hertz theorie voor elastisch contact zonder adhesie; het
experiment en de theorie komen uitstekend overeen. De gemeten fluorescentie
intensiteiten en vervaltijden geven aan dat het fotofysische gedrag van DCDHF
moleculaire rotoren complexer is dan voorheen verondersteld werd. Deze waarneming vormt de motivatie voor hoofdstukken 4 en 5 waarin we deze chromofoor
uitgebreid karakteriseren.
Hoofdstuk 4 beschrijft tijdsopgeloste metingen aan de DCDHF-gebaseerde chromoforen gebruikt in hoofdstuk 3, waarbij we verschillende spectra van de aangeslagen toestanden meten. De combinatie van deze krachtige laserspectroscopietechnieken met kwantumchemische TD-DFT-berekeningen stelt ons in staat meer te
leren over de manier waarop de DCDHF moleculaire rotoren van hun aangeslagen
toestand terugkeren naar de grondtoestand in media met verschillende polariteit.
We laten zien dat twee verschillende rotaties rond bindingen als reactiepad kunnen dienen: in niet-polaire oplossingen wordt de fluorescentie gestopt door rotatie
rond de dubbele dicyanomethyleen binding, maar in polaire oplossingen leidt de
rotatie rond de enkelvoudige binding tussen de twee ringen in het molecuul tot
een andere, niet-fluorescerende toestand. Met behulp van infraroodspectroscopie
kunnen we deze toestand waarnemen in het polaire oplosmiddel dimethylsulfoxide.
Hoofdstuk 5 bouwt verder op het mechanistisch onderzoek in hoofdstuk 4 met
kwantitatieve fluorescentie- en tijdsopgeloste absorptiemetingen. We demonstreren opnieuw dat de aanwezigheid van de twee desactiveringpaden bij lage viscositeit leidt tot snel stralingsloos verval en zwakke fluorescentie zowel bij lage en hoge
polariteit, en we laten nu ook zien dat in het tussenliggende polariteitsgebied de
fluorescentie verrassend veel sterker is. Verder kunnen we de intermediaire aangeslagen toestand in drie polaire oplosmiddelen detecteren. De resultaten geven een
sterke onderbouwing van het model uit hoofdstuk 4.
Hoofdstuk 6 beschrijft de gedetailleerde fotofysische karakterisering van een
moleculaire rotor gebaseerd op meso-gesubstitueerd boor-dipyrromethaan (BODIPY). We gebruiken opnieuw tijdsopgeloste spectroscopie gecombineerd met TDDFT berekeningen en laten zien dat fluorescentiedoving van dit molecuul plaatsvindt door een snel en irreversibel proces waar geen tussenliggende elektronische
toestanden aan te pas komen. Onze data tonen aan dat de stralingsloze desactivering van de aangeslagen toestanden van BODIPY moleculaire rotoren praktisch
onafhankelijk is van de polariteit van het oplosmiddel, maar sterk afhangt van de
viscoelastische eigenschappen van de lokale omgeving van het molecuul.
In hoofdstuk 7 introduceren we nieuwe DCDHF-gebaseerde moleculaire rotoren
met uitgebreide π-conjugatie, wat resulteert in een significante roodverschuiving
van de absorptie en emissie spectra ten opzichte van de eerder gebruikte DCDHF
en BODIPY moleculaire rotoren. In dit hoofdstuk vergelijken we het fotofysische
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gedrag van deze moleculaire rotoren in oplossing, geïmmobiliseerd op een glasoppervlak en onderhevig aan mechanisch contact met een bol. Terwijl de fluorescentie
van de twee moleculaire rotoren gebaseerd op DCDHF significant toeneemt binnen
het contact is er geen druk-effect zichtbaar bij de BODIPY-gebaseerde moleculaire
rotor. Verder laten we zien dat in de gebieden van contact tussen de objecten de
moleculen nog steeds een zekere bewegingsvrijheid hebben: het contact is op de
nanometerschaal vergelijkbaar met een stroperige vloeistof zoals glycerol.
Hoofdstuk 8 tenslotte, beschrijft de toepassing van onze meetmethode voor
het bestuderen van het echte contactoppervlak en wrijving. We meten dat de
wrijvingskracht evenredig is met het echte contactoppervlak tussen een plastic
bol en een glasoppervlak. Het contactoppervlak groeit echter niet-lineair met
de normaalkracht waardoor de wet van Amontons niet houdt. Door middel van
simulaties verricht door collega’s, tonen we aan dat dit komt door de combinatie
van elastische en plastische deformatie van het oppervlak van de plastic bol.
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