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CHAPTER 1

Introduction

1



2 Introduction

1.1 Proton transfer in aqueous environment

Transfer of a hydrogen cation (proton) is undoubtedly one of the most elementary
and yet one of the most significant reactions in chemical and biological processes.
These reactions involve a transfer of a proton from a proton donor (AH) to a
proton acceptor (B) as depicted in Scheme 1.1.1,2 The proton donors are commonly
associated with (Brønsted) acids and the proton acceptors with (Brønsted) bases
but the mutual relation between the two constituents is dictated by their relative
acidities i.e. the pKa values.3 As an example, water is commonly considered
neither an acid nor a base but a neutral molecule. Yet, in a single drop of pure
water, the H2O molecules are continuously reacting with each other acting as acids
and bases simultaneously.

Scheme 1.1: Reaction scheme for elementary proton-transfer process

AH  +  B A
-
  +  BH

+

Despite the deceptive simplicity of the proton-transfer reaction (Scheme 1.1),
the overall mechanism is, in fact, remarkably complex in nature and is still not
perfectly understood. In the simplest case, one could look at the dissociation of
a HCl molecule in water. Everyone knows that HCl, being a strong acid, fully
dissociates in excess water, but how much is excess water?4–6 Secondly, how does
the solvated excess proton travel in water?7–9 One of the difficulties arises from the
complex nature of water, the solvent in which the proton-transfer or dissociation
reactions are commonly studied. The 3-dimensional hydrogen-bonded network of
the water matrix results in extremely high proton mobility which is attributed to
a proton hopping mechanism or a structural diffusion as described by Theodor von
Grotthuss more than 200 years ago.10,11 The structural diffusion can be understood
as a change in the topology of the water molecules involved in the proton-transfer
step as illustrated in Fig. 1.1. Multiple covalent bonds are broken and reformed
between the adjacent water molecules in a concerted step resulting in a net transfer
of a charge without significant net transfer of mass. The distance of the proton
relay can extend over several water molecules. Similar concerted proton transfer
can also occur in other protic solvents such as alcohols and carboxylic acids.12–14

++

Figure 1.1: Illustration of the Grotthuss mechanism of structural diffusion in
hydrogen-bonded networks. The arrows indicate the exchange of covalent and
hydrogen bonds during the structural rearrangement.
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Another interesting aspect of proton diffusion in water is the chemical structure
of the cationic solvation complex “carrying” the excess proton, the simplest exam-
ple being the hydronium ion (H3O+). Eigen and co-workers proposed a solvation
complex, in which the hydronium cation is hydrogen bonded to three additional
water molecules.15,16 Some years later, Zundel and co-workers proposed a different
structure in which the excess proton is shared by two water molecules.17 Ab initio
calculations have showed that the Grotthuss mechanism of proton diffusion can
be explained by alternating transitions between the Eigen and the Zundel cations
and they have been also observed experimentally.7,8,18–21 All three structures are
presented in Fig. 1.2.

+ + +

(a)! (b)! (c)!

Figure 1.2: Structures of different solvation complexes of an excess proton: (a)
the hydronium cation, (b) the Eigen cation, and (c) the Zundel cation.

Experimental observation of the initial processes in the proton-transfer reac-
tions of ground-state species is difficult due to dynamic nature of the dissociation–
association equilibrium. The discovery of excited-state acids more than 60 years
ago finally enabled time-resolved studies of the dissociation process.22 The acid-
base reactions of these molecules are usually reversible in the excited state and
can be therefore used for modeling normal ground-state acid-base reactions. The
difference is that in the excited-state reactions, the dissociation process is initi-
ated by a light excitation, often with a laser pulse. Therefore, the reaction has a
well-defined time zero and can be spectroscopically followed in time.23,24

1.2 Excited-state acids

Excited-state acids (photoacids) are organic dyes that exhibit an increase in the
acidity (decrease in pKa value) upon excitation to a higher electronic state. These
molecules are often amine- or hydroxy-substituted aromatic compounds. The
best-known classes of hydroxyaromatic photoacids are based on naphthols, hy-
droxyquinolines, and hydroxypyrenes. Example structures and their ground- and
excited-state acidities are presented in Fig. 1.3.

Excited-state proton transfer (ESPT) was first experimentally observed by We-
ber in 1931 who reported on a pH dependent emission spectrum of 1-naphthylamine-
4-sulfonate while the absorption spectrum stayed the same in that pH range.33

After that, it took almost 20 years before the first detailed description of the phe-
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pKa = 4.4, pKa* = -3.9 

Figure 1.3: Example structures of hydroxyaromatic-photoacids together with
the ground- and excited-state pKa values. a ref. 25; b ref. 26; c ref. 27; d ref. 28;
e ref. 29; f ref. 30; g ref. 31; h ref. 32.

nomenon was given. Förster correctly attributed the dual emission of 2-naphthol
to ESPT to the solvent.22 The second emitting species exhibiting a large Stokes
shift was attributed to the deprotonated conjugate base of 2-naphthol while the
methyl ether-derivative exhibited only a single emission band. Soon after, Förster
proposed that the excited-state acidity (pK∗a value) of photoacids could be esti-
mated by using a thermodynamic cycle, ever since known as the Förster cycle.34 A
few years later, Weller formulated the photophysical reaction scheme for the ESPT
process and proposed that the pK∗a value could be calculated from the excited-state
equilibrium constant which is the ratio of the forward and backward rate constants
of the proton-transfer reaction.35,36 Later, Eigen and co-workers modified Weller’s
kinetic scheme. They postulated that an intermediate species, namely a contact
ion pair, was the primary product of the initial short-range proton-transfer step
followed by a diffusive step to produce the fully separated free ions.16,37 The two-
step Eigen-Weller model is still used to quantitatively explain the ESPT reactions.

The pioneering works of Weber, Förster, Weller and Eigen started an era
of kinetic and mechanistic proton-transfer studies.38–42 In addition, photoacids
have been applied in numerous studies due to the transient nature of the proton
dissociation and the extraordinarily large Stokes’ shifted emission of the conju-
gate base. Examples include pH-jump experiments,31,43,44 biologically compatible
pH-sensitive fluorescent labels,32 photoreadable reversible molecular memory sys-
tems,45,46 molecular logic gates,47, photostabilizers against UV-radiation,48 and
initiators in photopolymerization.49 Photoacids and proton transfer also play a
crucial role in biological systems. Well-known examples include photoactive pro-
teins, the green fluorescent protein (GFP) and the photoactive yellow protein
(PYP), for example. The chromophore inside the protein cavity is a phenolic
photoacid and either the forward or the backward proton-transfer step is of key
importance for the photoresponsive mechanism of these proteins.50–54 In addition,
the intermembrane proton-pump protein, bacteriorhodopsin, utilizes a photoiso-
merization process followed by unidirectional proton transport trough a hydrogen-
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bond wire to create a proton gradient through the cell membrane.55,56 Studies on
isolated chromophores have increased the understanding of the working principles
of such proteins.

1.3 Photoacidity

Photoacidity is generally attributed to an intramolecular charge transfer (ICT)
from the hydroxyl oxygen to the aromatic ring system originally proposed by
Weller.35 The decreased electron density on the hydroxyl oxygen weakens the
O–H bond resulting in dissociation of the proton in a suitable solvent or in the
presence of a proton acceptor. The excess electron density is transferred to the
aromatic system, which in the case of naphthols is more localized on the distal
ring (further from the hydroxyl group). The effect is clearly seen in the frontier
orbitals (Fig. 1.4) of 2-naphthol and is more pronounced for the corresponding
anion, 2-naphtholate, where the formal charge is localized on the oxygen. The
HOMO orbitals of both the neutral and the anionic forms exhibit relatively large
electron densities on the hydroxyl oxygen, but it is significantly decreased in the
LUMO orbital. The electron density on the distal ring is evidently increased in
the LUMO orbital of 2-naphtholate but is not that clearly seen for 2-naphthol.
The charge redistribution also results in increased dipole moment upon excitation
to the first excited state.57

The magnitude of the ICT in the excited state can be further enhanced by
addition of electron withdrawing substituents, such as sulfonate (-SO−3 ) or cyano
(-CN) groups, on the aromatic system. This has been a successful strategy towards
enhanced photoacids with pK∗a values far below zero. Examples of functionalized
photoacids are shown in Fig. 1.3. Attachment of sulfonate and cyano groups on
1-naphthol gradually decreases both the ground- and excited-state pKa values.25

The effect is larger for the more electron withdrawing cyano group. A similar
effect is observed in 2-naphthol: each cyano group decreases the pKa by roughly
one pKa unit, but the effect is even greater in the excited state.26 A similar effect
is observed when comparing 2-naphthol and 6-hydroxyquinoline. The additional

HOMO 

LUMO 

(a)! (b)!

Figure 1.4: Frontier or-
bitals of (a) 2-naphthol and
(b) 2-naphtholate anion cal-
culated on the optimized
ground-state geometries with
the B3LYP/TZ2P level of
theory.
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nitrogen on the distal ring in the quinoline greatly increases the ICT and results
in much higher acidity in the excited state. One of the strongest photoacids is
achieved upon methylation of the quinoline nitrogen. The permanent positive
charge on the quinoline nitrogen results in excited-state acidity of pK∗a ≈ −7.30

The effect of the position of the hydroxyl group and the substituent is not always
intuitive and requires understanding of the charge distributions on the molecular
orbitals involved. A thorough discussion about the ICT and substituent effects is
given in a review paper by Agmon.58

1.4 Förster cycle

The Förster cycle is based on an assumption that there is a thermodynamic equi-
librium both in the ground and excited states characterized by their equilibrium
constants, Ka and K∗a , respectively, where the asterisk indicates an electronically
excited state.34 The equilibrium constants are related to the Gibbs free energies
according to the classical thermodynamics:

∆G = ∆H − T∆S = −RT lnK, (1.1)

where ∆H is the change in enthalpy, T the temperature in kelvin, ∆S the change
in entropy, and R the molar gas constant. The second assumption for the Förster
cycle is that the change in entropy upon dissociation is the same for both the
ground and excited states. Therefore, the change in ∆H upon excitation can be
expressed in terms of ∆G according to Eq. (1.2).

∆∆H = ∆∆G = ∆G∗ −∆G = −RT ln
K∗a
Ka

(1.2)

According to the energy diagram presented in Fig. 1.5, ∆∆G can be expressed
in terms of the 0-0 transition energies of the neutral and anionic species:

Figure 1.5: Energy diagram of the
proton-transfer reaction related to the
Förster cycle. The excitation energies hν1
and hν2 correspond to the 0-0 energies of
the neutral and anionic forms, respectively.
The ∆H values are the heats of formation
of the ground- and excited-state reactions.
The relevant rate constants are also indi-
cated: kpt and kpt′ are the forward and
backward rates of the proton transfer, k(′)f
and k(′)nr the radiative and non-radiative
rate constants. Asterisks indicate an elec-
tronically excited state.

kf knr 

k'f k'nr hv2 

hv1 

ΔH* 

ΔH 

kpt
* 

kpt'
* 

kpt 

kpt' 

AH* A-* + H+ 

AH A-  + H+ 
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∆∆G = Nahc
(
ν̃RO−

00 − ν̃ROH
00

)
(1.3)

where Na is Avogadro’s number, h Planck’s constant, c the speed of light, and
ν̃RO−

00 and ν̃ROH
00 the frequencies of the 0-0 transitions of the anionic and the neutral

species expressed in wavenumbers, respectively. The 0-0 transition energies can
be determined from the intercept point of the normalized absorption or emission
spectra corresponding to the S0 →S1 transitions. Since this can be experimentally
challenging, an average of the corresponding absorption and emission maxima is
usually used for the 0-0 energies.

Substitution of Eq. (1.3) into Eq. (1.2) and pK = −logK yields the familiar
equation used to estimate the excited-state acidities.

∆pKa =
Nahc

(
ν̃RO−

00 − ν̃ROH
00

)
RT ln10

(1.4)

pK∗a =
0.625

T

(
ν̃RO−

00 − ν̃ROH
00

)
+ pKa (1.5)

It has to be emphasized here that the Förster cycle includes several assumptions
and should be used with caution. Also the determination of the 0-0 transitions
can have a large influence on the estimated pK∗a value. For example, an error of
4 nm at 300 nm corresponds to a shift of one pKa unit. Different aspects and the
validity of the Förster cycle have been reviewed by Grabowski and Grabowska.59

1.5 Outline and scope of the thesis

Chapter 2 introduces the experimental methods and corresponding data analysis
schemes used throughout the thesis.

In Chapter 3, we present a novel class of “super” photoacids based on 1,8-
naphthalimides. These molecules can be considered as substituted 2-naphthols
with enhanced photoacidity due to the strong electron withdrawing character of
the imide group. We also compare the effect of substituents on the acid-base and
spectroscopic properties. In addition, we describe a full photophysical scheme of
one of the compounds in aqueous solution from the initial deprotonation to the
bimolecular ground-state recombination of the dissociated ions.

In Chapter 4, we continue the research on the 1,8-naphthalimide-based “su-
per” photoacids. In this case, the main focus is on intermolecular proton-transfer
reaction between the photoacid and organic bases in organic solvents. We start
the chapter with density functional theory and time-dependent density functional
theory studies to explore the energetics and spectroscopic properties of possible
complexes between the photoacid and the bases. Second, we characterize the spec-
tral and thermodynamic properties of these complexes experimentally. Last, we
present thorough time-resolved studies to determine the kinetics and the mecha-
nism of the proton-transfer process, which in organic solvents are much different
than in aqueous solutions.
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Chapter 5 is focused on utilization of the excited-state proton-transfer (ESPT)
process in a supramolecular assembly. We describe a mechanistic study of a 1,8-
naphthalimide-photoacid containing [2]rotaxane, in which the ESPT is used to
induce a translational motion of a macrocycle along the axle of the rotaxane. By
comparing a small set of structurally different rotaxanes, we are able to investigate
the effect of different structural components on the mechanism and kinetics of the
translational motion and to show that small structural changes have large influence
on both the mechanism and the kinetics of the translational motion.

In Chapter 6, we investigate nature’s own “super” photoacid, namely a Cin-
chona catalyst, containing 6-hydroxyquinoline as the photoacidic chromophore.
This chapter is focused on characterizing interactions of the Cinchona-based cat-
alyst with acids, bases, and hydrogen-bonding agents. These interactions are of
key importance for the catalytic activity of these molecules. Last, the versatile
photophysics are characterized by means of time-resolved spectroscopy and an in-
tramolecular ESPT trough a water wire in a binary mixture of non-polar solvent
and water is described.

Chapter 7 continues the research on the Cinchona-based catalysts, but now
with focus on the catalytic mechanism. We utilize the prior knowledge on the
photophysical properties established in Chapter 6 to study interactions of the
catalyst with model substrates of asymmetric Henry reactions. These studies
are complemented by NMR studies under catalytic conditions. Last, we present
reaction progress kinetic studies to establish the rate equation and to get deeper
insight into the reaction mechanism.
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CHAPTER 2

Experimental Methods and Data Analysis

Abstract

Experimental methods and corresponding data analyses used through-
out the thesis are described. The spectroscopic methods consist of
steady-state absorption (UV-vis and IR), emission and NMR spectro-
scopies, and time-resolved picosecond fluorescence (time-correlated
single photon counting, TCSPC) and nanosecond transient absorp-
tion (flash-photolysis) techniques. The corresponding data correction
and analysis methods are also summarized. Techniques used only in
a single chapter are described in the experimental section of the cor-
responding chapter.
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12 Experimental Methods and Data Analysis

2.1 Steady-state measurements

Steady-state absorption and emission measurements were used qualitatively i) to
determine spectral properties and suitable excitation and monitoring wavelengths
for time-resolved experiments; ii) to confirm the purity of the synthesized com-
pounds by fluorescence excitation measurements with multiple monitoring wave-
lengths; and iii) to monitor sample degradation during time-resolved experiments.
Quantitative measurements included determination of i) fluorescence quantum
yields (Φf); ii) static and dynamic quenching constants (KS and KD); iii) associ-
ation constants (Kas); and iv) ground- and excited-state acidity constants (pKa).

NMR-spectroscopy was used for compound characterization and monitoring
of reaction progress kinetics and substrate binding. Different 1D- and 2D-NMR
techniques (13C-APT, COSY, HSQC, and HMBC) were used for a full assignment
of proton peaks in order to pinpoint interactions between molecules.

All measurements were carried out at room temperature (21±1 ◦C) unless
stated otherwise.

2.1.1 Steady-state spectrometers

Most of the UV-vis absorption spectra were recorded on a double beam Varian
Cary 3E or a Shimadzu UV-2700 spectrophotometer. Sample degradation was
monitored with an Agilent 8453 single beam, diode array detector spectropho-
tometer.

Fluorescence excitation and emission spectra were recorded using a SPEX flu-
orolog 3-22 fluorometer, equipped with double grating monochromators both in
the excitation and emission channels. The excitation light source was a 450 W
Xe-lamp and the detector a Peltier cooled R636-10 (Hamamatsu) photomultiplier
tube. The spectra were collected in a right-angle geometry and corrected for the
spectral sensitivity of the instrument.

All NMR spectra were recorded using a Bruker Avance 400 or a DRX 500
spectrometers and analyzed using the MestReNova v7.1.2 (Mestrelab Research
S.L.) software.

IR spectra were recorded using a Bruker Alpha-P (for compound characteriza-
tion) or a Bruker Vertex 70 spectrometers.

2.1.2 Inner-filter effect in fluorescence measurements

Correction for the inner-filter effect was required for quantitative steady-state fluo-
rescence titration experiments in which the absorption of the guest molecule over-
lapped with the excitation wavelength of the host or the absorption of the sample
was higher than 0.1 at the excitation wavelength.1 Without the correction, the
fluorescence intensity exhibits an apparent decrease due to the absorption of the
excitation light in the front part of the cuvette before reaching the detection vol-
ume. This is known as the primary inner-filter effect and is demonstrated in Fig.
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Figure 2.1: Absorption and fluorescence excitation spectra of anthracene (c
≈ 0.1 mM) in ethanol. Monitoring wavelength was 421 nm for the excitation
spectrum.

2.1. The figure shows the absorption and fluorescence excitation spectra of a con-
centrated anthracene sample (c = 0.1 mM) in ethanol. The fluorescence excitation
spectrum deviates from the absorption spectrum at higher absorbance values due
to the inner-filter effect. Re-absorption of some of the emitted light before it leaves
the cuvette is known as the secondary inner-filter effect.2,3 In most cases this can
be avoided by choosing a monitoring wavelength longer than the absorption of the
host and the guest molecules.

The observed emission intensity, when normalized with the intensity of the
excitation beam, is:

Iemobs ∝ c · ε(λex)Φf fp[A(λex)], (2.1)

where c is concentration, ε(λex) the molar absorption coefficient, Φf the fluores-
cence quantum yield, A(λex) the absorbance/cm and fp[A(λex)] the correction for
the primary inner-filter effect. In Eq. (2.1), c · ε(λex) can be substituted by A(λex)
to give:

Iemobs = κA(λex)fp[A(λex)], (2.2)

where κ is a proportionality constant, containing instrument parameters and the
quantum yield of the compound, which is assumed to be wavelength independent.
From Eq. (2.2), it follows that the correction function can be determined ex-
perimentally. By preparing a proper sample with a wide absorption range, the
correction function can be determined using a single sample. In practice, this
means measuring the corrected excitation spectrum at a monitoring wavelength
where the sample has no absorption.

Kubista et al.4 showed that the correction for the primary inner-filter effect
can be approximated with:

fp[A(λex)] ≈ 10−A(λex)lp , (2.3)

where lp is the distance from the front of the cuvette to the point where the emis-
sion is collected. Eq. (2.3) can be used for instruments with a small detection
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volume i.e. instruments which have slits in the emission channel. This has been
shown to be valid for bandpasses ranging from 0.5 to 15 nm.4 Parameter lp is spe-
cific to the instrument and the used geometry but can be obtained experimentally.
By substituting Eq. (2.3) into Eq. (2.2) we obtain:

Iemobs = κA(λex)10−A(λex)lp . (2.4)

Eq. (2.4) can be linearized by rearranging the variables and taking the 10-base
logarithm.

log [A(λex)/Iemobs] = lpA(λex)− logκ (2.5)

By plotting log [A(λex)/Iemobs] as a function of A(λex), lp can be determined from
the slope. Plots of Eq. (2.4) and (2.5) at two different monitoring wavelengths of
the concentrated anthracene sample are presented in Fig. 2.2.
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Figure 2.2: (a) Emission intensity of anthracene in ethanol as a function of
absorbance in 1 cm cuvette at two selected monitoring wavelengths. (b) Linearized
form, Eq. (2.5), of the same data. Solid lines represent the linear fittings to the
data with slope equal to lp.

lp = 0.53 ± 0.01 cm is estimated from the average of the two linear fittings.
Finally, the observed emission intensity can be corrected using Eq. (2.6) when
the absorption of the sample in 1 cm cuvette is known.

Iemcorr = Iemobs10A(λex)×0.53 (2.6)

2.1.3 Fluorescence quantum yields

Fluorescence quantum yields were determined relative to a fluorescence standard5

with a known fluorescence quantum yield. The method relies on the comparison
of the corrected integral emission spectra of the sample and the standard obtained
under identical measurement conditions for solutions with known absorbances at
the excitation wavelength. Correction includes a subtraction of the solvent back-
ground measured also with identical conditions.6,7 After integration of the emission
spectra, the quantum yield can be calculated as:
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Φf,x = Φf,st
Fx

Fst

fst
fx

(
nx

nst

)2

, (2.7)

where Φf is the quantum yield, F the integrated emission intensities, f the absorp-
tion factor (f = 1 − 10−A, where A = absorbance), n the refractive index of the
solution, and subscripts x and st denote the unknown and the standard sample,
respectively.

2.1.4 Quenching constants

The static and dynamic quenching constants were determined with the traditional
Stern-Volmer analysis using steady-state fluorescence measurements or fluores-
cence decay measurements.2 Fluorescence quenching can be divided into three
cases:

i) pure static quenching:

F0

F
= 1 +KS[Q], (2.8)

where F0 and F are the fluorescence intensities in the absence and presence of the
quencher, KS the static Stern-Volmer quenching constant, and [Q] the quencher
concentration. The ratio F0/F exhibits a linear dependence on the quencher con-
centration and the quenching constant can be determined from the slope.

ii) pure dynamic (collisional) quenching:

F0

F
=
τ0
τ

= 1 +KD[Q] = 1 + kqτ0[Q], (2.9)

where τ0 and τ are the fluorescence lifetimes in the absence and presence of the
quencher, KD the dynamic Stern-Volmer quenching constant, and kq the bimolec-
ular quenching rate constant. The ratio F0/F or τ0/τ exhibits a linear dependence
on the quencher concentration and the quenching constant can be determined from
the slope.

iii) combined static and dynamic quenching:

F0

F
= (1 +KS[Q])(1 +KD[Q]). (2.10)

In the case of the combined quenching, F0/F exhibits an upward curvature with
respect to the quencher concentration. The dynamic quenching constant can be
obtained from the lifetime measurements τ0/τ vs. [Q], after which the static
quenching constant can be determined from the steady-state fluorescence mea-
surement using Eq. (2.10).

2.1.5 Association constants

The association constant for 1:1 host(H)–guest(G) stoichiometry is equal to the
static quenching constant presented above but we will now derive general equations
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for 1:1 association (Eq. (2.11)) and 1:2 association (Eq. (2.12)) using absorption
data as an example. The equations can be easily modified for emission. Moreover,
we will not use any linearization because the association constants can be easily
obtained from non-linear least squares fitting using modern computer software.8–10

H + G 
 HG (2.11)

HG + G 
 HG2 (2.12)

1:1 association

The determination of the 1:1 association constant is based on Eq. (2.11). The
association constant is defined as:

K1 =
[HG]

[H][G]
, (2.13)

where [H], [G], and [HG] are the concentrations of the host, the guest, and the
complex, respectively. The concentrations of the host and the guest are:

[H] = [H]0 − [HG], (2.14)

[G] = [G]0 − [HG], (2.15)

where the subscript 0 refers to the total concentration. Substitution of these
equations into Eq. (2.13) yields:

K =
[HG]

([H]0 − [HG])([G]0 − [HG])
. (2.16)

Solving the quadratic Eq. (2.16) for the concentration of the HG complex yields:

[HG] =

(
[H]0 + [G]0 + 1

K

)
±
√(

[H]0 + [G]0 + 1
K

)2 − 4 · [H]0 · [G]0

2
. (2.17)

The equation has two solutions of which only the one with negative sign in front
of the square root yields physically meaningful result.

Now, with an analytical expression for the concentration of the complex in
hand, we need to derive the relationship between the absorption and the concen-
tration [HG]. The total absorbance A at a selected monitoring wavelength as a
function of molar fractions is:

A = AHfH +AGfG +AHGfHG, (2.18)

where AX is absorption of species X corresponding to the total concentration [X]0
and f is the molar fraction (fX = [X]/[X]0) of each species. By choosing the
monitoring wavelength longer than the absorption of the free guest (i.e. AG = 0),
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we can simplify Eq. (2.18) by substituting Eq. (2.14) and fHG = [HG]/[H]0 to
obtain:

A = AH +
AHG −AH

[H]0
[HG]. (2.19)

Finally, by substituting Eq. (2.17) into Eq. (2.19), we obtain an expression for
the absorption as a function of the total guest concentration, Eq. (2.20), which is
used in the non-linear least squares fitting.

A = AH +
AHG −AH

[H]0
·
(
[H]0 + [G]0 + 1

K

)
−
√(

[H]0 + [G]0 + 1
K

)2 − 4[H]0[G]0

2
(2.20)

The fitting parameters are the absorptions of the free host (AH) and the fully
complex host (AHG) and the association constant (K1). The total concentrations
of the host and the guest are obtained from the experimental conditions. An
experimental titration curve is obtained by plotting the absorption at selected
wavelength(s) as a function of the total guest concentration.

1:2 association

Binding of the second host molecule greatly complicates the thermodynamic anal-
ysis as two binding constants must be determined. Secondly, the derivation of the
equations for 1:2 association results in a cubic equation. The solution is obtained
numerically using Newton’s iterative method.

The derivation is similar to that presented for the 1:1 association. The second
association constant K2 is defined as:

K2 =
[HG2]

[HG][G]
, (2.21)

where [HG2] is the concentration of the 1:2 complex. The total concentration of
each species can be derived from the stoichiometry.

[H]0 = [H] + [HG] + [HG2] (2.22)

[G]0 = [G] + [HG] + 2[HG2] (2.23)

Now the goal is to derive an equation dependent on only one unknown which
can be related to the spectral properties. We choose [G] following ref. 10. First,
we derive expressions for [H], [HG], and [HG2] using Eqs. (2.13, 2.21, 2.22).

[H] =
[H]0

1 +K1[G] +K1K2[G]
2 (2.24)

[HG] =
K1[G][H]0

1 +K1[G] +K1K2[G]
2 (2.25)
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[HG2] =
K1K2[G]

2
[H]0

1 +K1[G] +K1K2[G]
2 (2.26)

Substituting Eqs. (2.25, 2.26) into Eq. (2.23) yields Eq. (2.27), in which the only
unknown variables are [G], K1, and K2.

[G]0 = [G] +
K1[G] + 2K1K2[G]

2

1 +K1[G] +K1K2[G]
2 [H]0 (2.27)

Rearranging Eq. (2.27) results in a cubic equation for [G], which can be expressed
as Eq. (2.28).

a[G]3 + b[G]2 + c[G] + d = 0, (2.28)

where
a = K1K2, (2.29)

b = K1 + 2K1K2[H]0 −K1K2[G]0, (2.30)

c = 1 +K1[H]0 −K1[G]0, (2.31)

d = −[G]0. (2.32)

Again, with an analytical expression for one of the concentrations in hand, we
need to derive the relationship between the absorption and the guest concentration,
[G]. Similarly to 1:1 association, we start by expressing the total absorbance as a
function of molar fractions and assume that the free guest is non-absorbing at the
monitoring wavelength.

A = AHfH +AHGfHG +AHG2fHG2 (2.33)

Substituting fX = [X]/[X]0 = [X]/[H]0 and Eqs. (2.24, 2.25, 2.26) into Eq. (2.33)
we obtain the final expression, Eq. (2.34), used in the non-linear least squares
fitting.

A =
AH +AHGK1[G] +AHG2K1K2[G]

2

1 +K1[G] +K1K2[G]
2 (2.34)

The fitting parameters are the absorptions of the host (AH), 1:1 complex (AHG),
and 1:2 complex (AHG2) corresponding to the total concentration of the host,
and association constants K1 and K2. The total host and guest concentrations
are obtained from the experimental conditions. Again, an experimental titration
curve is obtained by plotting the absorption at selected wavelength(s) as a function
of the total guest concentration.

Instead of using the analytical expression for [G] in Eq. (2.34), we will eval-
uate it numerically using Newton’s method (also known as the Newton-Raphson
method).11 The true value (x) i.e. the root of Eq. (2.28) is approximated using
an iterative method based on Eq. (2.35).

xn+1 = xn −
f(xn)

f ′(xn)
(2.35)
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In Eq. (2.35), f(x) is the left hand side of Eq. (2.28) and f ′(x) is its first derivative.
Since the root (x) corresponds to the x-intercept (y = 0), f(xn) approaches zero
as the estimated values (xn) become closer to the true solution. At the same time,
the second right hand side term in Eq. (2.35), often referred as the step, becomes
smaller. In the equation, an initial guess (n = 0) is used as a input to determine
the first iteration value (x1). In our case [G] = [G]0 is used as the initial guess
value. The first iteration value (x1) is then used to determine the second (x2) and
process is repeated until xn+1 equals xn i.e. f(xn) ≈ 0 and the real root of the
equation is found.

With all the necessary equations in hand, the whole fitting process is as follows:

i) The initial guess values of the association constants and concentrations are
used to numerically approximate the values of [G].

ii) The approximated values of [G] are then used in Eq. (2.34) to do the non-
linear least squares fitting to obtain new parameters.

iii) If the non-linear least squares analysis yields a sufficiently low value and the
residual is good, the process is completed.

iv) If the fit is not good, the new parameters are used as new guess values and
the process is started from the beginning.

v) The process is iterated until the fit converges or it is deemed to be acceptable.

2.1.6 Reaction progress kinetic analysis

Reaction progress kinetic analysis was used to obtain additional information about
the possible reaction mechanisms and factors influencing the rate of the reaction.
First, we will show the common pseudo-first-order kinetics analysis.12,13 Second,
we will show the construction of the so-called graphical rate equation,14 which
has turned out to be an invaluable tool in the mechanistic studies of organic
transformations.15–18

In both methods, the required data is the concentration of one of the species
(one of the reactants or the product) as a function of time. The concentration
vs. time profiles can be obtained by UV-vis, IR or NMR spectroscopy after nor-
malization with known molar absorption coefficients or integration against known
standard proton signal, respectively. We will consider a general catalyzed (or
non-catalyzed), two-component reaction, presented in Scheme 2.1.

Scheme 2.1: General reaction scheme for a two-component, catalyzed reaction

A    +   B product
catalyst

conditions
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Pseudo-first-order analysis

The underlying idea of pseudo-first-order analysis is to use one of the reactants
in an overwhelming excess relative to the a species of interest (e.g. [B] � [A]).
In this way, the concentration of the reagent in excess can be approximated to
be constant and it can be combined to the rate constant to obtain the so-called
pseudo-first-order rate constant.

The general form of the rate equation is:

r(t) = k[A]
l
[B]

m
[cat]

n
, (2.36)

where r is the rate of the reaction, k is the rate constant and l, m, and n are
the orders of each component. Eq. (2.36) can be simplified by assuming first
order dependency for all components (l = m = n = 1). In addition, the catalyst
concentration and the reactant in excess are assumed to be constant during the
course of the reaction and can be included to the rate constant to obtain the
pseudo-first-order rate constant, k′′ = k[B][cat].

r(t) = k′[A][B] (2.37)

r(t) = k′′[A] (2.38)

The rate equation can be also represented in the differential form for one of
the reactants.

r(t) = −d[A]

dt
(2.39)

By combining the Eqs. (2.38) and (2.39) we obtain a separable differential equa-
tion, which after integration gives the linearized logarithmic rate equation.

− ln[A] = k′′t− ln[A]0 (2.40)

In the case of first-order dependency (l = 1), –ln[A] as function of time exhibits
a linear correlation where the slope corresponds to the k′′ and the y-intercept
corresponds to -ln[A]0. The real rate constant, k, can be calculated from the
definition of the pseudo-first-order rate constant.

k =
k′′

[B][cat]
(2.41)

Graphical rate equation

In the case of pseudo-first-order analysis we represented data (–ln[A]) with time
as the x-axis. However, representing the reaction progress as a function of time is
not the best way to extract kinetic information from a reaction. The general rate
equation, Eq. (2.36), does not have time explicitly in the expression, but defines
a relationship between the rate and the reactant concentrations. Thus, a plot of
the rate as a function of a reactant concentration can be directly related to the
rate equation and is known as the “graphical rate equation”.
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Construction of such a plot from a kinetic NMR experiment is depicted in
Fig. 2.3. Example NMR spectra measured at different times after the start of the
reaction are shown in Fig. 2.3(a). The graphical rate equation can be constructed
as follows:

i) The proton signals of interest in the measured NMR spectra are integrated
and plotted against the corresponding times, Fig.2.3(b).

ii) The integrals are normalized to a standard, which in our case is the catalyst,
to obtain concentration as a function of time, Fig.2.3(c).

iii) The concentration profile is fitted with a polynomial function (4th to 7th order
depending on the quality of the data) to obtain analytical expression of the
concentration, Fig.2.3(d).

iv) As seen from Eq. (2.39), the rate is obtained by taking the first derivate of
the polynomial function, Fig.2.3(e).

v) Finally, the graphical rate equation is obtained by plotting the rate as a
function of the reactant concentration, Fig.2.3(f).

The sample used in construction of the graphical rate equation in Fig.2.3 was
used to optimize the reaction conditions for the reaction progress kinetic analysis
presented in Chapter 7. However, a possible interpretation of graphical rate equa-
tion could be as follows: i) The initial increase in the rate could be due to a induc-
tion period of the catalyst but more likely originates from poor mixing/solubility
of one of the reactants due to relatively high concentrations. Secondly, the rate
is not properly sampled at initial times (t < 20 min) which can result in poor
polynomial fitting in this region; ii) Linear relationship between the reactant con-
centration [A] and the rate r would mean first-order dependency in reactant A.
The deviation from the linear relationship could be due to catalyst inhibition by
the product. The concentrations of the reactants were too high in this experiment
resulting in very fast initial reaction rate, possibly poorly mixed solution at initial
times and relatively high product concentration already at 50 % conversion. Lower
concentrations were used in later experiments.
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Figure 2.3: Stepwise construction of the graphical rate equation: (a) kinetic
NMR data highlighting the catalyst (red), reactant A (green), and product (blue)
proton signals; (b) integrated proton signals of the reactant A vs. time; (c) con-
centration of reactant A (and the product) vs. time obtained after normalization
to the catalyst concentration; (d) 7th order polynomial fit to the concentration
profile of the reactant A; (e) first derivative of the polynomial function i.e. the rate
vs. time; and (f) the rate vs. the concentration of reactant A i.e. the graphical
rate equation.
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2.2 Time-resolved experiments

In time-resolved measurements a pulsed laser excitation induces a sudden increase
in the excited-state population which is then followed as a function of time, con-
trary to the steady-state measurements, where ground- and excited-state popula-
tions are in equilibrium. Although the steady-state experiments are indispensable
in studying excited-state reactions, the time-resolved experiments form the core of
the present thesis. Temporal resolution is achieved by monitoring the fluorescence
or by using a white light source to probe the transient absorption after the excita-
tion. When combined with elaborate data analysis and prior knowledge about the
excited-state dynamics, it is possible (in some cases) to propose a photophysical
reaction scheme even for a cascade of excited-state transitions originating from
a single excited-state population. Time-resolved techniques can also be used to
probe photoinitiated dynamic or structural changes in larger molecules such as ro-
taxanes. In this case, the excitation acts as a trigger for the dynamic process which
is then probed with visible or infrared light. The main techniques are picosecond
time-resolved fluorescence (TCSPC) and nano- to millisecond time-resolved tran-
sient absorption (flash-photolysis). First, the experimental setups are described
followed by a summary of the analysis techniques.

2.2.1 Time-correlated single photon counting

The time-correlated single photon counting technique was used to measure the
fluorescence lifetimes.19,20 The setup consists of a commercial excitation source
with an in-house assembled detection system as depicted in Fig. 2.4.

54.7 °!

PD!

Optical Parametric Oscillator!
~505-750 nm!

Ti:sapphire!
Chameleon!

~700-1040nm!pulse!
picker!

λ ≈ 830 nm!
P ≈ 2400 mW!
f  = 80 MHz"

λ ≈ 620 nm!
P ≈ 260 mW"

f  = 80 MHz to 8 MHz!
P  ≈ 13 mW!

λ ≈ 310 nm!
P < 1.3 mW"

sample!

PMT!
MC!

delay line!

“start”!

“stop”!

M1!M2!

TAC!

MCA!
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λ/2!SHG!DM!
~ 300-375 nm (OPO)!

~350-520 nm (Chameleon)!

computer!
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Figure 2.4: Simplified schematic for the TCSPC setup. M = flipping mirrors,
λ/2 = half-wave plate, SHG = second harmonic generator, DM = dichroic mirror,
PD = photodiode, P = polarizer set to magic angle (54.7 ◦), MC = monochro-
mator, PMT = photomultiplier tube, CFD = constant fraction discriminator,
TAC = time-to-amplitude converter, MCA = multichannel analyzer. Powers and
wavelengths at different steps are shown for 310 nm generation as an example.
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Excitation wavelengths of 350–520 nm are generated by frequency doubling
of the output of a fully automatic tunable Ti:sapphire laser (Chameleon Ultra,
Coherent). Frequency doubling of the output of an optical parametric oscilla-
tor (Mira OPO PP-Automatic, Coherent) pumped by the Ti:sapphire is used for
wavelengths lower than 350 nm. Both sources produce sub-picosecond excitation
pulses, (full-width half-maximum, FWHM). The repetition rate is decreased from
the fundamental 80 MHz to a lower value (usually 8 MHz) using a pulse picker
(PulseSelect, APE). After second harmonic generation (SHG), a dichroic mirror is
used to separate the doubled light which is directed to the sample. Fundamental
light is guided via a delay line to a fast photodiode (PD) and used as a refer-
ence pulse. The fluorescence is collected at the magic angle (54.7 ◦) and focused
onto a multichannel plate photomultiplier tube (PMT, R3809U-50, Hamamatsu)
through a single-grating monochromator (M20, Carl Zeiss, 600 lines/mm). Al-
though the excitation source produces sub-picosecond pulses, the electronics and
the detector cause a broadening of the signal and are the limiting factor of the
time resolution. The overall instrument response function (IRF) is usually 20–25
ps (FWHM) measured from a dilute scattering solution (Ludox) at the excitation
wavelength.

The data acquisition process is demonstrated in Fig. 2.5. The electronic sig-
nals, both from the PMT and PD, are directed to the constant fraction discrimi-
nators (CFDs), which accurately measure the arrival times of the pulses and shape
the outgoing signals. The signals are then guided to the time-to-amplitude con-
verter (TAC), which generates a voltage ramp that increases linearly with time
on a nanosecond timescale. The “start ”pulse coming from the PMT will begin
the voltage ramp and the “stop ”pulse from the PD will end it. The TAC now
contains a voltage proportional to the time delay between the two pulses. A mul-
tichannel analyzer (MCA) analyzes the voltage outputs of the TAC. The memory
of the MCA is divided into channels that correspond to voltage intervals and each
output of the TAC increases the value of the matching channel by one. Since the
voltage from the TAC is proportional to a arrival time, a decay histogram can be
constructed by the computer software.2

Figure 2.5: Data acquisition scheme of the TCSPC
setup. The “start ”signal from the PMT will begin
the voltage ramp in the TAC and “stop ”signal from
the PD will end it. The MCA will convert the voltage
value to a corresponding arrival time and add it to
the histogram in the computer software. The time
axis is inverted due to the choice of the “start ”and
“stop ”signals.
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In other TCSPC setups, the signal from the reference pulse is used as the
“start ”signal i.e. the TAC will start the voltage ramp at each excitation cycle.
This means that at low count rates (< 1 detected photon/100 excitation cycles),
a requisite for the TCSPC technique, most of the voltage ramps do not result in
detection of an emitted photon. Using the emitted photon as the “start ”signal,
only the “detected” photons will start the voltage ramp improving the efficiency
of the setup. As a consequence, the time axis is inverted as shown in Fig. 2.5.

2.2.2 Flash-photolysis

Nanosecond transient absorption spectra were measured using an in-house assem-
bled flash-photolysis setup depicted in Fig. 2.6.
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Figure 2.6: Simplified schematic for the flash-photolysis setup. DG = delay
generator, BS = beam splitter, SG = spectrograph, iCCD = intensified CCD
camera, PC = computer. Example pulse energies are shown for 380 nm generation.

The excitation wavelength is generated using a tunable Nd:YAG- laser system
(NT342B, Ekspla) comprising the pump laser (NL300) with harmonics generators
(SHG, THG) producing 355 nm to pump an optical parametric oscillator (OPO)
with second harmonic and sum frequency generators connected in a single device.
The laser system is operated at 5 Hz repetition rate. Probe light, running at 10 Hz,
is generated using a high-stability short arc xenon flash lamp (FX-1160, Excelitas
Technologies) with a PS302 controller (EG & G). The probe light is split into a
signal and a reference beam with a 50/50 beam splitter and focused on the entrance
slit of a spectrograph (SpectraPro-150, Princeton Instruments). The signal beam
(A ≈ 1 mm2) is passed through a sample cell and overlapped with the excitation
light on a 1 mm x 1 cm area, perpendicular to the excitation beam, just behind the
front surface of the cuvette. The typical power in the overlapping area is ∼1.0–2.5
mJ/pulse. The reference beam is used to normalize the signal for fluctuations in
the flash lamp intensity. Both beams are recorded with an intensified CCD camera
(PI-MAX3, Princeton Instruments) using 2.7–20 ns gate depending on the time
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steps of the measurements. The relative timing of the laser, the iCCD, and the
flash lamp is achieved with a delay generator (DG535, Stanford Research Systems,
Inc.). The setup is controlled with an in-house written program (LabView). The
time resolution of the setup is limited by the duration of the laser pulse (FWHM
≈ 3 ns) and the minimum gating time of the iCCD (gatemin = 2.7 ns) and is ∼3
ns (FWHM).

The transient absorption spectra are generated by comparing the probe light
passing through the sample with and without the excitation. The flash lamp
operates at 10 Hz, whereas the laser operates at 5 Hz i.e. every second flash lamp
shot is synchronized with the excitation. Thus, the transient spectra can be easily
calculated with Eq. (2.42) using two subsequent shots from the flash lamp.

∆A(t,λ) = −log10

(
I(t,λ)

I0(λ)

)
(2.42)

The reference beam is used only to normalize the signal beam for shot-to-shot
fluctuations in the lamp intensity. Several individual transient spectra (usually
20–40) are averaged at each time point to increase the signal-to-noise ratio of the
final spectra. The spectra are collected over a time range by changing the time
delay between the excitation source and the flash lamp. Usually, ”exponential”
time base is employed (∆tn = ∆t0f

n, where f > 1) due to the decay behavior
of the transient signal (often exponential) and is adjusted based on the decay
rate. The trigger for the gate of the iCCD is kept constant relative to the flash
lamp. Decay traces can be obtained by plotting the ∆A values as a function of
the measured time delays.

2.2.3 Analysis of the time-resolved data

Data analyses were carried out either with commercial software or in-house written
macros and scripts. The software or script used is described in the experimental
section of the corresponding chapter.

Excited-state decay

In the simplest case, the decay of an excited state depends only on its concentration
and follows first-order kinetics:

d[N ]t
dt

= −k0[N ]t, (2.43)

where [N ]t is the concentration of the excited state at time t and k0 is the sum
of the rate constants leading out of the excited-state. The concentration of the
excited state is directly proportional to the absorption or fluorescence intensity,
which is measured in the experiments. Integration of Eq. (2.43) yields the familiar
exponential decay function, most often used in the fitting of excited-state decay:

Y (t) = Y0 exp(−t/τ0), (2.44)



2.2 Time-resolved experiments 27

where Y (t) is absorption or emission at time t, Y0 at time 0, and τ0 = 1/k0 the
decay time.

In more complex photophysical schemes, the initially excited state can decay
to other transient states, i.e. states preceding the ground state, or the sample
may contain multiple emitting/absorbing species. Moreover, the measurements
are usually done over a wavelength range to study both the kinetic and spectral
properties simultaneously. This requires the use of a wavelength dependent multi-
exponential function, Eq. (2.45), which is the main fitting function used in the
present thesis.

Y (t,λ) =

n∑
i=1

αi(λ) exp(−t/τi) (2.45)

In Eq. (2.45) αi(λ) is the amplitude or pre-exponential factor of the i:th component
and τi the corresponding lifetime. Sometimes a constant (a0) is added to the fitting
function to compensate for a baseline (e.g. due to a background light).

Additionally, a measured or simulated instrument response function has to
be used in many cases to increase the accuracy of data analysis and to obtain
quantitative information about the decay components even for samples with the
lifetimes approaching the time resolution of the instrument. If the measured (or
simulated) instrument response function is r(t) and the sample response to a delta-
pulse (ideal response) is f(t), then the experimentally measured signal is given by
the convolution integral:

s(t) =

∫ t

−∞
r(t′)f(t− t′)dt′. (2.46)

For example, if the sample response is a sum of exponentials, Eq. (2.45), then the
experimentally measured signal is given by the convolution integral:

Yconv(t,λ) =

n∑
i=1

αi(λ)

∫ t

−∞
r(t′) exp(−(t− t′)/τ)dt′. (2.47)

The function Yconv(t,λ) can be used to fit the measured data, thus taking into
account the instrument response function and improving the accuracy of the short
lifetime estimation. The process is often referred as deconvolution because the
measured data is convolved with the instrument response function. An approxi-
mate IRF with a Gaussian time profile is usually used in the nanosecond measure-
ments whereas the experimentally measured IRF is preferable in the picosecond
TCSPC measurements. Other more sophisticated convolution methods have been
described but are out of the scope of the present thesis.21,22

In addition to the improved accuracy, the convolution method can be used
to remove experimental artifacts originating from scattered excitation or Raman
scattered light. This can be achieved by introducing an additional δ-pulse response
convolved with the instrument response to the standard fitting model, Eq. (2.45).

Sometimes it is convenient to characterize a multi-exponential decay by a single
decay time which can be achieved by calculating the amplitude-weighted average
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lifetime.23

τaver =

n∑
i=1

αi∑
αi
τi (2.48)

Ground-state transient species

In some cases, ground-state transient species are formed as a result of e.g. inter-
molecular electron or proton transfer reaction. These species decay by bimolecular
recombination rate. The population does not follow the exponential function but
can be fitted as a second-order reaction:

A(t) =
A0

1 +A0 k′bimol t
, (2.49)

where A(t) is the absorption at time t, A0 at time 0, and k′bimol the bimolecular
recombination rate in arbitrary units. If the molar absorption coefficient is known,
the absorption can be converted into concentration with the Lambert-Beer law and
k′bimol to kbimol (in M−1s−1) by dividing with the coefficient. Sometimes it is more
convenient to take the inverse of Eq. (2.49) to give Eq. (2.50).

1

A(t)
=

1

A0
+ k′bimol t (2.50)

A plot of (∆A)−1 as a function of time yields a straight line with k′bimol as the
slope and A−10 as the y-intercept.

Global analysis

The main power of the multi-exponential function lies in the global fitting, in
which global lifetimes are fitted to the whole dataset over a spectral range to
obtain the individual amplitudes of each corresponding lifetime. The accuracy
of the model discrimination and parameter recovery can be highly increased by
combining decay traces with differing contributions of the decay components. The
method becomes especially powerful when including traces with a single dominant
component, which is often the case at the edges of the emission or absorption
bands.24

After the global fit, so-called decay associated spectra (DAS) are constructed
by plotting the amplitudes of each decay component as a function of the wave-
length. In the case of fluorescence lifetime measurements, one has to keep in mind
the normalization of the decay traces and thus the pre-exponential factors. In the
case of transient absorption this is not required as the signal I(λ, t) is measured
relative to the I0(λ). The normalization can be achieved in different ways. If
the spectral sensitivity of the whole TCSPC setup (monochromator, optics, and
the detector) is known (can be measured with a fluorescence standard), the decay
traces can be collected with the a constant collection time and experimental set-
tings and corrected with the spectral sensitivity of the instrument. This is often
not very convenient because the same collection time will result in large number
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of counts at the emission maximum whereas only few photons are detected at
the tail of the emission spectrum or at the edges of the spectral sensitivity of the
detector. A more convenient way is to optimize the settings for each wavelength
and normalize the fitted decay traces to a corrected steady-state spectrum of the
same sample measured with quantum corrected emission spectrometer. The inte-
gral, i.e. the area of each decay curve, corresponds to the corrected steady-state
emission intensity collected at the same wavelength. This allows calculation of the
correction factor for each wavelength.

Area =

∫ ∞
0

Y (t,λ) =

∫ ∞
0

n∑
i=1

αi(λ) exp(−t/τi)dt =

n∑
i=1

αi(λ)τi, (2.51)

Area · x(λ) = ISS(λ) =⇒ x(λ) =
ISS(λ)

Area
, (2.52)

where x(λ) is the correction factor and ISS(λ) the corrected steady-state intensity
for the monitoring wavelength λ.

In most simple cases, e.g. with two non-interacting excited-state populations,
the constructed decay associated spectra correspond to the emission/transient ab-
sorption spectra of the two independent species. In the case of transient states
and complex relations between them, e.g. back reactions and equilibria, the inter-
pretation of the decay associated spectra can be a rather complex task and will
be discussed in detail in later chapters.

Determination of the rate constants from decay times and quantum yields

In the simplest case consisting of only two electronic states, ground state and first
excited state, (Fig. 2.7) the quantum yield is related to the kinetic parameters via
the following equations allowing the determination of the individual rate constants.

S0	  

S1	  

hv knr kf 
Figure 2.7: Simplified photophysical scheme con-
sisting of two electronic states, the ground state S0

and first excited state S1.

τf =
1

kf + knr
(2.53)

Φf =
kf

kf + knr
(2.54)

τ0 =
1

kf
=

τf
Φf

(2.55)

knr =
1

τf
− kf =

1

τf
(1− Φf) (2.56)
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In the above equations kf is the radiative (fluorescence) rate constant, knr the
non-radiative rate constant, and τ0 the intrinsic fluorescence lifetime. The non-
radiative rate constant contains contributions from both the internal conversion
(kic, Sn → Sn−1) and intersystem crossing (kISC, Sn → Ti).

References

1. Leese, R. A.; Wehry, E. L. Anal. Chem. 1978, 50, 1193–1197.

2. Lakowicz, J. R., Ed. Principles of Fluorescence Spectroscopy, 3rd ed.; Sringer:
New York, USA, 2006.

3. Parker, C. A.; Barnes, W. J. Analyst 1957, 82, 606–618.
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CHAPTER 3

Excited-State Proton-Transfer Reactions in
“Super” Photoacids∗

Abstract

In this chapter, we describe the synthesis and photophysical charac-
terization of three novel 1,8-naphthalimide-based “super” photoacids.
The ground- and excited-state acid-base properties were studied us-
ing steady-state and time-resolved spectroscopy. The compounds
exhibit pKa = 8.8 to 8.0 and pK∗a = -1.2 to -1.9. The decrease
in both ground- and excited-state pKa is achieved by attachment
of an electron withdrawing group (sulfonate) on the aromatic sys-
tem. All compounds are deprotonated upon excitation in alcohols
and DMSO. Good correlation is established between the pK∗a and
the ratio of the neutral and anion emission intensities in a certain
solvent. The excited-state intermolecular proton transfer to solvent
(H2O and DMSO) is explained by a two-step model. In the first step,
short-range proton transfer takes place resulting in the formation of a
contact ion pair. Free ion pairs are formed in the diffusion controlled
second step.

∗This chapter is adapted from: T. Kumpulainen, B. H. Bakker, M. Hilbers, and A. M.
Brouwer, “Synthesis and Spectroscopic Characterization of 1,8-Naphthalimide Derived “Su-
per” Photoacids”, J. Phys. Chem. B 2015, 119, 2515–2524.
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3.1 Introduction

The acidity of many hydroxy-substituted aromatic compounds increases dramat-
ically upon electronic excitation. Excitation of a neutral form of this class of
molecules, known as photoacids, results in excited-state proton transfer (ESPT)
to the solvent in aqueous solutions. This is manifested by dual emission from the
neutral (ROH∗) and anionic (RO−∗) forms. After 60 years of its first descrip-
tion by Förster1 ESPT reactions remain an active topic in biology and physical
chemistry2–5 and the field has been reviewed several times.6–10

Most well-known classes of photoacids are based on naphthols,11,12 hydrox-
yquinolines,13,14 and hydroxypyrenes.15,16 The photoacidity is generally explained
by a partial intramolecular charge transfer from the hydroxyl oxygen to the aro-
matic ring in the excited state.17–20 Thus, introduction of electron withdrawing
groups, such as cyano or sulfonate groups, on the aromatic system increases the
acidity both in the ground and excited states.

While 2-naphthol has a pKa of 9.5 in the ground state and pK∗a of 2.8 in
the excited state, its cyano-functionalized derivatives exhibit ∆pKa ≈ -8 to -12
units upon excitation and pK∗a ≈ 0 to -4 depending on the number and positions
of the cyano groups. Tolbert et al. introduced the term “super” photoacids to
describe these enhanced photoacids possessing negative pK∗a values and ability to
deprotonate in organic solvents, such as alcohols and dimethyl sulfoxide (DMSO),
in the absence of water.12,21 Recently, Jung et al.16,22 used a similar approach to
enhance the acidity of the well-known 8-hydroxypyrene-1,3,6-trisulfonate (HPTS,
pKa ≈ 7.4 and pK∗a ≈ 0.4)23 photoacid. Substitution of the sulfonate groups by
more electron withdrawing sulfonamide or sulfonic ester groups resulted in pKa =
5.7 to 4.4 and pK∗a = -0.8 to -3.9.

Substituted 1,8-naphthalimides are widely employed as probes and sensors due
to their fluorescent properties.24–26 The naphthalimide (NI) skeleton offers a flex-
ible and robust template in which both aromatic and N -substitution are eas-
ily accessible.27–29 Hydroxy-substitution of the aromatic system has been shown
to introduce photoacidic properties resulting in dual fluorescence. Biczók et al.
studied fluorescence quenching and intermolecular ion pair formation of 3- and 4-
hydroxy-N-methyl-1,8-naphthalimides, but the studies were done solely in organic
solvents.30–32 To the best of our knowledge, no studies on excited-state acid-base
reactions of hydroxy-1,8-naphthalimides in aqueous solutions have yet been re-
ported.

We present now the syntheses and photophysical characterizations of three
novel NI-derived photoacids (Scheme 3.1). First, we will report steady-state char-
acterization of all three compounds in water and organic solvents. Second, we will
show picosecond time-resolved fluorescence (TCSPC) studies of all compounds in
DMSO. Third, we will report a more thorough investigation of a selected photoacid,
EG-dHONI, in aqueous solutions including picosecond time-resolved fluorescence
and nanosecond transient absorption (flash photolysis). We will also evaluate the
possibility of dianion formation (deprotonation of both hydroxyl groups) by means
of steady-state electronic and NMR spectroscopies. Last, we will show results of
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Scheme 3.1: The synthetic procedures of all target compoundsa
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aReaction conditions: a) H2SO4/SO3, 210 ◦C, 3 h; b) KOH, 230 ◦C, 10 min; c) KOH, 250 ◦C, 15
min; d) H2NCH2CH2OCH2CH2OH, ethanol, reflux, 20 h; e) H2NCH2COOCH3, ethanol, reflux,
20 h; f) NaOH, ethanol/water (1/1), reflux, 1 h. For details, see the electronic supplementary
information.

quantum chemical calculations (DFT and TD-DFT) to gain more insight into the
effect of substitution on the photoacidic and spectroscopic properties.

The results are analyzed within the already established framework of ground-
and excited-state acid-base reactions. Briefly, the overall deprotonation process
will be explained by a two-step model (Scheme 3.2) originally proposed by Eigen
and Weller.6,33 In the model, the initial short-range proton transfer results in
formation of a contact ion pair followed by diffusion controlled separation of the
ions.15,34,35 Different decay pathways are also indicated in the Scheme including a
quenching process by protons. The decay of the ground-state anion, measured by
flash photolysis, is analyzed using pseudo-first order, mixture of first and second
order, and pure second order reaction kinetics at low, intermediate, and neutral
pH, respectively.36,37

Scheme 3.2: Photophysical scheme for the two-step deprotonation processa

aInitial deprotonation results in formation of contact ion pair (r = a) followed by diffusion
controlled formation of the free ions (r →∞).



36 Excited-State Proton-Transfer Reactions in “Super” Photoacids

3.2 Results and discussion

3.2.1 Steady-state measurements in aqueous solutions

Absorption spectra of EG-dHONI at different pH values are presented in Fig.
3.1(a). The spectra show a clear conversion from the neutral to the anionic form
with an isosbestic point at λ= 402 nm. A second isosbestic point is observed at λ=
317 nm, but the last 4 spectra measured at the highest pH values deviate slightly
from this point. The reason for the deviation is most likely minor hydrolysis
(ring opening of the imide group) at high pH which will be discussed later. The
absorption and emission spectra of the neutral and anionic forms of EG-dHONI
are presented in Fig. 3.1(b). The emission spectrum of the neutral form measured
in 2 M H2SO4 still exhibits anion emission. The anion emission in this solvent is
strongest for EG-SHONI and weakest for EG-dHONI. Emission of the anion
was measured upon direct excitation of the anion absorption band at ∼440 nm.
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Figure 3.1: (a) Absorption spectra of EG-dHONI (c = 30 µM) at different pH
values. Inset shows the molar fractions (f ) of the neutral and anionic forms as
a function of pH. (b) Normalized absorption and emission spectra of the neutral
and anionic forms of EG-dHONI in aqueous solutions. The band at 600 nm in
the neutral emission spectrum is due to a partial excited-state deprotonation.

Neutral forms of EG-dHONI and COOH-dHONI exhibit their main ab-
sorption bands at ∼380 nm with equal molar absorption coefficients. EG-SHONI
exhibits two main bands (Fig. 3.8), lower and higher in energy, with molar absorp-
tion coefficients roughly half of those observed for the dihydroxy compounds. The
main absorption bands originate from HOMO-1 and HOMO to LUMO transitions.
In EG-dHONI and COOH-dHONI the two bands are merged to a single broad
absorption resulting in roughly two times higher absorption coefficient compared
to EG-SHONI. The anion bands show ∼60 nm red shifts compared to those of
the neutral compounds in all molecules. Emission spectra of all compounds show
nearly mirror-image emission bands in the wavenumber domain, but the anionic
form exhibits substantially larger Stokes shift (∼4600 cm−1 vs. ∼7000 cm−1 for
EG-dHONI).

The ground- and excited-state pKa values were estimated as described in the
experimental section. The ground-state pKa is not affected by N-substitution,
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Table 3.1: Absorption maxima and molar absorption coefficients of the neutral
and anionic forms, and ground- and excited-state pKa values

compound λmax
ROH εmax

ROH λmax
RO−

εmax
RO−

pKa pK∗a ∆pKa

nm M−1cm−1 nm M−1cm−1

EG-dHONI 381 11000±300 440 10400±400 8.8±0.1 -1.2 -10.0
COOH-dHONI 382 11300±400 439 10300±400 8.8±0.1 -1.4 -10.3
EG-SHONI 384 6100±200 444 5000±200 8.0±0.1 -1.9 -9.9

whereas the aromatic sulfonate substituent decreases the pKa by 0.8 units. The
excited-state pKa is affected both by N - and aromatic substitution, but the
changes are relatively small (0.7 pKa units). The main reason for the lower pK∗a of
EG-SHONI is the decreased ground-state pKa. Actually, EG-SHONI exhibits
the smallest ∆pKa upon excitation. The pK∗a ’s follow the trend EG-SHONI<
COOH-dHONI < EG-dHONI, also supported by the ratios of the neutral and
anion emission intensities in 2 M H2SO4.

Absorption maxima and molar absorption coefficients of the neutral and anionic
forms, and ground- and excited-state pKa values are summarized in Table 3.1.

3.2.2 Fluorescence spectra and quantum yields in H2O and
organic solvents

Excited-state deprotonation in water, and protic and aprotic organic solvents was
studied by means of steady-state fluorescence spectroscopy. Emission spectra and
quantum yields (Φf) were measured in H2O, MeOH, EtOH, 2-PrOH, n-BuOH, and
DMSO. The quantum yields were decomposed for the neutral and anion forms
using spectral line-shape analysis with skewed Gaussian functions (Eq. (3.4), see
experimental section).38,39 Two skewed Gaussians were sufficient to adequately
model the emission spectra in water and alcohols whereas a sum of three skewed
Gaussians was required for samples in DMSO (see Fig. 3.10 in the Experimental
section). Normalized emission spectra of EG-dHONI in organic solvents are
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Figure 3.2: Normalized emission spectra of EG-dHONI in organic solvents
(λex = 360 nm).
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Figure 3.3: Ratios of the neutral and the anion fluorescence quantum yields of
all three compounds in organic solvents upon excitation of the neutral absorption
band at 360 nm.

presented in Fig. 3.2. The spectrum in water is left out to allow better comparison
between the spectra in organic solvents.

The fluorescence quantum yields (Table 3.2) of all compounds are very low in
H2O (< 0.5 %) and alcohols (≤ 6 %). This can be attributed to proton quench-
ing.40 After ESPT the proton recombination results in efficient deactivation of
the excited state which is enhanced in more proton rich solvents such as wa-
ter or methanol. Another quenching mechanism, reported for 1-naphthol,40,41

is protonation of the aromatic ring system in the excited state. Indeed, we ob-
served deuteration of the H4 and H5 for EG-dHONI and COOH-dHONI and
H4 for EG-SHONI under basic conditions upon heating in D2O in our NMR-
experiments, but we could not reproduce this exchange photochemically under
similar conditions (pH 3, UV-irradiation) as reported for 1-naphthol. Therefore,
the protonation of the ring system does not play a role in the excited-state pro-
cesses of the present compounds. Protonation of the carbonyl group42 could also
be a possible quenching mechanism but it would be difficult to separate experi-
mentally from the other proton quenching mechanisms. In aprotic solvents, such
as DMSO, the fluorescence quantum yield is significantly higher (17 %).

Table 3.2: Total quantum yields (Φf), fraction of total emission attributed to
ROH∗ (αROH), and ratios (R = ΦROH/ΦRO−) of the neutral and anion fluores-
cence quantum yields of the studied compounds in a series of solvents

EG-dHONI COOH-dHONI EG-SHONI

solvent Φf αROH R Φf αROH R Φf αROH R

H2O < 0.005 4.8 % 0.05 < 0.005 4.6 % 0.05 < 0.005 3.6 % 0.04
DMSO 0.17 30 % 0.43 0.17 26 % 0.36 0.17 22 % 0.28
MeOH 0.01 73 % 2.70 0.02 72 % 2.61 0.01 51 % 1.05
EtOH 0.03 85 % 5.49 0.03 80 % 3.93 0.03 67 % 2.04
2-PrOH 0.06 92 % 11.7 0.05 90 % 9.45 0.06 80 % 4.00
n-BuOH 0.06 93 % 13.5 0.05 89 % 7.82 0.06 84 % 5.40
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Following the analogy presented by Jung et al.16, the ratio R = ΦROH/ΦRO−

follows the same trend as the pK∗a and reflects the efficiency of deprotonation.
Although the ratio in a certain solvent allows comparison between similar com-
pounds, it does not necessarily reflect the absolute value of pK∗a due to differences
in quantum yields and lifetimes of the neutral and the anionic forms in different
solvents. Similarly, the percentage of the neutral emission reflects the amount of
deprotonation and thus the pK∗a . Interestingly, a sum of two skewed Gaussians
was adequate to describe the emission spectra in aprotic solvents whereas three
were required for the samples in DMSO. This is attributed to the much higher
concentration of the intermediate proton-transfer species, the contact ion pair, as
will be discussed below.

The ratios for all three compounds in different solvents are presented in Fig.
3.3. The total quantum yields, the fraction of total emission attributed to ROH∗

and the ratios of the neutral and the anion fluorescence quantum yields are sum-
marized in Table 3.2.

3.2.3 Time-resolved fluorescence in DMSO

Deprotonation kinetics of all compounds were studied in DMSO with the TCSPC
method. The decay of the neutral form was monitored with λmon = 430 nm with
a 10 ns time window and fitted with a three-exponential model (Eq. (2.45) with
n = 3, Chapter 2). The decay of the anion was monitored with λmon = 610 nm
with a 50 ns time window and fitted with a two-exponential model (Eq. (2.45) with
n = 2, Chapter 2). Decays of EG-dHONI together with the instrument response
function (IRF) are presented in Fig. 3.4. The fitting results of the neutral and
anion emissions are summarized in Tables 3.3 and 3.4, respectively.
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Figure 3.4: Decays of the neutral (λmon = 430 nm) and anionic (λmon = 610
nm) forms of EG-dHONI in DMSO. Excitation wavelength was 360 nm.

All compounds exhibit a fast decay component (τ1 < 25 ps = IRF) at the
neutral band. The component with the largest amplitude has a lifetime of τ2 =
620–860 ps. The rise of the anion emission at 610 nm shows a similar lifetime but
seems somewhat faster. Also the amplitude associated with the rise time is only
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Table 3.3: Decay times τ and amplitudes α of the photoacids in DMSO moni-
tored at the neutral emission band (λmon = 430 nm)

compound τ1 / ps (α1) τ2 / ps (α2) τ3 / ns (α3) χ2

EG-dHONI < 25 (22 %) 860±40 (74 %) 1.6±0.1 (4 %) 1.04
COOH-dHONI < 25 (37 %) 740±30 (60 %) 1.8±0.2 (3 %) 1.08
EG-SHONI < 25 (17 %) 620±20 (82 %) 3.4±0.4 (1 %) 1.13

Table 3.4: Decay times τ and amplitudes α of the photoacids in DMSO moni-
tored at the anion emission band (λmon = 610 nm)

compound τ1 / ps (α1) τ2 / ns (α2) χ2

EG-dHONI 650±80 (-43 %) 14.7±0.1 (100 %) 1.09
COOH-dHONI 540±80 (-47 %) 14.6±0.1 (100 %) 1.03
EG-SHONI 450±60 (-62 %) 16.7±0.2 (100 %) 1.02

∼50 % of the total amplitude of the positive component. In addition, the neutral
region exhibits a longer-lived tail with a small amplitude (α3 < 4 %). The anion
emission shows long-lived decay with a lifetime τ2 = 14.6–16.7 ns. All decay traces
were well described by the multi-exponential model and χ2 < 1.13 in all cases.

The decays can be explained by a two-step deprotonation process (Scheme
3.2). This gives rise to a two-exponential decay in the neutral region. The fastest
component (τ1 < 25 ps) in all cases corresponds to the initial relaxation to the
equilibrium between the neutral form and the contact ion pair. The lifetime reflects
the sum of the forward (kdiss) and backward (krec) rates of the initial step, but
is too fast (< IRF) for quantitative analysis of the rate constants. The second
component (τ2 = 620–860 ps) is the decay of the equilibrium state resulting in
formation of the free ion pairs. This component has the largest amplitude in the
neutral region indicating that the equilibrium state has significant population of
the neutral form. The decay of the equilibrium state correlates with pK∗a i.e. is
fastest for the strongest excited-state acid (EG-SHONI). This is most likely the
result of a lower energy barrier for the diffusion controlled proton dissociation.
Attachment of electron withdrawing groups on the aromatic system will increase
the extent of intramolecular charge transfer (and acidity) leaving the oxygen less
negatively charged.41 Thus, the Coulombic barrier for the escape of the proton is
lowered resulting in faster decay of the intermediate contact ion pair. The long-
lived tail (τ3 = 1.6–3.4 ns) with minor amplitude originates most likely from the
geminate proton recombination43,44 although this largely results in fluorescence
quenching at least in protic solvents. Another possibility is minor impurities due
to a photodegradation processes.

The rise times of the anion emissions show similar trend as the decays of
the equilibrium state, but are ∼200 ps shorter than the decays observed in the
neutral region. Moreover, the negative amplitudes are only half of the positive
counterparts. This can be partly attributed to the large overlap between the
emission of the contact ion pair and free ion pair at the monitoring wavelength
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(610 nm). In the spectral-line-shape analysis of EG-dHONI (Fig. 3.10(b)),
the intermediate emission band centered at ∼636 nm can be attributed to the
contact ion pair and has ∼20 % intensity of the major emission band attributed
to the free ion pair. This would result in observation of roughly -80 % negative
amplitude in the time-resolved experiments at this monitoring wavelength. This
means that part of the anions are formed directly during the IRF and only part via
the intermediate state, namely the contact ion pair. The disagreement between the
lifetimes of the intermediate component could arise from the poorly resolved initial
decay mixed with the intermediate component especially in the anion spectral
range. The long-lived component (τ3 = 14.6–16.7 ns) in the anion emission band
corresponds to the decay of the anion.

A more sophisticated three-step deprotonation model has been proposed by
Huppert et al.34,44 and also discussed by us in the later chapters which could ex-
plain the disagreement between the lifetimes and amplitudes of the rise and decay
components. In this model, an additional species, namely the solvent separated
ion pair, is introduced, which results in an additional decay component. Thus,
the anion spectral range should be fitted with a four-exponential model (initial
relaxation to equilibrium, contact ion pair, solvent separated ion pair, and free ion
pair). Our data, however, were adequately fitted already with the two-exponential
model. In addition, the best spectral fittings were achieved already with three
spectral-line-shape functions supporting the two-step deprotonation model. More
thorough measurements over a wider wavelength range would be required for full
spectral and kinetic separation of all the overlapping components and is out of the
scope of the present study.

3.2.4 Time-resolved fluorescence of EG-dHONI in aqueous
solutions at different pH values

Excitation of EG-dHONI in acidic aqueous solutions led to emission of the neu-
tral and anionic forms, which were monitored at λmon = 420–480 nm and λmon

≈ 530–630 nm, respectively. The decay traces were fitted with three- (in 0.5 M
H2SO4) or four-exponential (pH 3.0, 4.8, and 6.5) models with global lifetimes
(Eq. (2.45) with n = 3 or 4, Chapter 2). Representative decay associated spectra
(DAS) at pH 4.8 are presented in Fig. 3.5. The fitting results are summarized in
Table 3.5.

The decays of EG-dHONI in aqueous solutions can also be modeled by the
two-step deprotonation mechanism. Similarly to results in DMSO, the ultra-fast
component (τ1< 25 ps), observed as the main decay component in the neutral
region, corresponds to the initial relaxation of the excited neutral form to equi-
librium between the contact ion pair. The same component also appears as a rise
time in the anion spectral range. The intermediate component with τ2 ≈ 75 ps is
attributed to the decay of the equilibrium state. In 0.5 M H2SO4 this component
has positive amplitude both in the neutral and anion bands, whereas at pH 3.0–
6.5 the component has positive amplitude only in the emission range of the anion.
This means that in 0.5 M H2SO4 the equilibrium state has minor population of the



42 Excited-State Proton-Transfer Reactions in “Super” Photoacids

Figure 3.5: The decay associ-
ated spectra of EG-dHONI at
pH 4.8. Excitation wavelength
was 380 nm. The inset shows the
individual χ2 values.
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Table 3.5: Global lifetimes and χ2 values of the fittings of EG-dHONI in
aqueous solutions at different pH values

solvent τ1 / ps τ2 / ps τ3 / ps τ4 / ns χ2
glob

0.5 M H2SO4 < 25 73±2 – 1.7±0.3 1.15
pH 3.0 < 25 74±17 470±10 3.6±0.4 1.14
pH 4.8 < 25 72±22 470±10 2.4±0.6 1.16
pH 6.5 < 25 80±24 470±10 2.0±0.4 1.13

neutral form, whereas at pH 3–7 the equilibrium is completely on the side of the
contact ion pair and the first step in Scheme 3.2 can be considered unidirectional
i.e. kdiss = 1/τ1. In 0.5 M H2SO4 no free ion pairs are formed due to the high
proton concentration of the bulk solvent. At higher pH the anion decays with
τ3 = 470 ps, independent of the pH. In addition, all samples exhibit a longer-lived
component with very small amplitude (< 1 %) attributed to the geminate recom-
bination43,44 or minor populations of photodegradation products. The fittings are
very good in the anion emission range, but much worse in the neutral range. This
can be attributed to the limited time resolution of our instrument and inadequate
fittings of the long-lived tails.

The model presented in Scheme 3.2 is qualitatively in good agreement with the
data but the limited time resolution of our TCSPC setup hinders the quantitative
analysis of the rate constants. Faster techniques (fs-pump-probe or up-conversion)
have been used to resolve these ultra-fast components in related studies on pho-
toacids.15,34,44–46 Another approach is to use mixtures of organic solvents and
water to slow down the deprotonation kinetics as will be discussed in Chapter 6.47

3.2.5 Decays of the ground-state anion of EG-dHONI at dif-
ferent pH values

The decay of the ground-state anion formed after ESPT at different pH values (pH
3.0, 5.0, and 7.0) was studied by nanosecond transient absorption (flash photol-
ysis). Representative transient spectra, presented in Fig. 3.6(a) at pH 5.0, show
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Figure 3.6: (a) Nanosecond transient absorption spectra of EG-dHONI at
pH 5.0 at selected times. The solid black line shows the steady-state absorption
spectrum of the anion. The region averaged for the decay traces is indicated
by the green bar. (b) Decays of the ground-state anion (markers) monitored at
λ = 438–442 nm at different pH values. Solid lines represent the fittings (see
text). Excitation wavelength was 380 nm for all measurements.

Table 3.6: Fitting results of the decays of ground-state anion of EG-dHONI
at different pH values

pH τa / ns k
b

bimol / ×1011 M−1s−1

3.0 23±2 –
5.0 – 1.8±0.1
7.0 – 1.9±0.1

aFrom single-exponential function; bBimolecular recombination rate.

induced absorption with λmax = 440 nm corresponding to the ground-state anion
band. The spectra also show the emission of the anion in the first trace at t = 0
ns. Decay traces were obtained by averaging the signal at λ = 438–442 nm and
are presented in Fig. 3.6(b) on a semi-logarithmic scale. The concentration of the
anion was calculated based on the molar absorption coefficient (see Table 3.1).

The diffusion controlled back-protonation of the ground-state anion (Table 3.6)
is well described in the literature.36,37 At low pH the back-protonation exhibits
pseudo-first order kinetics also reported for HPTS. Fitting to an exponential
function gave a lifetime of τ = 23 ns at pH 3.0. The decay at intermediate pH was
fitted as a mixture of first- and second-order reactions. The pH of the sample was
measured prior to deoxygenation (pH 5.0), but the initial proton concentration
was used also as a fitting parameter. The proton concentration resulting from
the fittings gave pH 5.4 indicating slight increase in pH during deoxygenation.
The second-order rate constant at pH 5.4 is kbimol = 1.8 × 1011 M−1s−1. The
decay at neutral pH exhibits pure diffusion limited bimolecular recombination
with kbimol = 1.9× 1011 M−1s−1. The rate at neutral pH is comparable to that of
HPTS (k0bimol = 1.84–2.06 × 1011 M−1s−1)36 at zero ionic strength. The details
of the fitting functions are given in the experimental section.
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3.2.6 Possibility of the formation of the dianion of EG-dHONI

The possibility of deprotonating both hydroxyl groups of EG-dHONI under ba-
sic conditions was studied with UV-Vis and NMR spectroscopy. The absorption
spectra showed a time-dependent conversion of the anion absorption to a short-
wavelength absorbing species (λmax = 354 nm) in 1 M NaOH with isosbestic
points at λ = 311 and 376 nm. The fully converted sample still showed a residual
absorption band at ∼440 nm. The reaction exhibits pseudo-first order kinetics
demonstrated by the linear relationship between the rate and the absorption (i.e.
concentration).48 The absorption spectra of the conversion are presented in Fig.
3.7 and the graphical rate equation (rate vs. concentration, see Chapter 2) is
shown in the inset together with a linear fit.

The reversibility of the observed changes was studied by acidification of the
sample after complete conversion. Gradual acidification revealed multiple absorb-
ing species at intermediate pH values (pH 4–10) eventually (at pH < 2) resulting
in absorption spectrum of the neutral form with 3 nm blue shift (compared to
the original absorption) and slightly increased absorption in the UV-region. The
final product after acidification was concluded to be 3,6-dihydroxy-1,8-naphthalic
anhydride confirmed by reference UV-Vis measurements. Moreover, 1H NMR
experiments showed that the naphthalimide undergoes a ring opening reaction
under strongly basic conditions forming a deprotonated carboxylic acid and amide
groups. The amide group was cleaved upon acidification and eventually a ring
closing reaction took place to form the anhydride under strongly acidic conditions.
Different forms of the naphthalimide and naphthalic anhydride as a function of
pH together with the absorption maxima are presented in Scheme 3.3.

No dianion is observed in any of the experiments. The compound undergoes
hydrolysis of the imide group under strongly basic conditions before deprotonation
of the second hydroxyl group is observed. Deprotonation of the first hydroxyl group
increases the pKa of the second hydroxyl group deactivating the deprotonation
both in the ground and excited states in the studied pH range. Similar observations
have been reported for 4,5-dihydroxynaphthalene-2,7-disulfonic acid (chromotropic

Figure 3.7: Absorption
spectra of EG-dHONI in
1 M NaOH as a function
of time. Inset shows the
graphical rate equation of
the conversion.
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Scheme 3.3: Different forms of 3,6-dihydroxy-1,8-naphthalimide (bottom) and
naphthalic anhydride (top) together with the absorption maxima at different pH
values. The values in parentheses refer only to the anhydride.
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acid).49 For chromotropic acid the pKa of the second hydroxyl group was found
to be 15.6 without any photoacid character.

3.2.7 Quantum chemical calculations on model compounds

We used quantum chemical calculations with the PBE0/TZ2P level of theory
to study the nature of the excited state resulting in photoacidity and to com-
pare the effect of substitution. This was done by looking at the frontier or-
bitals and by comparing the Mulliken charges on the hydroxyl oxygen between
optimized ground- and excited-state geometries, respectively. In addition, we
used time-dependent DFT to calculate the absorption and emission spectra of
the model compounds. We chose 4 model compounds, namely N-methyl-3,6-
dihydroxy- (dHONI), N-methyl-3-hydroxy-6-sulfonate- (SHONI), N-methyl-3-
hydroxy-6-cyano- (6CNHONI), and N-methyl-3-hydroxy-5-cyano-1,8-naphthal-
imides (5CNHONI), see Scheme 3.1 for numbering. The cyano compounds were
included to compare the influence of different substituents (-OH, -SO−3 , and -CN)
and the position (5 vs. 6) of the substituent.

The calculations reproduce the absorption spectra of EG-dHONI and EG-
SHONI to high accuracy (∆E < 0.06 eV) supporting the choice of functional and
basis set. All calculations show that the two lowest-energy absorption bands orig-
inate from π → π∗ transitions from HOMO-1 and HOMO to LUMO. In sulfonate-
and cyano-functionalized compounds the splitting of the two bands is greater com-
pared to dHONI (∼0.6 eV vs. ∼0.1 eV). In the experimental spectra the two
bands of EG-SHONI are clearly separated, whereas EG-dHONI exhibits only
single main band with a small shoulder/broadening at shorter wavelength. The
calculated and experimental absorption spectra of dHONI and SHONI are pre-
sented in Fig. 3.8 and the parameters are summarized in Table 3.7.

Calculated emission energies are overestimated by ∼0.2–0.4 eV. This could be
due to the lack of explicit solvent effects such as hydrogen bonding and solvation of
the hydrogen-bonded complex in the excited state.18 Although the bond lengths
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Figure 3.8: Calculated (for
N-methyl-) and experimental
(for N-EG-) absorption spec-
tra of the neutral forms of
dHONI and SHONI.
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Table 3.7: Calculated and experimental absorption and emission energies (in
eV) and changes in the Mulliken charges on the hydroxyl oxygen upon excitation

compound Ecalc
abs Eexp

abs Ecalc
em Eexp

em Ecalc
0−0 Eexp

0−0 ∆q(O)ES−GS

SHONI 3.28 3.23 3.02 2.66 3.15b 2.94b 0.007c

dHONI 3.25 3.26 2.94 2.68 3.09b 2.97b 0.008c

5CNHONI 3.08 –a 2.71 –a 2.89b –a 0.010c

6CNHONI 3.22 –a 2.88 –a 3.05b –a 0.022c

aExperimental data not available; bAverage of absorption and emission maxima; cChange
in Mulliken charge of the hydroxyl oxygen.

(C-O and O-H) are slightly altered in the excited state the changes are negligibly
small in the absence of hydrogen-bond or proton acceptor. The effect of an explicit
proton acceptor (base) to the geometry and spectroscopic properties is studied in
detail in Chapter 4.

The frontier orbitals of dHONI are presented in Fig. 3.9 and exhibit dimin-
ished electron density on the hydroxyl oxygen in the first excited state (HOMO→
LUMO) in all cases. This is attributed to the partial charge transfer character of
the excited state resulting in photoacidity. The magnitude of the charge transfer is
quantified by comparing the Mulliken charges of the hydroxyl oxygen between the
optimized ground and the excited states. All compounds show decreased negative
charge on the hydroxyl oxygen in the excited state. The magnitude of the change is
relatively small and shows a trend SHONI<dHONI<5CNHONI<6CNHONI.
The change in the Mulliken charge of the hydroxyl oxygen upon excitation pos-
sibly correlates with ∆pKa (SHONI<dHONI), but more experimental data is
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Figure 3.9: Frontier orbitals of dHONI calculated on the optimized ground-
state geometry with the PBE0/TZ2P level of theory.

required to establish stronger correlation. Nevertheless, the calculations suggest
that attachment of a cyano group in the 6-position should strongly enhance the
photoacidity. Similar experimental observations have been reported for cyano-
functionalized 2-naphthols.12,21

3.3 Conclusions

We have studied both ground- and excited-state acid-base properties of three novel
NI-derived “super” photoacids exhibiting negative pK∗a ’s. The pKa is not altered
by N-substitution but is decreased upon sulfonation of the aromatic system. ∆pKa

of all three compounds is comparable and decrease in pK∗a of the sulfonated com-
pound is mainly achieved by decreasing the ground-state pKa. Quantum chemical
calculations and experimental data on related compounds suggest12,21 that at-
tachment of cyano groups could further enhance the photoacidity.

All studied compounds are deprotonated upon excitation in alcohols and DMSO.
Good correlation is established between the pK∗a and the ratio of the neutral
and anion fluorescence quantum yields in a certain solvent. The quantum yields
are small in protic solvents, which is attributed to the proton quenching process,
whereas the fluorescence is restored in aprotic solvents such as DMSO.

The deprotonation process both in DMSO and H2O can be reasonably well
explained with the two-step deprotonation model (Scheme 3.2). The first step
corresponds to the initial relaxation to the equilibrium state between the neutral
form and contact ion pair followed by a diffusional step resulting in a formation of
the free ion pairs (at pH ≥ 3). The rate of decay of the equilibrium state in DMSO
also correlates with pK∗a in this series of compounds. The slight disagreement in
the data measured in the neutral vs. anion wavelength ranges suggests a more
complicated deprotonation mechanism (three-step model), but the initial processes
are too fast (< 25 ps) to be resolved in our experiments.

Our results support and complement the already available body of knowledge
and understanding of photoacids reported in the literature. Nevertheless, these
photoacids extend the ongoing field of research on “super” photoacids and offer
robust and easily modifiable compounds with tunable acid-base (both ground and
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excited state), spectroscopic, and chemical properties. The substituent on the
imide group offers a convenient site for linking the photoacid to any substrate of
interest (inorganic, organic or biological) or it can be used to tune the solubility
from water all the way to non-polar solvents. Moreover, the present compounds are
suitable for pH-jump experiments where ground-state pKa > 7 is desirable. The
dihydroxy compounds are almost fully in their neutral form in the ground state
under physiological pH (pH ≈ 7.4) and could be suitable for biological applications.
More detailed studies on a larger set of compounds and with better time resolution
are required to establish better correlations between the parameters influencing the
photoacidity and to fully resolve the initial steps in the deprotonation mechanism.

3.4 Experimental section

3.4.1 Spectroscopic measurements and data analyses

The spectroscopic setups and the corresponding data analyses used throughout the
thesis have been described in Chapter 2, Experimental methods and data analysis.

Estimation of the ground-state pK a values: Ground-state pKa values were
estimated by measuring absorption spectra over a broad pH range. Mild buffer
solutions (c = 5–10 mM) were used for intermediate pH values (pH 3.0–10.5).
Aqueous H2SO4 or NaOH were used for lower and higher pH ranges, respec-
tively. Concentrations of the neutral and anionic forms were calculated using the
Lambert-Beer law at two selected wavelengths close to the absorption maxima of
the neutral (λROH ≈ 380 nm) and anionic forms (λRO− ≈ 440 nm). Ground-state
pKa values were estimated from the mid points of the molar fraction data and the
error bars from variations in pKa from the Henderson-Hasselbalch equation.50

pH = pKa + log10

[RO−]

[ROH]
(3.1)

Estimation of the excited-state pK a values: pK∗a values were estimated
using the Förster cycle.51,52

pK∗a − pKa =
0.625

T

(
ν̃RO−

00 − ν̃ROH
00

)
, (3.2)

where T is temperature and ν̃00 is the 0–0 transition of the neutral or anionic form.
Absorption and emission spectra of the neutral form were measured in 2 M H2SO4

and aqueous NaOH (pH ≈ 11–12) was used for the spectra of the anionic form.
Emission of the anion was measured upon direct excitation of the anion absorption
band at ∼440 nm. The emission spectra measured in 2 M H2SO4 still exhibited
anion emission, but this should not significantly affect the emission maxima of the
neutral band. We used an average of absorption and emission maxima as the 0-0
transitions, Eq. (3.3).

ν̃00 = (ν̃max
abs + ν̃max

em )/2 (3.3)
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Determination of the quantum yields: Quantum yields were determined using
quinine sulfate (> 99 %, Fluka) in 0.5 M H2SO4 (aq.) as a quantum yield standard
with Φf = 0.55.53,54

Decomposition of the quantum yields: The emission spectra were fitted with
a sum of skewed Gaussians, Eq. (3.4), to decompose the quantum yields for
neutral and anionic forms. Representative fits of EG-dHONI in DMSO with 2
and 3 skewed Gaussians are presented in Fig. 3.10.

I(λ) = Y

{
exp

[
−ln(2) {ln (1 + α) /b}2

]
α > −1

0 α ≤ −1
(3.4)

α =
2b(x− x0)

∆x
(3.5)

In Eq. (3.4) and (3.5), Y is the peak intensity, x0 the peak position, ∆x the
bandwidth, and b the asymmetry parameter. The area of the skewed Gaussians
can be calculated with Eq. (3.6).

area = Y
∆x

2
exp

[
b2

4 ln2

]( π

ln2

)1/2
(3.6)
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Figure 3.10: Fitting of the emission spectrum of EG-dHONI in DMSO with
(a) a sum of two skewed Gaussians and (b) a sum of three skewed Gaussians. The
significant pattern in the residual (top) in the range 550–750 nm disappears upon
introduction of the third Gaussian function.

Diffusion controlled back-protonation of the ground-state anion at dif-
ferent pH values: The decay at pH 3.0 was fitted with a single-exponential
function, Eq. (2.45) with n = 1, pseudo-first order reaction. At intermediate pH
5.0 ([H+]0 ≈ [H+]jump) the decay was modeled with a function derived by Huppert
et al.37 for recombination at intermediate pH values, Eq. (3.7).

c =
β[H+]0
1− β

(3.7)
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β =
c0

c0 + [H+]0
e−[H

+]0kt (3.8)

In Eqs. (3.7) and (3.8) the [H+]0 is the initial proton concentration, c0 is the
initial anion concentration, k is the bimolecular recombination rate and t is time.
The model consists of a mixture of first- and second-order terms. The decay at
pH 7.0 is modeled as pure second-order bimolecular recombination, Eq. (3.9).

c =
c0

1 + c0kt
(3.9)

The symbols are the same as in Eqs. (3.7) and (3.8).

3.4.2 Other methods and materials

Other measurements: pH values of aqueous solutions were measured using an
Orion2Star pH Benchtop, Thermo Scientific, and the pH meter was calibrated
prior to experiments using standard buffer solutions (pH 4.01, 7.00, and 10.01)
from Thermo Scientific. Water content in the organic solvents were determined
by a Karl Fischer titrator, model 831 KF Coulometer, Metrohm.

Theoretical calculations: All calculations were performed with the ADF2013
software55,56 using the PBE0 functional57,58 and the TZ2P59 basis set. We chose
the PBE0 functional because it has been shown to produce reasonable results for
1,8-naphthalimide dyes.60,61 The conductor-like screening model (COSMO)62 was
used to include solvent effects for all DFT and TD-DFT calculations.

Materials: All organic solvents were of spectroscopic grade (≥ 99.5–99.9 %) and
stored over molecular sieves (3 Å for MeOH, 4 Å for others). The water content was
checked by Karl Fischer titration and was ∼100–200 ppm for all solvents. Buffer
solutions were made using citric acid (99 %, Sigma-Aldrich), anhydrous Na2HPO4

(p.a., Acros), aqueous ammonia (28 %, VWR), and ammonium chloride (+99 %,
Acros), which were used without further purification. Millipore filtered water was
used for all aqueous solutions. NaOH (≥ 99 %) and aqueous H2SO4 (96 %, Acros)
were used without further purification. Syntheses and characterizations of the
photoacids are described in the electronic supplementary information.
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CHAPTER 4

Intermolecular Excited-State Ion Pair Formation
in Aprotic Organic Solvents∗

Abstract

In this chapter, we describe intermolecular excited-state proton trans-
fer (ESPT) from a dihydroxy-1,8-naphthalimide photoacid to bases
in polar organic solvents. First, the complex formation with a weak
(NMI) and a strong (DBU) organic base is studied using steady-
state absorption and emission spectroscopy and complemented by
quantum chemical calculations. NMI hydrogen-bonds to the hy-
droxyl groups whereas DBU is able to deprotonate one of them.
Complexation with both bases results in stepwise formation of 1:1
and 1:2 complexes. Excitation of the NMI ground-state complex
results in ESPT and subsequent excited-state ion pair formation. In
the first step, initial short-range proton transfer occurs to produce
hydrogen-bonded ion pairs. The formed ions are further solvated by
few solvent molecules resulting in solvent separated ion pairs. Fully
solvated ions are formed in the last diffusion-controlled step. The
DBU complex also forms excited-state ion pairs but in this case the
initially excited species is the hydrogen-bonded ion pair due to the
ground-state deprotonation by the strongly basic DBU.

∗T. Kumpulainen, B. H. Bakker, and A. M. Brouwer. Manuscript in preparation.
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4.1 Introduction

In the previous chapter we gave a general overview of the spectroscopic and acid-
base properties of the 1,8-naphthalimide-based “super” photoacids in protic sol-
vents and in DMSO. Despite the rigorous inspection of the ground- and excited-
state properties, one main question arose from the study: What is the actual
deprotonation mechanism? Both the two-step (Scheme 3.2) and the three-step
(Scheme 4.1) models were discussed in the previous chapter but the final inter-
pretation was somewhat ambiguous. Especially, the decays in DMSO were not
perfectly explained by the two-step excited-state proton-transfer (ESPT) model.
The aim of this chapter is to address this question in detail. In addition, we present
thorough density functional theory (DFT) calculations in the presence of proton
acceptors to complement the experimental results.

Another example of ambiguous interpretations of the ESPT mechanism, espe-
cially regarding the initial short-timescale steps, is demonstrated by studies on the
photoacids based on 8-hydroxypyrene. After more than half a century of research1

on the best-known photoacid 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) the ex-
act ESPT mechanism is still under debate. The deprotonation kinetics in H2O
have been studied by several groups using visible time-correlated single photon
counting (TCSPC), fluorescence up-conversion and pump-probe and UV-pump-
IR-probe methods as well as with combinations of these.2–10 The emerging ESPT
scheme is governed by three time constants of ∼300 fs, ∼3 ps and ∼90 ps followed
by the decay of the produced anionic species. While the authors generally agree
that the fastest and slowest time components correspond to solvation dynamics
and the formation of the anionic species after the ESPT reaction, respectively,
the intermediate step has had several interpretations. Initially the ∼3 ps com-
ponent was attributed to a relaxation to an intermediate electronic state10 but
other explanations such as slow charge redistribution,11, solvation dynamics or
hydrogen-bond rearrangement,7 and an additional step in the original two-step
ESPT mechanism have been proposed.5,6,12 Based on our results we believe that
the last interpretation is the most plausible.

Water has been the most widely used solvent for proton-transfer studies due
to its proton accepting and proton conducting properties. Nevertheless, aque-
ous systems possess some difficulties due to the ultrafast deprotonation (sub-ps
for the strongest photoacids)13 and complex solvent dynamics. Aprotic organic
solvents do not facilitate the proton-transfer process to the bulk solvent due to
the inability to accept and conduct protons.14 This emphasizes the importance of
the hydrogen-bond network in the proton conduction. In the presence of bases,
the proton transfer can occur in the preformed intermolecular hydrogen-bonded
complexes, resulting in formation of excited-state ion pairs (ESIP).15 In this case
the deprotonation is drastically slower than in bulk water and the intermediate
steps in the formation of the excited-state ion pairs are highly sensitive to tem-
perature, solvent polarity and viscosity and acidity or basicity of the functional
groups.16,17 Such systems with decelerated kinetics could offer excellent models to
study the early stages of the deprotonation before formation of the free ions on a
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Scheme 4.1: Photophysical scheme for the excited-state deprotonation and
subsequent ion pair formationa

ROH*  
  B        [RO－* HB+](r = a)           [RO－*   HB+](r >a)         [RO－*

 + HB+](r    ∞)  
kpt 

kpt' 

kf knr 1 1 
kq[HB+] kf knr kf knr 2 2 3 3 

kd 

kd’ 

ks 

ks' 

kf knr 4 4 

HBC HBIP SSIP FIP 

aHBC is the hydrogen-bonded complex and HBIP, SSIP and FIP are the hydrogen-bonded,
solvent separated, and free ion pairs, respectively. kf and knr are the radiative and non-radiative
rate constants, respectively, kq the proton quenching rate constant, r the distance between the
ion pair, and a the contact radius.

longer timescale. In addition, the rate of the deprotonation can be controlled by
changing the solvent properties and experimental conditions.

The two-step model, already introduced in the previous chapter, consists of two
consecutive steps of reaction and diffusion. In the first step a short-range proton
transfer takes place, resulting in the formation of the contact ion pairs, followed
by the diffusion controlled separation of the ions. In neutral aqueous solutions
this usually results in a mono-exponential fluorescence decay of the excited acid
and a concomitant appearance of the fluorescence of the conjugate base which
then decays bi-exponentially.13,18,19 The three lifetimes are attributed to the three
species in Scheme 3.2.

In the example case presented for HPTS in H2O, the emission of the neu-
tral species exhibits bi-exponential decay (∼3 ps and ∼90 ps). This requires an
additional species in the ESPT mechanism, namely a hydrogen-bonded ion pair.
A simplified description of the model is presented in Scheme 4.1, where HBC is
the hydrogen-bonded ground-state complex, HBIP the hydrogen-bonded ion pair,
SSIP the solvent separated ion pair where the ions are separated by a few sol-
vent molecules but are still held together by the Coulomb interaction, and FIP
the fully solvated “free” ion pair. Indications of all of these species have been re-
ported,5,15,17,20 but full spectral characterization is hindered by the large overlap
of their emission spectra. Systematic global analysis over a wide spectral range
may overcome this problem.

Chart 4.1: Structures of the studied compoundsa
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aIM is imidazole, NMI N-methylimidazole and DBU 1,8-diazabicyclo[5.4.0]undec-7-ene.
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The present chapter consists of two parts. First, we will present a DFT
and time-dependent(TD)-DFT investigation on a simplified model photoacid, N-
methyl-3,6-dihydroxy-1,8-naphthalimide (dHONI). We will investigate the effect
of explicit proton acceptors imidazole (IM) and 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU) on the ground- and excited-state geometries as well as on the spectroscopic
properties. These results are used in the second part to assist in the interpretation
of the experimental observations. The second part includes steady-state and time-
resolved spectroscopic studies on a novel N-butyl-3,6-dihydroxy-1,8-naphthalimide
(C4-dHONI) photoacid in the absence and presence of the bases. For this study,
we chose only polar solvents acetonitrile (MeCN) and benzonitrile (PhCN) which
facilitate the dissociation of the produced ion pair in the absence of water. The
bases used as proton acceptors in this case are N-methylimidazole (NMI) and
DBU. All the used compounds are presented in Chart 4.1.

4.2 Results and discussion

4.2.1 DFT and TD-DFT calculations on the model system

First, we calculated the proton affinities of the bases and the conjugate base of the
model photoacid in the gas phase and in MeCN (COSMO). The gas phase affinities
of the bases were compared to values reported in the literature to justify the
choice of the functional and the basis set (B3LYP/TZ2P). Second, we optimized
the ground- and excited-state geometries of 1:1 complexes between the model
photoacid and the bases in MeCN. Third, we determined the complexation energies
of the model photoacid with the bases. Because the model photoacid contains
two hydroxyl groups, multiple different complexes (e.g. 1:1 and 1:2) are possible.
The aim was to get insights into the energetically favorable complexes. Last, we
studied the effect of the bases on the absorption and emission energies of the model
photoacid. The computational details are summarized in the experimental section.

4.2.2 Proton affinities of the model compounds

The proton affinities were calculated as the negative enthalpy change (−∆H298),
i.e. the energy released, in the reaction between a proton and the bases. The en-
thalpy can be obtained from the electronic energy (Eelec, including nuclear repul-
sion) by including the nuclear vibrational energy and the effect of the temperature
(RT ) as described in the experimental section.21,22

B + H+ → BH+ (proton affinity)

In the above reaction, B is either the neutral base or the negatively charged con-
jugate base of the model photoacid (HONI−). Calculated proton affinities are
listed in Table 4.1.

The proton affinities follow the trend IM<HONI−<DBU in MeCN. In the
gas phase HONI− has significantly higher proton affinity compared to the neutral
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Table 4.1: Calculated −∆Eelec values and proton affinities (−∆H298) of the
model compounds. All values are reported in kcal/mol and calculated with
B3LYP/TZ2P level of theory

compound solvent −∆Eelec −∆H298

IM MeCN 166.1 158.1
DBU MeCN 179.1 170.5
HONI− MeCN 176.0 168.3
IM gas phase 233.2 (231.7)a 224.9 (225.3)b

DBU gas phase 260.8 251.8 (250.5)c

HONI− gas phase 336.9 328.7
aValue from ref. 21; bValue from ref. 23; cValue from ref. 24.

bases most likely due to the electrostatic contribution of the negatively charged
conjugate base. In MeCN DBU is expected to deprotonate dHONI whereas IM
should only exhibit hydrogen bonding. NMI, used in the experiments, has slightly
higher proton affinity (−∆H298 = 227.6 kcal/mol in gas phase)21 than IM but is
expected to behave similarly, i.e. exhibit only hydrogen bonding. The calculated
values are in good agreement with the literature values justifying the choice of the
functional and the basis set.

4.2.3 Optimized ground- and excited-state geometries of the
1:1 complexes

The optimized electronic ground- and excited-state structures of dHONI· · · IM
and dHONI· · ·DBU in MeCN are presented in Fig. 4.1. The optimized ground-
state geometries agree with the expectations based on the proton affinities i.e.
IM exhibits only hydrogen bonding to the –OH group whereas DBU readily
deprotonates it. The dHONI· · · IM complex undergoes proton transfer to IM
in the excited state demonstrated by the large changes in the bond lengths. The
C–O bond of the deprotonated –OH does not have purely single or double bond
character and the bond length (d = 1.29−1.30 Å) is in between those of the normal
carbonyl (d = 1.22 Å) and the hydroxyl C–O (d = 1.35 Å). The dHONI· · ·DBU
complex exhibits only small changes upon excitation. The hydrogen bond length
is slightly increased and the C–O and N–H bond lengths are slightly decreased.

As discussed in the previous chapter, excitation of dHONI results in an in-
tramolecular charge transfer from the hydroxyl oxygen to the aromatic system
weakening the O–H bond. As a result, the optimization of the S1 state of the
imidazole complex directly leads to the deprotonated form indicating a barrierless
proton transfer i.e. we did not find an energy minimum for –OH· · ·N in the S1

state. The decreased electron density on the oxygen upon excitation also weakens
the hydrogen bond to the protonated DBU as indicated by the increase in the
hydrogen bond from 1.69 to 1.85 Å. Similar observations have been reported in
the literature.25,26
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Figure 4.1: Optimized ground- and excited-state geometries of (a)-(b)
dHONI· · · IM and (c)-(d) dHONI· · ·DBU complexes in MeCN with relevant
interatomic distances. Representative C=O, C–O and O–H distances are shown
only for the ground-state geometry (left) and are not altered upon excitation.

4.2.4 Calculated complexation energies

Complexation energies of different ground-state complexes in MeCN were calcu-
lated as a relative electronic energy difference (∆Eelec), Eq. (4.1), to the individual
constituents. The results are summarized in Fig. 4.2.

The lowest energy conformation of the dHONI· · · IM complex is the hydrogen-
bonded complex (HBC) in which the proton resides on dHONI. Deprotonation
by IM is also possible but is energetically disfavored by ∼4 kcal/mol. Deproto-
nation of one hydroxyl group or hydrogen bonding of one IM does not signifi-
cantly affect the complexation energy of the second IM molecule. This suggests
non-cooperative association in the 1:2 complex and the association constants fol-
low statistical binding i.e. K1 ≈ 4K2.27 The relationship can be rationalized by
considering the forward and backward rate constants for the association and dis-
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sociation. Because the two binding sites are identical, the 1:1 complex has to two
ways to form the complex whereas the 1:2 complex has two ways for the backward
reaction giving rise to the previous relationship.

PA 

N 

= N-methyl-dHONI 

= 1H-imidazole 

PA 

N 

= N-methyl-dHONI 

= DBU 
PA +HN + 

PA +HN + 

PA 

PA 

PA 

PA 

PA 

PA 

PA 

Figure 4.2: Calculated complexation energies (kcal/mol) of different (a)
dHONI· · · IM and (b) dHONI· · ·DBU ground-state complexes in MeCN.

The lowest energy conformation of dHONI· · ·DBU complex is the HBC in
which the proton resides on DBU. This conformation is energetically ∼4 kcal/mol
more favorable than the HBC in which the proton resides on dHONI. Dissociation
of the deprotonated complex is disfavored by ∼8 kcal/mol compared to the lowest
energy conformation and does not occur at room temperature. Deprotonation of
(or binding to)a one hydroxyl group lowers the binding energy of the second DBU
by ∼4 kcal/mol. In this case we expect to observe negative cooperation as the first
association lowers the affinity for the second association i.e. K1 > 4K2.

aWe did not calculate the 1:2 complex with DBU because this would increase the number of
atoms to 81 being computationally very expensive with the current functional and basis set.



62 Intermolecular Excited-State Ion Pair Formation in Aprotic Organic Solvents

4.2.5 Effect of complexation on the spectral properties

The effect of the complexation on the absorption and emission energies was inves-
tigated for neutral and anionic 1:1 complexes. With this we want to demonstrate
the effect of 1:1 complexation (one free and one complexed –OH group) and 1:2
complexation (one deprotonated and one complexed –OH group) separately. All
the absorption energies are underestimated by ∼0.1–0.2 eV. The absorption ener-
gies and oscillator strengths of the neutral (one free –OH group, 1:1 complex) and
the anionic (one deprotonated –OH group, 1:2 complex) complexes are presented
in Fig. 4.3. All the emission energies of the complexes are overestimated but they
exhibit long-wavelength emission (λmax

I > 540 nm) attributed to the deprotonated
form (not discussed further).

S0       S2 

PA 

= IM 

PA 

= DBU 

PA 

PA 

= IM PA 

= DBU 

PA 

= IMH+ 
PA 

= DBUH+ 

S0       S2 S0       S1 

S0       S1 

Figure 4.3: Calculated absorption energies and oscillator strengths of the S0 →S1

and S0 →S2 transitions of (top) the neutral complexes and (bottom) the free and
complexed anion. The structures are the same as in Fig. 4.2. The base (IM or
DBU) is indicated in the figure.

Initial complexation to the first –OH group mainly lowers the S0 →S1 transition
energy, Fig. 4.3 (top). The magnitude of the red shift is proportional to the extent
of the proton translocation along the hydrogen bond (and thus the basicity of the
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proton acceptor), uncomplexed neutral (not shown for clarity) and anionic forms of
dHONI being the extremes. The S0 →S2 energies are only slightly decreased (∼6
nm) upon the initial complexation and are independent of the proton acceptor.
Complexation of a second base (1:2 complex) or complexation of a base to the
–OH group of the anion mainly shifts the S0 →S2 transition, Fig. 4.3 (bottom).
Again, the magnitudes of the red shifts are proportional to basicity of the proton
acceptors.

The effect of complexation on the absorption energies can be rationalized
from the frontier orbitals. The S0 →S1 transition mainly originates from the
HOMO→LUMO transition and the S0 →S2 from the HOMO–1→LUMO transi-
tion. Upon complexation the molecule becomes asymmetric and the HOMO and
the HOMO-1 orbitals are more localized on one or the other substituent. There-
fore the change in the proton translocation affects mainly one of the transition
energies. A similar effect is also observed in the 3-hydroxy-6-sulfonate photoacid
discussed in the previous chapter. The S0 →S2 and S0 →S1 transitions exhibit a
large splitting and the occupied orbitals are more localized on the two substituents
whereas in the symmetric molecule the two transitions are very close in energy and
the orbitals are symmetric.

4.2.6 Summary of the computational results

Experimentally relevant findings of the quantum chemical calculations in MeCN
can be summarized in the following key points:

i) IM exhibits only hydrogen bonding in the ground state whereas DBU will
readily deprotonate dHONI. NMI is expected to behave similarly to IM.

ii) Dissociation of the deprotonated dHONI· · ·DBU complex does not take
place at room temperature.

iii) All complexes undergo proton transfer upon excitation.

iv) In the formation of the 1:2 complexes, the association constant are expected
to follow statistical binding for the NMI complexes (K1 ≈ 4K2) whereas
the 1:1 association constant is expected to be larger for the DBU complexes
(K1 > 4K2).

v) The first binding event red shifts mainly the S0 →S1 transition and the second
binding event the S0 →S2 transition.

4.2.7 Spectral and kinetic parameters in neat solvents

First, we characterized standard photophysical properties in neat MeCN and
PhCN. This included determination of the absorption and emission spectra, fluo-
rescence quantum yields, lifetimes and rate constants. The determined parameters
are summarized in Tables 4.2 and 4.3. Example absorption and emission spectra
are presented in Fig. 4.4 and Fig. 4.6, respectively.

The steady-state spectral properties are almost identical in both solvents and
similar to the dihydroxy compounds characterized in the previous chapter. The
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Table 4.2: Steady-state spectral properties of C4-dHONI in MeCN and PhCN

solvent λmax
A ν̃max

A εmax λmax
I ν̃max

I ∆ν̃Stokes
nm cm−1 M−1cm−1 nm cm−1 cm−1

MeCN 378 26500 11100±200 410 24300 2180
PhCN 383 26100 11500±300 412 24200 1960

Table 4.3: Fluorescence quantum yields and kinetic parameters of C4-dHONI
in MeCN and PhCN

solvent Φf τf τ0 kf
a kf

b knr
% ns ns s−1 s−1 s−1

MeCN 30.7±0.6 5.3±0.1 17.2 5.8× 107 6.0× 107 1.3× 108

PhCN 35.9±0.7 4.6±0.1 12.9 7.7× 107 7.7× 107 1.4× 108

aCalculated from lifetime and quantum yield; bCalculated with Strickler-Berg relation.28

Stokes shift is slightly larger in the more polar MeCN. C4-dHONI has ∼5 %
higher quantum yield in PhCN. This is attributed to the higher radiative rate
constant due to the larger refractive index of the solvent. The determined radiative
rate constants agree very well with the values estimated from absorption and
emission spectra with the Strickler-Berg relation28,29 (see experimental section).

4.2.8 Steady-state titration experiments

We performed extensive steady-state titration experiments with NMI and DBU
to estimate the association and/or quenching constants. We compared different
models (1:1 and 1:2 association, see Chapter 2) to get insight into the binding
mechanism. The correct model was chosen based on the residuals and the deter-
mined component spectra (i.e. absorption spectra of the individual species). The
absorption spectra of C4-dHONI upon addition of NMI in MeCN and PhCN are
presented in Fig. 4.4. The absorption spectra exhibit red shifts and broadening
upon complexation with NMI in both solvents. In addition, the overall magnitude
of the red shift and broadening are slightly larger in PhCN. The spectra do not
exhibit perfect isosbestic points suggesting the presence of multiple species.

We started the fitting with a 1:1 association model at selected wavelengths.
The resulting fit was reasonable but the residuals still showed significant patterns
and the resulting component spectra (i.e. absorption spectra of the individual
species) overestimated the absorption of the fully complexed species. Secondly, we
tested a 1:2 association model. This resulted in much better fittings and physically
meaningful component spectra. The component spectra were reconstructed after
global fitting of the whole dataset. The corresponding concentration profiles were
calculated with the obtained fitting parameters using Eqs. (2.24)–(2.26). Rep-
resentative component spectra at the corresponding concentration (c = 30 µM)
and the concentration profiles of each species as a function of NMI concentration
in PhCN are presented in Fig. 4.5. Association constants from the 1:1 and 1:2
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Figure 4.4: Steady-state absorption spectra of C4-dHONI (c = 30 µM) upon
addition of NMI in (a) MeCN and (b) PhCN.

models are summarized in Table 4.4 on page 69.

The resulting component spectra are in good agreement with the DFT calcu-
lations. Initial binding of a single NMI molecule red shifts and slightly broadens
the absorption due to red shifts of both the S0 →S2 and the S0 →S1 transitions.
The second binding decreases the energy gap between the HOMO-1 and HOMO
levels and results in small narrowing and increased absorption at the maximum.
Gradually shifting isosbestic points between the host (H) and 1:1 complex (HG)
or 1:2 complex (HG2) are also observed in the experimental data at wavelengths
closely matching the crossing points in Fig. 4.5 (a). This is because in low and
high concentration ranges HG and HG2 are the main complexed species present
in the sample, respectively.

Next, we estimated the dynamic quenching constant, KD, from the steady-
state emission spectra using Stern-Volmer analysis with combined dynamic and
static quenching, Eq. (2.10). The static quenching constant, KS, was assumed to
be equal to the first association constant, K1, of the 1:2 model. The excitation
wavelengths were chosen in between the slightly shifting isosbestic points of the
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Figure 4.5: (a) Fitted absorption spectra of all the species (H, HG, HG2) at the
total host concentration (c = 30 µM) and (b) the concentrations as a function of
total NMI concentration in PhCN.
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Figure 4.6: Steady-state emission spectra of C4-dHONI (c = 9 µM) upon addi-
tion of NMI in (a) MeCN and (b) PhCN. The excitation wavelengths were 381.5
nm and 387 nm for MeCN and PhCN samples, respectively. The insets show
the integrated emission intensities together with Stern-Volmer fittings for com-
bined static and dynamic quenching. KD is the dynamic Stern-Volmer quenching
constant.

absorption spectra and were 381.5 nm and 387 nm for MeCN and PhCN samples,
respectively. In addition, the emission intensities were corrected for changes in
the absorption factor (f = 1 − 10−A) to minimize errors due to changes in the
amount of absorbed light. We integrated the emission around the emission maxima
over ∼30 nm to minimize noise. The emission spectra in MeCN and PhCN are
presented in Fig. 4.6. The insets show the integrated emission intensities and
fittings with the non-linearized form of Eq. (2.10). The dynamic Stern-Volmer
quenching constants and quenching rate constants calculated from the lifetimes,
Eq. (2.9), are summarized in Table 4.4 on page 69.

The emission spectra exhibit quenching of the neutral emission and appear-
ance of a long-wavelength emission attributed to the anionic species. In PhCN,
the anion emission band shows a distinct shoulder at ∼550 nm attributed to the
intermediate ion pair species. The quenching of the neutral emission is well fitted
with the Stern-Volmer equation for combined quenching in the low concentration
range. The fit deviates from the data at higher concentrations due to the approxi-
mation of assuming 1:1 complexation as the only cause of the static quenching. In
reality, the 1:2 complexation will influence the first equilibrium reducing the con-
centration of the free host. This is especially evident in the PhCN sample which
has a higher K2. The second approximation is made by assuming the ground-state
complex HG to be non-fluorescent at the monitoring wavelength (∼400–430 nm).
This is not fully true as will be shown later in this chapter. Most likely these
two effects will partly cancel each other. Nevertheless, the dynamic quenching
constants are merely good estimates of the true values.

We performed similar titration experiments with DBU. The absorption spec-
tra, presented in Fig. 4.7, exhibit drastic changes upon “complexation” with
DBU. The spectra change in two clearly distinct concentration ranges: i) at low
concentrations of DBU (0–200 µM) the neutral absorption decreases without a
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Figure 4.7: Steady-state absorption spectra of C4-dHONI (c = 30 µM) upon
addition of DBU in (a) MeCN and (b) PhCN. The two distinct concentration
ranges are indicated in the legend for clarity.

significant red shift and a broad shoulder appears at longer wavelength; ii) at
high concentrations of DBU (0.2–17 mM) the neutral band broadens and red-
shifts and the long-wavelength shoulder evolves into a distinct absorption band.
The long-wavelength band is attributed to the hydrogen-bonded complex in which
the proton resides on DBU. Approximate isosbestic points are observed in both
samples at λ ≈ 390 nm and λ ≈ 392 nm in MeCN and PhCN, respectively.

Similarly to the case of NMI titration, we fitted the data with both 1:1 and 1:2
association models. The 1:1 model was applied to a limited concentration range
up to 1 mM to obtain a reasonable fit. The 1:2 model was applied to the whole
dataset presented in Fig. 4.7 between 310 and 600 nm. Representative component
spectra and corresponding concentrations of all species in PhCN are presented
in Fig. 4.8. The component spectra agree well with the DFT calculations. In
this case, the two successive binding events are better distinguished due to large
differences in the spectral properties and the association constants. In MeCN, the
fittings are less satisfactory and the data seems to exhibit even more complicated
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DBU concentration in PhCN.
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behavior than pure 1:2 association (not shown). In addition, the fit is sensitive
to the initial guess values and does not easily converge. Nevertheless, the model
gives a satisfactory description of the data and physically meaningful component
spectra. The association constants are summarized in Table 4.4.

Last, we measured the emission spectra upon addition of DBU. Excitation
wavelengths were chosen at the approximate isosbestic points and were λ = 390.5
nm and λ = 392.5 nm in MeCN and PhCN, respectively. We limited the con-
centration range up to ∼ 1 mM as this already resulted in nearly quantitative
quenching of the neutral fluorescence. Due to the low concentration of DBU
range dynamic quenching is negligible and we analyzed the data with the 1:1 as-
sociation model. This allowed us to estimate K1 from the emission data. As with
NMI the emission intensities were corrected for the changes in the absorption
factor (f = 1 − 10−A) and integrated over ∼30 nm around the emission maxima
to minimize the noise. The emission spectra in MeCN and PhCN are presented in
Fig. 4.9. The insets show the integrated emission intensities and fittings with the
1:1 association model. The 1:1 association constants are summarized in Table 4.4.
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Figure 4.9: Steady-state emission spectra of C4-dHONI (c = 9 µM) upon addi-
tion of DBU in (a) MeCN and (b) PhCN. The excitation wavelengths were 390.5
nm and 392.5 nm in MeCN and PhCN, respectively. The insets show the inte-
grated emission intensities together with fittings with the 1:1 association model.
KS is the static 1:1 quenching constant.

The emission spectra exhibit similar behavior as upon addition of NMI. The
neutral emission is quenched with a concomitant appearance of the long-wavelength
emission. In contrast to NMI, the shoulder at ∼550 nm, tentatively attributed to
the intermediate ion pair species, is less pronounced with DBU in PhCN. The inte-
grated emission intensities are reasonably well fitted with the static 1:1 association
model despite the rough approximations discussed above. The static association
constants agree well with the first association constant of the 1:2 model.

All the association and quenching constants are summarized in Table 4.4. NMI
exhibits non-cooperative (statistical) binding i.e. K1 ≈ 4K2 in both solvents.
DBU, on the other hand, exhibits strong negative cooperative binding i.e. K1 �
4K2. The observed behavior is also predicted by the calculated complexation
energies.
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Table 4.4: Association constants and dynamic quenching constants from the
fittings of the steady-state data

solvent base Ka K1
b K2

b KSV kq
M−1 M−1 M−1 M−1 M−1s−1

MeCN NMI 16± 4 58± 10 9± 2 23± 5c 4.3× 109

PhCN NMI 44± 5 95± 9 19± 2 16± 10c 3.5× 109

MeCN DBU 8.3± 0.6× 104 19± 1× 104 2300± 200 1.6± 0.4× 105d –e

PhCN DBU 1.9± 0.2× 104 4.1± 0.2× 104 670± 50 4.0± 0.8× 104d –e

a1:1 association constant; b1:2 association constants; cDynamic Stern-Volmer quenching con-
stant, KD; dStatic 1:1 quenching constant, KS; eConcentration range too low (<1 mM) for
dynamic quenching.

The association constants from the 1:1 model are 2–3 times smaller than K1 of
the 1:2 model but higher than the K2. The 1:1 model seems to be a good starting
point in estimation of the association behavior and reflects a weighted average of
the K1 and the K2. The weight is determined by the magnitude of the spectral
response of each association step. The 1:1 model appears to be less sensitive to
the initial guess values. Especially with DBU titrations we experienced difficulties
to converge the 1:2 model independent of the initial guess values. This is most
likely due to higher association stoichiometries (e.g. 1:3 complex). Despite the
approximations, the models used describe the data rather well and the determined
association constants are meaningful. Most of all, the component spectra agree
well with the experimental data and the DFT calculations and are physically
meaningful. Biczók et al.16 reported association constants for 3- and 4-hydroxy
substituted 1,8-naphthalimides with different hydrogen-bonding agents such as
imidazole. The determined 1:1 association constants were ranging from few tens
to few hundreds in CH2Cl2. In the more polar solvents used in the present work,
the association constants with NMI are a bit lower. Much stronger basicity of
DBU results in stronger interactions and higher association constants.

4.2.9 Time-resolved fluorescence of the complexes

Fluorescence decay times were measured using the TCSPC setup described in the
Experimental methods (Chapter 2). The decay of C4-dHONI exhibits mono-
exponential decay in neat solvents with lifetimes τ = 5.3±0.1 ns and τ = 4.6±0.1
ns in MeCN and PhCN, respectively.

The decays of the complexes were measured at relatively high NMI or DBU
concentrations to maximize the amount of the ground-state complex. The decays
were monitored between 410 and 650 nm in the presence of NMI (c = 200 mM)
and fitted globally with a five-exponential model. The decays in the presence of
DBU (c = 250 µM) were monitored between 560 and 650 nm and fitted glob-
ally with a three-exponential model. The decay associated spectra (DAS) were
constructed as described in the experimental methods. The excitation wavelength
was λexc = 360 nm for the samples in neat solvents and in the presence of NMI.
λexc = 460 nm was used for the DBU samples, corresponding the excitation of the
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anionic species. The DAS in the presence of NMI and DBU in MeCN and PhCN
are presented in Figs. 4.10 and 4.11, respectively. The insets show the individual
χ2-values at each wavelength. Corresponding lifetimes and global χ2-values are
shown in the legends. The fitting results are summarized Table 4.5.
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Figure 4.10: Decay associated spectra of C4-dHONI (c = 40 µM) in MeCN
in the presence of (a) 200 mM NMI and (b) 250 µM DBU. The excitation
wavelength was 360 nm for the NMI sample and 460 nm for the DBU sample.
The insets show the individual χ2-values at each wavelength.

The compound exhibits versatile excited-state dynamics in the presence of
proton acceptors in both solvents. The results, both in the presence of NMI and
DBU, are explained by the excited-state ion pair formation (i.e. three-step depro-
tonation model) presented in Scheme 4.1. In the presence of 200 mM NMI, the
samples contain a mixture of free C4-dHONI (minute amount) and the hydrogen-
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Figure 4.11: Decay associated spectra of C4-dHONI (c = 40 µM) in PhCN
in the presence of (a) 200 mM NMI and (b) 250 µM DBU. The excitation
wavelength was 360 nm for the NMI sample and 460 nm for the DBU sample.
The insets show the individual χ2-values at each wavelength.

bonded 1:1 and 1:2 complexes, the last being dominant in both solvents. In our
multi-exponential model, we do not discriminate between the 1:1 and 1:2 com-
plexes and will simply call them hydrogen-bonded complex (HBC). The excitation
of the HBC results in fast proton rearrangement to form an equilibrium with the
hydrogen-bonded ion pair (HBIP). In the HBIP the proton resides on NMI, which
is directly hydrogen bonded to the hydroxyl oxygen. The decay to the equilibrium
state is seen as a positive amplitude in the neutral region and as a negative am-
plitude in the anion region in both solvents (red component in Figs. 4.10(a) and
4.11(a), τ1 = 10 ps in MeCN and 30 ps in PhCN). Most of the anionic species are
produced in this step.
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Table 4.5: Global lifetimes and χ2-values of C4-dHONI in the absence and
presence of the proton acceptors from the TCSPC measurements

solvent base τ1 τ2 τ3 τ4 τ5 χ2
glob

ps ps ns ns ns

MeCN – – – 5.3± 0.1 – – 1.14
MeCN NMIa 10± 14 160± 20 0.64± 0.1 3.0± 0.5 14.4± 0.4 1.08

MeCN DBUb – 180± 20 – 2.8± 0.5 13.4± 0.4 1.07
PhCN – – – 4.6± 0.1 – 1.17
PhCN NMIa 30± 10 720± 50 1.4± 0.1 4.6± 0.4 15.4± 0.4 1.07

PhCN DBUb – 520± 50 – 4.2± 0.2 12.8± 0.4 1.15
acNMI = 200 mM; bcDBU = 250 µM.

The equilibrium state further decays to solvent separated ion pairs (SSIP).
This is seen as a positive amplitude both in the neutral and anion regions (green
component in Figs. 4.10(a) and 4.11(a), τ2 = 160 ps in MeCN and 720 ps in
PhCN). The positive amplitude in the neutral region is due to a small population
of the HBC in the equilibrium state. In the SSIP the produced ion pair is assumed
to be separated by few solvent molecules but is still held together by Coulomb
interaction. In addition, this component shows a small negative amplitude at the
red edge of the spectral range supporting the sequential kinetic model. The decay
of the equilibrium state is much faster in MeCN most likely due to the higher
polarity and lower viscosity of the solvent resulting in faster separation of the
HBIP.

The SSIP (orange component in Figs. 4.10(a) and 4.11(a), τ4 = 3.0 ns in MeCN
and 4.6 ns in PhCN) can undergo a diffusion-controlled separation to yield the free
ion pairs (FIP) (purple component in Figs. 4.10(a) and 4.11(a), τ5 = 14.4 ns in
MeCN and 15.4 ns in PhCN), which are the main emitting species in the anion
region in both solvents. The diffusion-controlled separation is faster and the yield
of the FIP is higher in MeCN. This is again attributed to the lower viscosity and
higher polarity of MeCN.

The decays in both solvents exhibit a fifth component (blue component in Figs.
4.10(a) and 4.11(a), τ3 = 640 ps in MeCN and 1.4 ns in PhCN), which is attributed
to a dynamically quenched emission of the free C4-dHONI by NMI. The quench-
ing rate constants can be calculated from the quenched and unquenched lifetimes
and the concentration of the quencher (NMI). The quenching rate constants are
kq = 6.9× 109 M−1s−1 and 2.5× 109 M−1s−1 in MeCN and PhCN, respectively.
The values agree reasonably well with those determined from the steady-state
titration experiments presented in Table 4.4. This component also shows a posi-
tive amplitude in the anion region, which is most likely a result of mixing of the
components due to the complicated five-exponential model. The mixing is stronger
in PhCN where the decay times are closer to each other. In addition, the ampli-
tude is much smaller in PhCN which can be attributed to the lower concentration
of the free C4-dHONI due to the higher association constants. In MeCN, this
component is the main emitting species in the neutral region.
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To support the mixing hypothesis, we measured the long-wavelength region
(600–650 nm) alone in a 100 ns time window, which could be fitted with a four-
exponential model with lifetimes almost identical to those obtained from the global
fit of the whole region. Nevertheless, we think that the global fit of the whole
wavelength region produces more reliable lifetimes despite of the partial mixing of
amplitudes.

The assignment of the different fluorescent species is further supported by the
measurements in the presence of DBU. In this case, the initially excited species
is the ground-state HBIP (λexc = 460 nm). The DAS, presented in Figs. 4.10(b)
and 4.11(b), show components attributed to the HBIP, SSIP and FIP (same color
coding as with NMI). The decay times (see Table 4.5) and the spectral features
of these components are similar to those measured in the presence of NMI upon
excitation of the HBC. In this experiment the HBIP (green component in Figs.
4.10(b) and 4.11(b), τ2 = 180 ps in MeCN and 520 ps in PhCN) does not exhibit a
negative amplitude at the red edge of the measured wavelength range. This could
be due to slightly different populations of the species or a larger spectral overlap
between the HBIP and the separated anions. The proton translocation along the
hydrogen bond is larger in the DBU complex which according to the calculations
is expected to red shift the emission spectrum (see Fig. 4.3).

An alternative explanation for the emitting anionic species could be the pres-
ence of 1:1 and 1:2 complexes. This, however, can be excluded based on the relative
concentrations of the complexes at the base concentrations used. The 1:2 complex
is the main species in the presence of NMI whereas the 1:1 complex dominates
in the presence of DBU. In MeCN the relative amplitudes of the components
attributed to the SSIP and FIP are independent of the base used. In PhCN, the
SSIP has slightly higher amplitude in the presence of DBU.

To further test this possibility, we repeated the TCSPC measurement in the
presence of 200 mM NMI with a different excitation wavelength. This should
significantly change the relative populations of the excited 1:1 and 1:2 complexes.
Secondly, we chose the excitation wavelength at the red edge of the absorption
band (λexc = 405 nm) to minimize the excitation of the free C4-dHONI. In
PhCN, the results could be adequately fitted with a four-exponential model with
lifetimes and amplitudes similar to those presented in Fig. 4.11(a) without the
dynamically quenched component (τ3, blue). In MeCN, we had to use a five-
exponential model with lifetimes and amplitudes close to those presented in Fig.
4.10(a) i.e. we could not eliminate the dynamically quenched component. The
similar behavior observed with the two different excitation wavelengths excludes
the possibility of the 1:1 and 1:2 complexes as the origin of the long-wavelength
emitting species and further supports the excited-state ion pair formation.

The observed decay times cannot be directly related to the rate constants
presented in Scheme 4.1. The initial relaxation to the equilibrium state, τ1, is
mainly determined by the forward and backward rates of the deprotonation step
(kpt and kpt′ in Scheme 4.1, respectively). A more polar solvent enhances the
deprotonation increasing the forward rate resulting in faster decay. The decay of
the equilibrium state is mainly dictated by the forward rate constant of the solvent
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separation step (ks). The rate constants of the three-step deprotonation model are
assumed to be much larger than the radiative and non-radiative decay rates of the
neutral and anionic species. Therefore, the determined lifetimes mostly reflect the
intermolecular transitions and are strongly dependent on the solvent properties.
This will be further discussed in Chapter 6 in the case of an intramolecular excited-
state ion pair formation in a binary solvent mixture.

4.2.10 Nanosecond transient absorption

We used nanosecond transient absorption (flash-photolysis) measurements to study
triplet state formation and bimolecular recombination of the ground-state anion af-
ter ESPT. The main purpose of these studies is to serve as reference measurements
for the work presented in the next chapter. The nanosecond transient spectra of
C4-dHONI in MeCN and PhCN are presented in Fig. 4.12.
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Figure 4.12: Transient absorption spectra of C4-dHONI (c = 110 µM) in (a)
MeCN and (b) PhCN. The excitation wavelength was 385 nm.

The transient spectra exhibit T1 → Tn absorption in both solvents. The
spectra are almost identical to the T1 → Tn absorption spectrum reported for
3,6-di-tert-butyl-1,8-naphthalimide in MeCN.30 The decay of the triplet state is
non-exponential due to triplet-triplet annihilation at the relatively high concen-
trations and intense laser excitation (E ≈ 1.5 mJ/pulse) used in the experiment.
In addition, the spectra exhibit an additional long-lived spectral component which
in previous work was attributed to NI radical anions formed via an exciplex.30

Both ground-state aggregation31 and excimer formation32,33 have been reported
for 1,8-naphthalimides. The hydrogen-bonding capability of the hydroxyl groups
can further enhance the aggregation and the excimer formation for C4-dHONI.

The bimolecular recombination of the ground-state anions formed after ESPT
was studied in the presence of 200 mM NMI. The transient spectra in MeCN and
PhCN are presented in Fig. 4.13. The spectra exhibit strong induced absorption
at ∼400–500 nm in the initial time frames and a strong negative signal at λ > 550
nm. These are attributed to S1 → Sn induced absorption and emission of the
anionic species, respectively. After ∼ 20 ns the spectra show a formation of an
intense absorption band with λmax ≈ 510 nm in both solvents. This band is
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Figure 4.13: Transient absorption spectra of C4-dHONI (c = 110 µM) in the
presence of 200 mM NMI (a) MeCN and (b) PhCN. The excitation wavelength
was 385 nm.

attributed to the absorption of the ground-state free anions formed after ESPT.
The yield of the anion formation is dependent on the solvent and is higher in more
polar MeCN. The absorption maxima are red shifted by ∼ 30 nm compared to
those measured in the presence of DBU. This is due to the different structure of
the anionic forms. In the presence of DBU the proton is still “shared” with the
negatively charged oxygen and the base via a direct hydrogen bond whereas after
ESPT to NMI the ion pairs are fully dissociated into the solution. In addition, the
spectra show the long-lived component as the last decaying species with similar
spectral characteristics as in neat solvents. In MeCN this long-lived component is
clearly formed on a long timescale (notice the rise at ∼ 420 nm). At this point all
the molecules should have relaxed to the ground state. Thus the formation of the
radical anion is unlikely. The decay component could be due to a dimeric form
with a radical character between a neutral and anionic form but the origin is not
fully understood.

We performed the same nanosecond transient absorption measurements in non-
polar THF. In neat THF the spectra show a formation of the triplet state without
the long-lived component tentatively attributed to the radical anion or some kind
of dimeric species. In the presence of NMI the main spectral component is still
the triplet state mixed with small concentration of the long-lived component. No
ground-state deprotonated anions are formed in non-polar THF. The ESPT re-
sults in formation of the excited-state anionic species which quickly recombine to
produce the ground-state neutral species.

4.2.11 Intermolecular ESPT in organic solvents

We believe that the described deprotonation model is not unique to the studied
system and could be generalized to most if not all excited-state proton-transfer
reactions. The time constants of the different steps are strongly coupled with the
solvent properties such as proton conductivity, polarity and viscosity. Most proton-
transfer studies are done in water which has very high polarity and uniquely high
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proton conductivity due to the Grotthuss hopping mechanism.34,35 This compli-
cates the detection of the intermediate species due to the extremely fast timescales
of the initial processes. Secondly, some of the intermediate states are not necessar-
ily populated above a spectroscopic detection limit. For example, the hydrogen-
bonded ion pair can undergo a concerted proton rearrangement after which the
proton is already separated by several water molecules or initial deprotonation
takes place via a proton hopping mechanism to directly produce the solvent sepa-
rated ion pair.

However, there are ways to overcome these problems. First of all, the choice
of the photoacid is important. The strongest photoacids exhibit initial deproto-
nation processes in the sub-picosecond timescale13 in water complicating the ob-
servation of these processes even with state-of-the-art instrumentation. Too weak
photoacids, on the other hand, will deprotonate slowly in the same timescales
as the intermediate processes. In this case the concentration of the intermediate
species is limited. Probably a more effective way to enhance the detection of the
intermediate species is to control the solvent properties. This can be achieved by
tuning the polarity and proton conductivity. Aprotic organic solvents do not facili-
tate deprotonation but it can be “turned” on by introducing proton acceptors such
as bases. In this case the solvent does not conduct protons and the dissociation is
dictated by a much slower diffusion process. In addition, the solvent properties can
be further tuned by using binary mixtures of organic solvents and water.36 This
will strongly increase the solvating and hydrogen bonding-properties. Last, the use
of sophisticated organic systems imposing structural limitations to an intramolec-
ular proton-transfer process might come helpful in the studies of the intermediate
processes. The last two aspects will be discussed in detail in Chapter 6.

4.3 Conclusions

We have studied the intermolecular proton-transfer reactions of a dihydroxy naph-
thalimide-based photoacid to bases in organic solvents. Thorough quantum chem-
ical calculations and spectroscopic investigations enabled detailed characterization
of the ground- and excited-state acid-base equilibria.

Both the ground- and excited-state acid-base properties are largely dependent
on the solvent polarity. Our results, both computational and experimental, show
that weak bases will only hydrogen bond to the hydroxyl groups whereas strong
bases are able to deprotonate one of them but remain hydrogen bonded to the
–O−. The magnitude of the proton shift along the hydrogen bond coordinate in-
creases upon increasing solvent polarity, as manifested by the red shift of the anion
absorption band. Full dissociation takes place in the excited state in polar solvents
demonstrated by the increased red shift of the ground-state anion absorption band
observed in the nanosecond flash-photolysis measurements. The decreased elec-
tron density on the deprotonated hydroxyl group in the excited state lowers the
Coulombic barrier for the dissociation and enables the escape of the protonated
base. In non-polar solvents no ground-state anions are formed and deprotonated
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complexes quickly recombine after relaxation to the ground state.

Both weak and strong bases exhibit stepwise formation of 1:1 and 1:2 complexes
with different spectral characteristics. Global fitting with a 1:2 association model
enables a reconstruction of the absorption spectra of all the species. Association
constants for 1:1 and 1:2 complexes with weak base (NMI) exhibit non-cooperative
binding (K1 ≈ 4K2) whereas deprotonation of one hydroxyl group by a strong base
(DBU) results in negative cooperative binding and lowers the association constant
for the second binding event (K1 > 4K2). At high concentrations of the strong
base the experimental data is not perfectly described by the 1:2 association model
suggesting even higher stoichiometries. At low concentrations of both weak and
strong bases, application of the 1:1 model provides a satisfactory description of
the experimental data with an association constant roughly average of the two
obtained from the 1:2 model.

Excitation of the ground-state complexes results in fluorescence from the an-
ionic species. This indicates a facile proton transfer in the excited state to both
weak and strong bases. In less polar PhCN, the emission spectrum of the anionic
species exhibit a distinct high-energy shoulder which is attributed to the inter-
mediate species in the deprotonation process. Time-resolved fluorescence studies
confirm the three-step deprotonation model already proposed for other photoacids
both in water and in organic solvents.5,6,12,15 In the first step, fast short-range
proton rearrangement takes place producing the hydrogen-bonded ion pair, where
the proton resides on the basic nitrogen. The ion pair is further solvated by few
solvent molecules in the second step resulting in the solvent separated ion pair.
The last diffusion-controlled step involves overcoming of the Coulombic barrier
and full dissociation into free ion pair. The dynamics of the deprotonation process
are the same regardless of the structure of the ground-state complex i.e. whether
the proton resides on the photoacid or the base before the excitation. We believe
that the described three-step deprotonation model is not unique to the studied
system and could be generalized for proton-transfer reactions of other photoacids
as well.

4.4 Experimental section

4.4.1 Computational methods

All calculations were performed with the ADF2013.01 software37,38 using the
B3LYP39–41 functional and the TZ2P42 basis set. We chose the B3LYP functional
because it has been shown to produce reasonable results for 1,8-naphthalimide
dyes.43,44. Secondly, B3LYP has been shown to give reliable values for proton
affinities21, complexation energies and geometries of bimolecular complexes.45,46

The conductor-like screening model (COSMO)47 was used to include solvent ef-
fects. The dielectric constant ε = 37.5 was used for MeCN.

The changes in electronic energy (including nuclear repulsion but no zero-point
correction) or enthalpy were calculated using Eqs. (4.1), (4.2) and (4.3). The
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proton affinities equal to the negative of the enthalpy change (positive quantity).

∆Eelec = E(products)− E(reactants) (4.1)

∆H298 = H298(products)−H298(reactants) (4.2)

H = U(electronic + nuclear) +RT (4.3)

In Eqs. (4.1), (4.2) and (4.3) E is the total electronic energy without zero-point
correction, H enthalpy, U total internal energy, R molar gas constant and T tem-
perature in K.

4.4.2 Analysis of the spectroscopic data

Most of the analyses were carried out as described in Chapter 2. IgorPro 6.3 was
used for most of the fittings. The fittings with 1:2 association model were done
with an in-house written code implemented in MatLab 2012b. Global lifetime
fittings were done using specialized freeware software, DecFit 2009.48

Calculation of the radiative rate constant

The radiative rate constants were calculated with the Strickler-Berg relation:28,29

kr = 2.880× 10−9n2(ν̃3em)

∫
S1

ε(ν)

ν
dν, (4.4)

where ε(ν) is the molar absorption coefficient, n the solvent refractive index, and
ν̃3em a characteristic frequency of the emission spectrum F (ν) defined by:

ν̃3em =

∫
F (ν)dν∫

F (ν)ν−3dν
. (4.5)

The absorption spectra were integrated over the first absorption band (∼ 310−
430 nm) and scaled by a factor of 0.55. This is because the main absorption band
consists of two transitions as demonstrated by the DFT calculations. The factor
0.55 was estimated from the calculated oscillator strengths and broadening of the
experimental spectra. The emission was integrated over the whole spectral range
between 380–600 nm.

4.4.3 Other methods and materials

All organic solvents were of spectroscopic grade (≥ 99.5–99.9 %) and stored over
4 Å molecular sieves. MeCN was distilled from CaH2 prior to usage. The bases
N-methylimidazole (≥ 99 %) and 1,8-diazabicyclo[5.4.0]undec-7-ene (98 %) were
from Sigma-Aldrich and used as received. All other methods and materials were
the same as described in the previous chapters. Synthesis and characterization of
C4-dHONI is described in the electronic supplementary information.
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CHAPTER 5

Shuttling in Photoswitchable Hydrogen-Bonded
Rotaxanes∗

Abstract

This chapter describes a mechanistic study of two novel hydrogen-
bonded rotaxanes. The effect of the molecular composition of the
thread and the end station on the shuttling kinetics and mechanism is
discussed. The novel rotaxanes consist of a polyether thread, a tetra-
amide macrocycle, a succinamide initial station and a 3,6-dihydroxy-
or 3,6-di-tert-butyl-1,8-naphthalimide end station. The shuttling is
induced photochemically by either intermolecular proton transfer or
electron transfer in the presence of a weak base. The shuttling is mon-
itored by means of UV-vis and IR transient absorption spectroscopy.
The polyether thread is found to accelerate the shuttling by ∼60 %
compared to a alkane thread. This is attributed to a decreased acti-
vation energy due to an early transition state where the macrocycle
partially hydrogen bonds to the ether oxygen. The dihydroxy rotax-
ane exhibits the fastest shuttling speed over a nanometer distance
(τshuttling ≈ 30 ns) reported to date. The shuttling in this case is
proposed to take place in a folded conformation due to the hydrogen
bonding ability of the naphthalimide hydroxyl groups.

∗T. Kumpulainen, M. R. Panman, B. H. Bakker, M. Hilbers, S. Woutersen, and A. M.
Brouwer. Manuscript in preparation.
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5.1 Introduction

The previous chapter was focused on the investigation of the excited-state pro-
ton transfer (ESPT) of 1,8-naphthalimide-derived photoacids in organic solvents.
The present chapter describes a utilization of ESPT in a rotaxane supramolecular
assembly to induce nanometer-scale mechanical motion.

The control of motion on a molecular scale is one of the great challenges in
present-day nanoscience and nanotechnology.1–3 This has led to a rapid devel-
opment of mechanically interlocked molecules designed to perform specific move-
ments in response to external stimuli.4–7 [2]Rotaxanes constitute one of the best-
studied classes of such molecules due to their potential applications in molecular
switches8–11 and machines.12–14 These rotaxanes are composed of a molecular
axle ( also called the thread), interpenetrating a molecular wheel (also called the
macrocycle). The escape of the macrocycle from the thread is prevented by bulky
stoppers. The name, [2]rotaxane, stems from the two mechanically interlocked
moieties. Many of the rotaxanes contain two (or more) recognition sites (stations),
and the macrocycle can shuttle along the thread between these stations.15–18

Contrary to their macroscopic counterparts, molecular machines are in per-
petual random motion due to the Brownian motion.19,20 Therefore the supplied
energy, often in the form of chemical,21–24 electrochemical,25–27 or photochemical
input,28–30 is used to drive the system temporarily out of its equilibrium and bias
the movement of the macrocycle into one direction.31 Light-activation offers a clean
energy supply without formation of side products and the possibility to convert
solar energy directly into mechanical work. In addition, light-induced molecular
motion combined with optical monitoring by means of time-resolved laser spec-
troscopy offers a superior time resolution for detailed kinetic studies. Examples
of photochemical reactions used for the operation of rotaxanes include photoin-
duced isomerization32–34 and electron-transfer5,35 reactions but to the best of our
knowledge, excited-state proton-transfer reactions have not yet been utilized for
this purpose.

Despite the large number of molecular machines reported in the literature,4

rather few studies have been aimed at elucidating the working principles and the
factors influencing the nanoscale movements.36–40 In particular, detailed kinetic
studies of the fast shuttling processes are scarce.41–43 Our group has studied the
effect of the solvent,35,42,44 axle length,16,41 and hydrogen-bonding stations17,43 in
a series of hydrogen-bonded [2]rotaxanes which led to proposition of two different
shuttling mechanisms. In the earlier work41 the overall shuttling was modeled
as a two-step process: escape from the initial station followed by biased random
walk motion along the axle, which could explain the decrease in shuttling rate
upon increasing axle length. In a recent study of Hirose et al.40 the authors did
not find any effect of the axle length, in this case a rigid axle, on the shuttling
rate contrary to the biased random walk model. A later study from our group43

proposed a “harpooning” mechanism in which the macrocycle is hydrogen bonded
simultaneously to both stations in the transition state. A recent study by Jep-
pensen and Flood et al.39 also proposed that longer linkers facilitate folding of the
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Chart 5.1: Structures of the studied compoundsa
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aThe abbreviations used throughout this chapter are: dOH-NI = 3,6-dihydroxy-1,8-
naphthalimide, tBu-NI = 3,6-di-tert-butyl-1,8-naphthalimide, PE = polyether (C6O2), THR
= thread, and RTX = rotaxane.

rotaxanes enabling simultaneous interactions between the macrocycle and both
of the stations. Secondly, the authors proposed that the polyether axle plays an
active role in the shuttling kinetics via interactions with the macrocycle.

The literature suggests that the overall mechanism and kinetics of the molecu-
lar motion is determined by an interplay between the interactions of the macrocycle
with both the hydrogen-bonding stations and the axle. Thus molecular compo-
sitions of all the individual components have an influence on the behavior and
should be systematically studied in order to increase the understanding of shut-
tling mechanisms. This would help in the design and construction of faster and
more efficient molecular shuttles for practical applications.

To elucidate the effect of the molecular composition of the thread and the end
station, we have synthesized two novel rotaxanes containing polyether thread and
two different 1,8-naphthalimide-based end stations. Most of the rotaxanes previ-
ously studied in our group were composed of 3,6-di-tert-butyl-1,8-naphthalimide
(tBu-NI) end station, succinamide initial station (succ), alkane thread, and
tetra-amide macrocycle (mc). We have now replaced the alkane thread with a
polyether chain (PE, C6O2) to investigate if the hydrogen-bonding capability of
the thread would play an active role in the shuttling kinetics. In addition, we have
combined the 3,6-di-tert-butyl-1,8-naphthalimide and the novel 3,6-dihydroxy-1,8-
naphthalimide (dOH-NI) end stations with the PE thread (Chart 5.1) to specif-
ically study the effect of the different end station.

The proposed shuttling mechanism is similar for both rotaxanes and is depicted
in Scheme 5.1. The working principle is based on a hydrogen-bonding equilibrium
between the macrocycle and the two stations on the thread. The hydrogen bonds
are mainly formed between the amide –NH groups of the macrocycle and the
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carbonyl groups of the stations. The hydrogen-bonding affinities are illustrated
by potential wells in the middle part of Scheme 5.1 with colors corresponding to
those of the stations.

Scheme 5.1: Proposed photoinduced working cycle of the [2]rotaxane-based
molecular machinesa
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aHydrogen-bonding affinities of the mc (red) to the succ (dark blue) and the NI (green =
neutral and light blue = anionic) stations are illustrated by the potential wells in the middle of
the scheme. Excitation of the NI station in the presence of a weak base (proton acceptor/electron
donor) results in either intermolecular excited-state proton or electron transfer to produce the
ground-state (radical) anion. Shuttling takes place due to the increased hydrogen-bonding affinity
to the anionic end station. Spontaneous bimolecular charge recombination eventually produces
the neutral NI station on a microsecond timescale after which the back shuttling takes place
completing the photocycle.

In the neutral state, the hydrogen-bonding affinity of the mc is higher to the
succ station and the mc resides predominantly (> 99 %) on the initial succ
station.35,41 The hydrogen-bonding affinity (i.e. the depth of the potential well)
of the mc to the dOH-NI or the tBu-NI end station can be changed by increasing
the electron density of the chromophore (1. Charging).35,41 This is achieved in two



5.1 Introduction 85

different ways. In the case of dOH-PE-RTX, a weak base is added to the solution
which forms a ground-state complex with the hydroxyl groups as described in the
previous chapter. Excitation of the ground-state complex results in a rapid proton-
transfer process and eventually to formation of the ground-state deprotonated
anion of the dOH-NI end station. In the case of tBu-PE-RTX, excitation of
the NI unit results in intersystem crossing and formation (τ = 1.6 ns) of the triplet
state. In the presence of an electron donor the system undergoes intermolecular
electron transfer to produce the tBu-NI radical anion. In both cases the electron
densities on the NI carbonyl groups are increased. This increases the hydrogen-
bonding strength of the macrocycle and shuttling takes place to reach the new
equilibrium (2. Shuttling).

The produced ions spontaneously recombine on a ∼100 µs timescale, with
a bimolecular recombination rate (3. Charge recombination). This yields the
neutral NI station and regenerates the proton acceptor or the electron donor.
The hydrogen-bonding affinities are restored and the macrocycle shuttles back to
bind the succ station completing the photocycle (4. Back shuttling). This resets
the system to the original state, and it is ready for a new cycle without the need
to replenish or add any reagents.

The advantage of using the proton-transfer reaction to produce the anion is
the much faster timescale of the reaction. Initial deprotonation in the preformed
ground-state complex takes place on a sub-nanosecond timescale whereas the bi-
molecular electron transfer is dependent on the concentration of the electron donor
and can take up to several tens of nanoseconds.41 This can interfere with the de-
termination of the shuttling dynamics if they occur on similar timescales.

The photophysical properties of tBu-NI-based rotaxanes are well described in
the literature35,45,46 and will not be discussed here. The present chapter will first
describe a steady-state characterization of dOH-PE-RTX and dOH-PE-THR
upon addition of bases N -methyl imidazole (NMI) and 1,8-diazabicyclo[5.4.0]un-
dec-7-ene (DBU) in polar organic solvents MeCN and PhCN. The results are ana-
lyzed similarly to those presented in the previous chapter, except that in this case
we limit the data analysis to the 1:1 association model to simplify the analysis (the
1:2 association model is used for the rotaxane upon addition of DBU, see discus-
sion in next section). The association constants are compared to those obtained
with the model photoacid with the same association model and the effect of the
macrocycle on the spectral and acid-base properties of dOH-NI are discussed.
Second, we will show the fluorescence lifetime measurements of dOH-PE-RTX
and the corresponding thread to study possible interactions between the NI unit
and the rest of the molecule.

The rest of the chapter is focused on the shuttling experiments. First, we will
present shuttling experiments on dOH-PE-RTX. The shuttling is induced in two
different ways: chemically, by deprotonating with a strong base (DBU) and photo-
chemically, by utilizing ESPT to weak bases, NMI and 1,4-diazabicyclo[2.2.2]octane
(DABCO). The methods used are visible (UV-vis) and infrared (IR) nanosecond
transient absorption. Second, we will show the shuttling experiments on tBu-PE-
RTX using DABCO as the electron donor. Finally, we will compare our results
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with those obtained from the rotaxane based on the alkane thread and discuss the
effect of the thread and the end station to the shuttling kinetics and mechanism.

5.2 Results and discussion

5.2.1 Steady-state UV-vis titration experiments

We performed similar steady-state absorption titration experiments for the dihy-
droxy THR and the RTX as for the model photoacid C4-dHONI. The absorp-
tion spectra of dOH-PE-THR and dOH-PE-RTX upon addition of NMI in
MeCN and PhCN are presented in Fig. 5.1. The spectra were analyzed with the
global 1:1 association model at selected wavelengths similarly to C4-dHONI. The
spectra of the fully complexed species as predicted from the fit are indicated by
the solid markers in Fig. 5.1 at each fitted wavelength. The binding constants are
summarized in Table 5.1.
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Figure 5.1: Steady-state UV-vis absorption spectra of (left) dOH-PE-THR
and (right) dOH-PE-RTX (c ≈ 15 µM) upon addition of NMI in (a)-(b) MeCN
and (c)-(d) PhCN. The spectra of the fully complexed species as predicted from
the fit (1:1 association model) are indicated by the solid markers.

The absorption spectra of both the thread and the rotaxane exhibit similar be-
havior. The main absorption band decreases in intensity, red shifts and broadens.
This is indicative of the formation of the 1:1 complex as discussed in the previ-
ous chapter for C4-dHONI. In this case the concentration of NMI and thus the
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Figure 5.2: Steady-state UV-vis absorption spectra of (left) dOH-PE-THR
and (right) dOH-PE-RTX (c ≈ 15 µM) upon addition of NMI in (a)-(b) MeCN
and (c)-(d) PhCN. The spectra of the fully complexed species as predicted from
the fit are indicated by the solid (1:1 association model) and empty (1:2 association
model) markers. Notice the different concentration ranges used for the thread and
the rotaxane.

concentration of the 1:2 complex are low and the 1:1 association model provides a
good description of the data.

Similar titration experiments were carried out with DBU. The absorption spec-
tra upon addition of DBU are presented in Fig. 5.2. Again we started the fitting
with the 1:1 association model and the spectra of the fully complexed species as
predicted from the fit are indicated by the solid markers in Fig. 5.2. The spectra
of the fully complexed species as predicted from the fit with the 1:2 association
model for the rotaxane are indicated by the empty markers (see discussion below).

The spectra exhibit similar behavior upon addition of DBU as in the case of
model photoacid C4-dHONI. The absorption band of the neutral form decreases
and the long-wavelength absorption band attributed to the deprotonated complex
appears. As discussed in the previous chapter, the absorption spectrum of the
deprotonated complex is not identical to the absorption of the dissociated anion
because the protonated DBU is still hydrogen bonded to the hydroxyl oxygen.
The rotaxane responds to the addition of DBU much more promptly in both
solvents (notice the different concentration ranges in Fig. 5.2 for the thread and the
rotaxane). In addition, the long-wavelength absorption band of the deprotonated
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Figure 5.3: Absorption titration curves of (a) dOH-PE-THR and (b) dOH-
PE-RTX upon addition of DBU in MeCN at two selected wavelengths. The solid
lines represent the fits from the global fittings of 10 monitoring wavelengths indi-
cated in Fig. 5.2. The colored lines represent the fittings with the 1:1 association
model and the black lines the fittings with the 1:2 association model (see text).
The vertical dashed lines correspond to one added equivalent of DBU. Notice the
different concentration ranges used for the thread and the rotaxane.

complex is significantly blue shifted for the rotaxane (∆λ = 23 nm in MeCN and
∆λ = 10 nm in PhCN). The differences between the thread and the rotaxane are
attributed to the presence of the macrocycle as discussed below.

The absorption band of the neutral form does not exhibit significant red shift
at the low concentrations of DBU (< 1.3 mM) used in these experiments. This
suggests the presence of mainly 1:1 complex. The 1:1 association model describes
the spectra of the THR, Fig. 5.2(a) and (c), very well as also demonstrated by the
physically meaningful fitted values of the fully complexed species (solid markers
in Fig. 5.2). The model fails to describe the spectral response of the rotaxane in
both solvents. The global fittings of the THR and the RTX data with the 1:1
model at the two selected wavelengths in MeCN are demonstrated in Fig. 5.3 by
solid colored lines. In addition, we show the global fittings of the rotaxane data
with the 1:2 association model indicated by the solid black lines. Although only
two representative wavelengths are shown, the fitted lines represent the global fit
to all 10 wavelengths. The binding constants are summarized in Table 5.1.

Figure 5.4: Optimized geometry
of the proposed hydrogen-bonded
complex between the succinamide
station and DBU. Hydrogen-bonds
are indicated by the dashed lines.
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The absorption titration curves of the RTX exhibit a sigmoidal behavior in
both solvents. Below one equivalent of DBU (indicated by the vertical dashed lines
in Fig. 5.3) the absorption spectra show only modest changes which are rapidly
accelerated at higher concentrations. This is also observed in the first titration
point of the THR but is hardly seen in the overall response due to the much
higher concentration range (up to ∼1 mM). The most probable explanation for the
delayed onset upon addition of DBU is a competing association mechanism. Since
the first equivalent does not induce significant changes in the absorption spectra,
the hydroxyl groups of the NI station can be excluded. In addition, this behavior
was not observed with the model photoacid. Therefore, we believe that the first
equivalent of DBU is hydrogen bonded to the –NH groups of the succinamide
station. A possible structure for this complex is presented in Fig. 5.4 which
shows DFT optimized geometry of the complex between a model succ station and
DBU with B3LYP/DZP level of theory with COSMO (MeCN). Another possibility
would be an acidic impurity present in both the THR and the RTX samples.

Due to this behavior we could not obtain reliable association constants for the
RTX with the 1:1 model. To overcome this, we used the 1:2 association model
where we fixed the absorption spectra of the 1:1 complex to be equal to that of the
host i.e. AH = AHG. In the model, K1 corresponds the initial binding to the succ
station without changes in the absorption spectra and K2 binding to the hydroxyl
group. Both association constants are summarized in Table 5.1.

Table 5.1: Association constants from the fittings of the steady-state absorption
data of the dihydroxy compounds

compound solvent additive K1 / M−1 K2 / M−1

dOH-PE-THR MeCN NMI 17± 2 –
dOH-PE-RTX MeCN NMI 19± 2 –
dOH-PE-THR PhCN NMI 42± 4 –
dOH-PE-RTX PhCN NMI 41± 2 –
dOH-PE-THR MeCN DBU 3.9± 0.4× 104 –
dOH-PE-RTX MeCN DBU 9.3± 1.6× 105 7.0± 0.5× 105

dOH-PE-THR PhCN DBU 1.7± 0.2× 104 –
dOH-PE-RTX PhCN DBU 1.6± 0.5× 106 1.1± 0.2× 106

The spectral behavior and the 1:1 association constants upon addition of NMI
are almost identical for both the THR and the RTX as well as for the model
photoacid C4-dHONI (K = 16 M−1 in MeCN and K = 44 M−1 in PhCN).
Addition of DBU, on the other hand, reveals drastic differences between the THR
and the RTX and the response is slightly different from that of model photoacid
for both compounds. The 1:1 association constants determined for the THR are
similar to those of the model acid (K = 8.3×104 M−1 in MeCN and K = 1.9×104

M−1 in PhCN) but are more than an order of magnitude larger for the RTX (K2

of the rotaxane vs. K1 of the thread, see the discussion above) demonstrating
increased acidity of the RTX. In addition, the absorption of the deprotonated



90 Shuttling in Photoswitchable Hydrogen-Bonded Rotaxanes

complex is significantly blue shifted and narrowed for the RTX compared to the
absorption of the THR. Both the spectral and acid-base differences are explained
by the presence of the macrocycle. The mc is expected to hydrogen bond to the
dOH-NI station upon formation of the ground-state anion as depicted in Scheme
5.1. This indicates that addition of DBU chemically induces the shuttling in the
RTX. The hydrogen bonding of the mc to the dOH-NI station stabilizes the
anionic form of the deprotonated NI chromophore and shields the NI unit from
the solvent decreasing the local polarity of the environment. This results in blue
shift and narrowing the anion absorption band and increases the acidity of the
dOH-NI unit resulting in a much larger association constant for the association
with DBU. In the case of NMI, which is much weaker base, no ground-state anions
are formed and the mc resides on the succ station.

5.2.2 Time-resolved fluorescence in neat solvents

We measured the fluorescence decays of both dihydroxy compounds in neat MeCN
and PhCN using time-correlated single photon counting (TSCPC). In the absence
of any interactions between the dOH-NI station and the rest of the molecule, the
lifetimes should be identical to those of the model photoacid. The decays of the
model photoacid could be adequately fitted with mono-exponential functions with
lifetimes τ = 5.3 ns and τ = 4.6 ns in MeCN and PhCN, respectively. We used
the same excitation wavelength of λexc = 360 nm as with the model photoacid
and monitored the emission around the emission maximum at λmon ≈ 420 nm.
The decays of both compounds together with the instrument response functions
(IRF) and exponential fittings are presented in Fig. 5.5. The fitting results are
summarized in Table 5.2

dOH-PE-THR exhibits mono-exponential decay in both solvents with life-
times of τ = 4.7 ns and τ = 4.5 ns in MeCN and PhCN, respectively. In MeCN,
the lifetime is significantly shorter than that of C4-dHONI but in PhCN it is
within the estimated error. dOH-PE-RTX exhibits two main decay components
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Figure 5.5: Fluorescence decays of dOH-PE-THR and dOH-PE-RTX in (a)
MeCN and (b) PhCN together with the IRF. The excitation wavelength was 360
nm and the monitoring wavelength 420 nm.
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Table 5.2: Lifetimes, amplitudes, and χ2-values of dOH-PE-THR and dOH-
PE-RTX from the fittings of the TCSPC data

compound solvent τ1 / ns (α1) τ2 / ns (α2) χ2

dOH-PE-THR MeCN – 4.7± 0.2 (100 %) 1.09
dOH-PE-RTX MeCN 1.3± 0.1 (33 %) 3.7± 0.2 (67 %) 1.07
dOH-PE-THR PhCN – 4.5± 0.2 (100 %) 1.04
dOH-PE-RTX PhCN 1.4± 0.2 (25 %) 3.4± 0.2 (75 %) 1.07

with both lifetimes shorter than those of the model photoacid and the THR.
This suggests that the RTX exists in two main conformations that both have
interactions between the dOH-NI unit and the thread and/or the macrocycle.
These structures can be considered as folded as the hydrogen bonding groups are
at the different ends of the molecule. The slightly shorter lifetime of the THR
suggests that the succ station can also fold and hydrogen bond the dOH-NI sta-
tion although the effect is much weaker than that observed for the RTX. Folded
conformations have been reported in the literature for similar hydrogen-bonded
rotaxanes and threads.43,47

5.2.3 Time-resolved UV-vis measurements on dOH-PE-THR
and dOH-PE-RTX

The shuttling rates were measured with the time-resolved nanosecond transient
absorption (flash-photolysis) setup. The dihydroxy thread and the rotaxane were
complexed with weak bases NMI (c = 200 mM) or DABCO (c = 60 mM). DABCO
was used because it has negligible IR absorption in the spectral window of interest
used in the time-resolved IR measurements. As discussed in the previous chap-
ter, excitation of the ground-state complex results in rapid excited-state proton
transfer to the base and eventually in formation of the ground-state free anion.
The shuttling is expected to occur due to the increased electron density on the
dOH-NI station and thus increased hydrogen-bonding affinity of the mc. Based
on the steady-state UV-vis measurements in the presence of DBU the shuttling is
expected to induce a significant blue shift and narrowing of the ground-state anion
absorption band.

The excitation wavelength was 385 nm, close to the absorption maxima of the
ground-state complex between NMI and the dihydroxy compounds. The transient
absorption was monitored between ∼400 and 800 nm. The delay steps and the
gating times of the iCCD were adjusted based on the timescale of the experiment.
Due to the large number of experiments we will only show a few representative
examples and summarize all the results. The transient absorption spectra of dOH-
PE-THR and dOH-PE-RTX (c ≈ 100 µM) in PhCN in the presence of NMI
(c = 200 mM) are presented in Fig. 5.6. Both samples were measured with
identical experimental settings (step size, gate time, concentration etc.).

Both compounds exhibit formation of the ground-state anion as the main tran-
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Figure 5.6: UV-vis transient absorption spectra of (a) dOH-PE-THR and (b)
dOH-PE-RTX (c ≈ 100 µM) in the presence of NMI (c = 200 mM) in PhCN.
The excitation wavelength was 385 nm.
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Figure 5.7: (a) Short timescale UV-vis transient absorption spectra of dOH-
PE-RTX (c ≈ 100 µM) in the presence of NMI (c = 200 mM) in PhCN. The
excitation wavelength was 385 nm. (b) Decays monitored at 465 nm (circles) and
524 nm (triangles) together with the three-exponential fittings.

sient species. The RTX exhibits a blue shift of the anion absorption band on ∼200
ns timescale (purple to violet in Fig. 5.6). The absorption maxima of the anions
after ∼200 ns are ∼497 nm and ∼465 nm for the THR and the RTX, respectively.
After this, the spectra of the RTX decays to zero but the THR exhibits an addi-
tional blue shifted spectral component also observed for the model photoacid (Fig.
4.13). However, this additional component appears on a long timescale and cannot
be attributed to shuttling or folding dynamics. This component was tentatively
attributed to radical anions or dimeric structures with a radical character but the
origin remains ambiguous.

Next we focused on the short timescale blue shift of the anion absorption band
of the rotaxane. This was studied on a much shorter timescale (0→500 ns) than
the total decay of the signal. The blue shift was analyzed at four monitoring wave-
lengths and fitted with either a three- or a four-exponential model convolved with
a simulated IRF with a Gaussian time profile. This was required due to the fast
excited-state processes (emission and S1 → Sn absorption) to adequately fit the
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overall behavior of the overlapping components. The bimolecular recombination
of the anion was approximated with an exponential function with a long lifetime.
The monitoring wavelengths were 460 nm, 465 nm, 524 nm, and 534 nm, each
representing an average of 5 pixels (∼5 nm). The shuttling times were determined
as an average from the four fitted wavelengths. We did not use global fitting in
this case due to the complicated excited-state behavior as discussed in the previous
chapter. The temporal behavior depends strongly on the wavelength because of
the excited-state ion pair formation and overlapping contributions from emission
and excited-state absorption of the different species. The short timescale transient
absorption spectra of dOH-PE-RTX in the presence of NMI in PhCN are pre-
sented in Fig. 5.7(a). Fig. 5.7(b) shows the decays at two selected wavelengths
together with the three-exponential fittings.

The blue shift of the transient absorption band of the ground-state anion is
observed much more clearly in the short timescale experiment as indicated by the
black arrows in Fig. 5.7(a). The strong induced absorption at ∼ 440 nm and
the negative signals throughout the wavelength region are due to the excited-state
species. The decay time of the excited-state anion can be obtained from a mono-
exponential fitting of the anion emission band (negative signal between 600 and
800 nm) and is τanion = 15± 1 ns in agreement with the lifetime obtained for the
model photoacid (Chapter 4). The shuttling is seen in Fig. 5.7(b) as the main
decaying component at λmon = 524 nm due to the blue shift and as the small
rising component at λmon = 465 nm due to the increased absorption because of
the narrowing. Exponential fittings yield an average shuttling of τshuttling = 53±5
ns in PhCN.

The spectral behavior in MeCN is very similar to that in PhCN i.e. time-
dependent blue shift and narrowing of the ground-state anion absorption band.
Fittings with multi-exponential functions at the selected wavelengths yield an
average shuttling time of τshuttling = 25 ± 4 ns in MeCN. The obtained shuttling
times are independent of the base used (NMI or DABCO) in both solvents.

Last, we estimated the bimolecular recombination rates of the dihydroxy com-
pounds. This was achieved by fitting the long timescale decay with the bimolecular
recombination rate, Eq. (2.49) and converting the k′bimol to concentration units by
dividing by the molar absorption coefficient at the corresponding monitoring wave-
length. The molar absorption coefficients were estimated from the last spectra of
the DBU titration experiments. As discussed before, the spectra in the presence
of of DBU do not fully correspond to those of the free anions. Secondly, the THR
samples exhibited an additional long-lived spectral component as discussed before.
In a few cases, an additional exponential function was required to fit the data. To
increase the accuracy, the bimolecular reaction rates were determined from mul-
tiple independent measurements and in a few cases at few different wavelengths
e.g. at the maximum and at 591 nm where the long-lived component does not
absorb. Due to these complications the bimolecular reaction rates should not be
considered as absolute values but as estimates. The decay traces of dOH-PE-
THR and dOH-PE-RTX (c ≈ 100 µM) in the presence of NMI (c = 200 mM)
in PhCN are presented in Fig. 5.8. The decays were monitored at the absorption



94 Shuttling in Photoswitchable Hydrogen-Bonded Rotaxanes

0.12

0.08

0.04

0.00

Æ
A

0.1 1 10 100

Time (µs)

4
0

-4
x10

-3
 

dOH-PE-THR in PhCN

[NMI] = 200 mM

lmon = 497 nm

0.12

0.08

0.04

0.00

Æ
A

0.1 1 10 100

Time (µs)

4
2
0

-2
x10

-3
 

dOH-PE-RTX in PhCN

[NMI] = 200 mM

lmon = 465 nm

(a) (b)

Figure 5.8: Semi-log plot of the bimolecular recombinations of the ground-state
anions of (a) dOH-PE-THR and (b) dOH-PE-RTX in PhCN monitored at the
absorption maxima (from Fig. 5.6). The residuals are shown on the top panels.

maxima and fitted with the bimolecular recombination rate, Eq. (2.49).
As seen in Fig. 5.8, the decay of the RTX is well described by the bimolec-

ular recombination rate whereas the fit is less good for the THR. Therefore, the
recombination rate was obtained from fittings at different wavelengths. Conver-
sion to concentration units with molar absorption coefficients (ε(465 nm) = 5380
M−1cm−1 and ε(497 nm) = 2670 M−1cm−1 for the RTX and the THR, respec-
tively) yields average recombination rates of kbimol = 2.0± 0.3× 109 M−1s−1 and
kbimol = 4 ± 1 × 109 M−1s−1 for the RTX and the THR, respectively. All the
average values are summarized in Table 5.3.

5.2.4 Steady-state FTIR measurements on dOH-PE-THR and
dOH-PE-RTX

The UV-vis measurements enabled the determination of a dynamic process which
was attributed to the shuttling based on the reference steady-state measurements
in the presence of DBU. The TCSPC measurements suggested that both the THR
and the RTX are at least partly folded in their lowest-energy conformations.
Therefore, it is reasonable to speculate whether the observed process is due to the
shuttling or to a different conformational rearrangement. To answer this question,
we turned to infrared measurements to obtain structural information about the
process. Due to the strong IR absorption of NMI and PhCN we only studied
the dynamics in the presence of DABCO in deuterated MeCN. The structure of
the study is similar to the UV-vis measurements. First, we will show the steady-
state FTIR spectra of the neutral and anionic forms of the THR and the RTX
followed by the time-resolved UV-pump-IR-probe measurements in the presence
of DABCO.

The FTIR spectra of the neutral (c)-(d) and anionic (e)-(f) forms of the THR
and the RTX are presented in Fig. 5.9. Example structures of the RTX together
with the most relevant functional groups observed in the spectral window are
indicated in Fig. 5.9(a)-(b). The spectrum of the neutral form was measured in
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Figure 5.9: Example structures of the (a) neutral and (b) anionic forms of
dOH-PE-RTX indicating the relevant functional groups seen in the spectral
window. The FTIR spectra of the (c)-(d) neutral and (e)-(f) anionic forms of
(left) dOH-PE-THR and (right) dOH-PE-RTX together with the assignment
of the relevant vibrations.

neat MeCN-d3 and that of the anion in the presence of DBU. Absorption of the
solvent and DBU has been subtracted from the spectra. The most intense peaks in
the spectral window originate from the symmetric (1702 cm−1) and antisymmetric
(1663 cm−1) carbonyl stretch vibrations (peaks 1) and from the aromatic ring
vibrations (1633 cm−1 and 1590 cm−1, peaks 2) of the dOH-NI station. In the
neutral molecules these vibrations are at the same frequencies for both the THR
and the RTX. Both compounds also exhibit the amide I and amide II vibrations
(peaks 3) of the succ station. In the THR, the amide I is at ∼1680 cm−1 and
amide II below 1540 cm−1, outside of the spectral window. In the spectrum of
the RTX, the amide I is red shifted and overlaps with the aromatic ring vibration
and the amide II is blue shifted to the spectral window at ∼1540 cm−1 due to the
hydrogen bonding of the mc. In addition, the RTX shows the amide I and amide
II vibrations (peaks 4) of the mc.47,48

The spectra of both compounds show large changes upon addition of DBU.
All major peaks of the dOH-NI station are red shifted to lower frequencies as
indicated in Fig. 5.9 by the dashed lines. An additional band appears at 1600
cm−1 in the spectrum of the RTX also attributed to the aromatic ring vibration
of the dOH-NI station. The succ vibrations do not shift in the THR whereas
in the RTX both the succ and the mc vibrations exhibit shifts. The amide II
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vibration of the succ station is red shifted out of the spectral window resulting in
decreased absorption at 1540 cm−1. The amide II vibration of the mc is expected
to exhibit a blue shift from ∼1530 cm−1 to ∼1555 cm−1 but this is not clearly
seen due to the overlapping contributions from other vibrations.48 The amide I
of the succ station is blue shifted to 1680 cm−1 and overlaps with the symmetric
CO-stretch vibration of the imide carbonyl. The amide I of the mc is red shifted
to ∼1650 cm−1 and overlaps with the antisymmetric CO-stretch vibration of the
imide carbonyl. These changes can be attributed to the departure of the mc from
the succ station and increased hydrogen-bonding strength of the mc to the anionic
dOH-NI end station.47,48 We expect to observe these changes in our time-resolved
UV-pump-IR-probe experiments.

5.2.5 Time-resolved UV-pump-IR-probe measurements on
dOH-PE-THR and dOH-PE-RTX

The time-resolved IR measurements were carried out with identical concentrations
as the time-resolved UV-vis measurements. In this case, we used the third har-
monic of a pulsed Nd:YAG laser for the excitation (λexc = 355 nm, FWHM ≈
4 ns). The transient spectra were monitored with mid-IR laser pulses at 1540–
1720 cm−1. The experimental setup has been described in detail elsewhere.41,46

The short timescale transient IR spectra of dOH-PE-THR and dOH-PE-RTX
(c ≈ 100 µM) in the presence of DABCO (c = 60 mM) in MeCN-d3 are presented
in Fig. 5.10. Selected frequencies for representative fits of the RTX data are in-
dicated by numbers in Fig. 5.10(b). We fitted the datasets globally with either a
mono- (THR) or a bi-exponential (RTX) function combined with a bimolecular
recombination and convolved with a simulated IRF with a Gaussian time profile
(FWHM = 4 ns).48 The component spectra (relative amplitudes of each decay
component) of both samples, example fits of the RTX data, and the concentra-
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Figure 5.10: Short timescale IR transient absorption spectra of (a) dOH-PE-
THR and (b) dOH-PE-RTX (c ≈ 100 µM) in the presence of DABCO (c = 60
mM) in MeCN-d3. The excitation wavelength was 355 nm. Selected frequencies
for representative fits of the RTX data, presented in Fig. 5.11(d), are indicated
by numbers in (b).
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Figure 5.11: (a) Photophysical scheme of the rotaxane after deprotonation.
Component spectra from the global fitting of (b) the dOH-PE-THR dataset and
(c) the dOH-PE-RTX dataset. (d) Representative fits of the dOH-PE-RTX
dataset at selected frequencies indicated in Fig. 5.10(b). (e) Time-dependent
concentration profiles of all the species of the rotaxane sample from the kinetic
model. The colors in (a), (b), (c), and (e) represent: blue = ES anion; green =
GS anion before shuttling; and red = GS anion after shuttling.

tion profiles of the species of the RTX sample are presented in Fig. 5.11 (b)-(e).
The photophysical scheme for the RTX is depicted in Fig. 5.11(a).

Both compounds exhibit similar spectral behavior at short delay times (< 20
ns). Excitation results in bleach of the dOH-NI vibrations at 1633 cm−1, 1663
cm−1, 1702 cm−1 and induced absorption below 1600 cm−1. This is attributed
to the formation of the excited-state anionic species within the laser pulse (∼ 4
ns). Relaxation to the ground-state after ∼20 ns blue shifts the vibrations to the
positions matching to those determined from the FTIR spectra of the anions (Fig.
5.9). Up to this point, the THR and the RTX exhibit similar behavior. After
this, the spectrum of the THR does not show any significant shifts and decays
to zero with the bimolecular reaction rate. The spectrum of the RTX, on the
other hand, exhibits considerable changes also observed in the FTIR spectra: i)
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a distinct bleach at ∼ 1540 cm−1 (peak 1, red) is attributed to a red shift of the
amide II vibration of the succ station due to the departure the mc; ii) the amide
I vibration of the succ station shifts from 1633 cm−1 (peak 3, blue) to 1680 cm−1

(peak 5, green) indicating the formation of the free succ station; iii) the amide
I vibration of the mc shifts from 1665 cm−1 to 1655 cm−1 (peak 4, orange) due
to the increased hydrogen-bonding strength of the mc upon arrival to the dOH-
NI station; iv) the small band attributed to the aromatic ring vibration of the
dOH-NI station blue shifts from 1590 cm−1 (peak 2, black) to 1596 cm−1 which
is attributed to the hydrogen bonding of the mc to the dOH-NI station. All the
observed shifts are qualitatively in agreement with the spectral shifts observed in
the FTIR measurements.

The component spectra show the previously assigned changes more clearly at
each step. The first species in the time-resolved spectra is assigned to the depro-
tonated excited-state anion. The different excited-state ion pair species observed
in the UV-vis measurements are not observed in the IR measurements. The THR
exhibits only two decay components which are almost identical to those of the ES
anion and GS anion (before shuttling) of the RTX (blue and green in Fig. 5.11(b)-
(c), respectively). The additional component of the RTX (red in Fig. 5.11(c))
is attributed to the shuttling process and has clear spectral features which can
be attributed to departure of the macrocycle from the succ station and hydrogen
bonding to the dOH-NI station. The obtained time constants for the RTX are
τanion = 12 ± 5 ns for the decay of the excited-state anion, τshuttling = 38 ± 4 ns
for the shuttling process and kbimol = 6.0± 0.3× 109 M−1s−1 for the bimolecular
recombination. The values are in good agreement with the UV-vis measurements
(τanion = 15 ± 1 ns and τshuttling = 25 ± 4 ns). The shuttling times and the
bimolecular recombination rates are summarized in Table 5.3 and represent the
average values from all of the measurements (UV-vis and IR) and the errors are
the corresponding standard deviations.

5.2.6 Time-resolved UV-vis and IR measurements on tBu-
PE-THR and tBu-PE-RTX

To separate the effect of the thread and the end station to the shuttling kinet-
ics we extended the study to shuttling kinetics of tBu-PE-RTX. Comparison
between tBu-PE-RTX and the previously studied rotaxanes based on alkane
threads (tBu-Cn-RTX) allows us to investigate the effect of the PE thread. The
shuttling was monitored by nanosecond UV-vis and IR transient absorption meth-
ods as in the case of the dihydroxy rotaxane. The data analyses are based on
previously published work35,41 and are not discussed here in detail. All measure-
ments were done using DABCO as the electron donor.

Nanosecond UV-vis transient absorption spectra of tBu-PE-RTX (c ≈ 100
µM) in the presence of DABCO (c = 10 mM) in MeCN are presented in Fig.
5.12(a). The wavelength of the absorption maximum fitted with a mono-exponential
function is presented in Fig. 5.12(b).

Excitation of tBu-PE-RTX results in fast intersystem crossing to the triplet
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Figure 5.12: (a) UV-vis transient absorption spectra of tBu-PE-RTX (c ≈
100 µM) in the presence of DABCO (c = 10 mM). The excitation wavelength was
355 nm. (b) Wavelength of the absorption maximum of the radical anion as a
function of time fitted with a mono-exponential function. The residual is shown
in the top panel.

state seen at short timescales (purple to blue in Fig. 5.12). The triplet state un-
dergoes intermolecular electron-transfer process from the DABCO to produce the
radical ion pair with τet ≈ 40 ns. The radical anion of the tBu-NI station exhibits
characteristic absorption bands at 419 nm and ∼800 nm (light green in Fig. 5.12).
The main absorption band of the radical anion exhibits a time-dependent blue
shift which is attributed to the shuttling process as in the case of dOH-PE-RTX.
Determination of the peak position and fitting with a mono-exponential function
allows us to determine the shuttling rate which in MeCN is τshuttling = 160±10 ns.
The measurements were repeated with a higher concentration of DABCO (c = 60
mM) which yielded an identical shuttling time. The bimolecular recombination
rate is obtained by fitting the long-timescale decay with the bimolecular recombi-
nation rate. Conversion to the concentration units (with εmax = 23550 M−1cm−1

at 416 nm)49 yields kbimol = 12± 3× 109 M−1s−1. Detailed discussion about the
interpretation and data analysis is given in ref. 35.

Representative nanosecond UV-pump-IR-probe transient absorption spectra of
tBu-PE-RTX (c ≈ 100 µM) in the presence of DABCO (c = 10 mM) in MeCN-d3

are presented in Fig. 5.13(a). The decay of the triplet state (t < 90 ns) is left out
for clarity and the first spectrum represents the transient spectrum of the radical
anion. The spectra are normalized to the bleach of the symmetric CO-vibration
peak at ∼1700 cm−1. The temporal behavior of this peak is determined only
by the recombination of the radical ion pair. The normalization thus removes the
contribution of the overall decay from the signal and the observed spectral changes
are solely due to the formation of the radical anion and the subsequent shuttling
process.46 Global fitting of the five main peaks using the models described in ref.
41 are presented in Fig. 5.13(b).

Similarly to case of dOH-PE-RTX the spectra exhibit bleaches of the aro-
matic ring vibration (1633 cm−1) and the antisymmetric (1666 cm−1) and sym-
metric (1700 cm−1) CO-vibrations of the tBu-NI station upon excitation. The
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Figure 5.13: (a) UV-pump-IR-probe transient absorption spectra of tBu-PE-
RTX (c ≈ 100 µM) in the presence of DABCO (c = 10 mM). The excitation
wavelength was 355 nm. (b) Decay curves of the relevant absorption peaks indi-
cated in (a). The solid lines represent the fitted values with a global bi-exponential
model at t > 10 ns.

strongest positive peak (peak 2, brown) attributed to the symmetric CO-vibration
of the radical anion gradually shifts to a lower frequency (peak 1, red). This
is attributed to the hydrogen bonding of the mc to the imide carbonyls of the
tBu-NI station. The increased hydrogen-bonding strength is also seen as induced
absorption due to the shift of the amide I vibration of the mc (peak 4, blue).
The departure of the mc is observed as a shift of hydrogen-bonded succ vibration
from 1633 cm−1 (peak 3, dark green) to 1655 cm−1 (peak 5, light green) attributed
to the free succ station. Global fitting of the five main peaks yields a shuttling
time of τshuttling = 180 ± 10 ns, slightly longer than that observed in the UV-vis
experiments. The slight differences in shuttling times can be attributed to the
different analysis methods and slightly different sample preparation (see below).
Detailed discussion about the interpretation and analysis is given in ref. 41. The
shuttling times and bimolecular recombination rates are summarized in Table 5.3
and represent the average values from all the measurements (UV-vis and IR) and
the errors are the corresponding standard deviations.

5.2.7 The effect of the thread and the end station on shut-
tling kinetics and mechanism

The aim of the study was to elaborate on the effect of the molecular composition of
the different constituents on the shuttling speed and mechanism. All the shuttling
times are summarized in Table 5.3.

The shuttling rates of tBu-NI-based rotaxanes with alkane threads have been
previously studied in our group but the lengths of the threads were 5, 9, 12, and
16 methylene groups. However, the authors proposed a model that describes the
rate as a function of the chain length (see ref. 41). Because the study did not
include tBu-C8-RTX, we used the rate as predicted by the model in calculating
the acceleration due to the introduction of oxygen atoms. Introduction of oxygen
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Table 5.3: Average shuttling times and rates (1/τshuttling) and bimolecular re-
combination rates of all the studied compounds. The errors represent the standard
deviations from multiple measurements

compound solvent τshuttling kshuttling kbimol

ns ×107 s−1 ×109 M−1s−1

dOH-PE-THR MeCN – – 18± 3
dOH-PE-RTX MeCN 30± 8 3.4± 0.8 7± 1
dOH-PE-THR PhCN – – 4± 1
dOH-PE-RTX PhCN 53± 5 1.9± 0.2 2.0± 0.3
tBu-PE-THR MeCN – – 13± 2
tBu-PE-RTX MeCN 170± 20 0.59± 0.05 13± 3
tBu-PE-THR PhCN – – 8± 1
tBu-PE-RTX PhCN 730± 100 0.14± 0.02 8± 2
tBu-C8-RTX MeCN 270± 30a 0.37± 0.04a –

aThe shuttling rate as predicted by the model in ref. 41.

atoms in the thread accelerates the shuttling process by ∼60 % (τshuttling = 170
ns) compared to the predicted rate of tBu-C8-RTX (τshuttling = 270 ns). We
believe that there can be two possible effects resulting in the faster shuttling.

First, the nearest oxygen atom to the succ station can facilitate the escape of
the mc from the initial station. Instead of simultaneous breakage of four hydrogen
bonds, the mc can break two hydrogen bonds from one side of the succ station
and re-form two weaker hydrogen bonds to the nearest ether oxygen. This lowers
the energy barrier for the escape of the macrocycle which is considered to be the
rate limiting step in the shuttling process.41,43 Jeppesen and Flood et al. also
proposed that polyether threads assist in preparation of an early transition state
lowering the total activation energy for the escape of the macrocycle.39

The second possible effect for the acceleration could be the presence of minute
amounts of water in the “dry” solvents.50 Water has been shown to “lubricate” the
shuttling process i.e. the speed is accelerated in the presence of water.42 The ac-
celeration was observed only at rather high concentrations of water (lowest studied
concentration was 1 v/v %) but the study was done using tBu-C12-RTX which
lacks the oxygens on the thread. Additional oxygen atoms offer a preferential
hydrogen-bonding site for the H2O molecules and can increase the sensitivity.
The shuttling times observed in the IR measurements were slightly longer for both
rotaxanes. This could be attributed to the sample preparation: the samples were
prepared in glove box for the IR measurements and thus have lower water con-
centrations. The samples for the UV-vis measurements were prepared using the
Schlenk technique.

dOH-PE-RTX exhibits surprisingly fast shuttling rates and, to the best of
our knowledge, is the fastest photoswitchable molecular shuttle of this length scale
reported to date. The polyether thread can only partially account for the observed
acceleration. Therefore, we need to reconsider the shuttling mechanism. The
TCSPC measurements suggest that the rotaxane is at least partly folded in its
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lowest-energy conformation. Thus, it is reasonable to suggest that the shuttling
would also take place in the folded state. The additional hydroxyl groups on the
NI unit can hydrogen bond to the mc already in the neutral form. After formation
of the anion the mc can “slip” over the thread to hydrogen bond the dOH-NI
station. The alternative “harpooning” mechanism has already been suggested for
similar rotaxanes.43 In this mechanism, the mc simultaneously hydrogen bonds
to both stations in the transition state preceding the hydrogen bonding to the end
station.

Another interesting difference between the two rotaxanes is the lack of clear
changes in the imide carbonyl vibrations of dOH-PE-RTX upon shuttling of
the mc. tBu-PE-RTX exhibits a distinct red shift of symmetric CO-stretch
vibration of the NI station upon arrival of the mc (peaks 1 and 2 in Fig. 5.13).
This is not observed in the spectra of dOH-PE-RTX (see Fig. 5.10). The
time-resolved IR spectra of both compounds exhibit distinct shifts that can be
attributed to the departure of mc from the succ station and increased hydrogen-
bonding strength of the mc in the final state. In addition, the time-resolved UV-vis
spectra show a clear interaction between the macrocycle and the NI chromophore.
Both of these observation strongly support the shuttling of the mc to the NI end
station. Possible explanation for the differences in the IR spectra is that the mc
hydrogen bonds mainly to the negatively charged deprotonated oxygen which can
be further stabilized by weaker hydrogen bonds to one of the carbonyl groups or
to the ether oxygen. The blue shift of the UV-vis spectrum observed for dOH-
PE-RTX anion is consistent with this. As discussed in the previous chapter,
hydrogen bonding to the negatively charged oxygen is expected to blue shift the
anion absorption band. In this case the hydrogen-bond donor is the macrocycle
instead of the protonated base. The suggested mechanism should be detectable
in the NMR spectra but, unfortunately, the low solubility of dOH-PE-RTX
hinders detailed NMR studies. A possible shuttling scheme demonstrating both
the folded mechanism and hydrogen bonding to the deprotonated hydroxyl oxygen
is presented in Fig. 5.14. In the alternative mechanism the deprotonated NI unit
“pulls” the mc away from the succ station in the folded structure and undergoes
conformational reorientation in the final state.
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Figure 5.14: Example of an alternative shuttling mechanism proposed for dOH-
PE-RTX.
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5.3 Conclusions

We have studied the spectroscopic properties of novel dOH-PE-RTX and dOH-
PE-THR in polar organic solvents in the presence of bases. The behavior of both
compounds is similar in the presence of weak bases and resembles the behavior
of the model photoacid. Strong bases, on the other hand, reveal clear spectral
and acid-base differences between dOH-PE-RTX and dOH-PE-THR. Depro-
tonation by the strong base chemically induces the shuttling process in dOH-
PE-RTX. Hydrogen bonding of the macrocycle to the anionic NI end station
stabilizes the anion and shields the NI unit from the solvent. This influences the
spectroscopic, both UV-vis and IR, properties of the NI station enabling a direct
monitoring of the shuttling process in the time-resolved experiments. Secondly, it
increases the acidity of the hydroxyl group resulting in a much higher association
constant for dOH-PE-RTX with strong bases.

The time-resolved spectroscopic measurements of the rotaxanes with varying
molecular composition allowed us to separately study the effect of the thread and
the end station on the shuttling speed and mechanism. Introduction of additional
oxygen atoms on the thread of the previously studied tBu-NI-based rotaxane41

accelerates the shuttling speed by ∼60 %. This is attributed to the decreased
activation energy for the escape of the macrocycle from the initial station which is
considered to be the rate-limiting step in the shuttling process.40 The additional
oxygen atoms assist in preparation of an early transition state where the macro-
cycle partially escapes the initial station and forms weaker hydrogen bonds to the
nearest ether oxygen.

The shuttling of the macrocycle in dOH-PE-RTX is accelerated by a factor
of ∼ 10 and, to the best of our knowledge, is the fastest photoswitchable molec-
ular shuttle of this length scale (∼1 nm) reported to date. The shuttling in this
rotaxane is proposed to take place in a folded conformation similar to the “har-
pooning” mechanism reported in the literature.43 The hydrogen-bonding capabil-
ity of the NI hydroxyl groups results in part in folded ground-state conformations
also supported by the TCSPC measurements. Upon photochemical charging the
macrocycle can “slip” over the thread to hydrogen bond the end station, resulting
in much faster shuttling speed. In addition, the macrocycle is assumed to mainly
hydrogen bond to the negatively charged deprotonated hydroxyl group instead of
the imide carbonyl groups as in the case of tBu-PE-RTX.

In the light of the results presented in this chapter it seems that the effect of the
chemical composition of the different constituents is complicated. Hydrogen-bond
donating and accepting ability of all constituents have a direct and active effect on
the shuttling kinetics and mechanism. Therefore, the shuttling mechanism of each
rotaxane has to be considered separately, and derivation of a general mechanism
is not possible. Our new findings, however, contribute to the development and
design of next generation photoswitchable [2]rotaxanes with increased shuttling
speed and novel charging mechanisms.
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5.4 Experimental section

5.4.1 Spectroscopic measurements

Most of the measurements and analyses were carried out as described in the pre-
vious chapters. The experimental setup and data analysis methods for the time-
resolved IR measurements has been described in detail elsewhere.41,46

5.4.2 Sample preparation

The samples for the time-resolved experiments were prepared by evaporating a
small volume of the stock solution of the target compound in a Schlenk tube. The
solvents for the stock solutions were THF for the dihydroxy compounds and DCM
for the tert-butyl compounds. The solvent on interest and the required base were
added to the Schlenk under nitrogen atmosphere and the mixture was sonicated
up to 1 h. The samples for IR measurements were then deoxygenated by argon
bubbling (20 min) and transferred into a IR-cell in a glove box. The samples
for the UV-vis measurements were first transferred into a T-cell and degassed by
freeze-pump-thaw method (3 cycles). In few cases the solution was filtered upon
transfer to the cell due to the low solubility. The samples for UV-vis measurements
were stirred during the experiments. Photodegradation of the samples during laser
exposure was monitored using steady-state UV-vis absorption spectrometer. The
sample was replenished when the absorption at the maximum decreased more than
5 %.

5.4.3 Syntheses and characterizations of the compounds

Syntheses and characterizations of the compounds are described in the electronic
supplementary information.
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22. Marlin, D. S.; González Cabrera, D.; Leigh, D. A.; Slawin, A. M. Z. Angew.
Chem. Int. Ed. 2006, 45, 77–83.

23. Cheng, K.-W.; Lai, C.-C.; Chiang, P.-T.; Chiu, S.-H. Chem. Commun. 2006,
2854–2856.

24. Keaveney, C. M.; Leigh, D. A. Angew. Chem. Int. Ed. 2004, 43, 1222–1224.

25. Altieri, A.; Gatti, F. G.; Kay, E. R.; Leigh, D. A.; Martel, D.; Paolucci, F.;
Slawin, A. M. Z.; Wong, J. K. Y. J. Am. Chem. Soc. 2003, 125, 8644–8654.

26. Bruns, C. J.; Frasconi, M.; Iehl, J.; Hartlieb, K. J.; Schneebeli, S. T.;
Cheng, C.; Stupp, S. I.; Stoddart, J. F. J. Am. Chem. Soc. 2014, 136, 4714–
4723.

27. Yasuda, T.; Tanabe, K.; Tsuji, T.; Coti, K. K.; Aprahamian, I.; Stoddart, J. F.;
Kato, T. Chem. Commun. 2010, 46, 1224–1226.

28. Balzani, V.; Clemente-León, M.; Credi, A.; Ferrer, B.; Venturi, M.;
Flood, A. H.; Stoddart, J. F. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 1178–
1183.



106 Shuttling in Photoswitchable Hydrogen-Bonded Rotaxanes

29. Saha, S.; Stoddart, J. F. Chem. Soc. Rev. 2007, 36, 77–92.

30. Silvi, S.; Venturi, M.; Credi, A. Chem. Commun. 2011, 47, 2483–2489.

31. Ballardini, R.; Balzani, V.; Credi, A.; Gandolfi, M. T.; Venturi, M. Acc. Chem.
Res. 2001, 34, 445–455.

32. Yan, H.; Zhu, L.; Li, X.; Kwok, A.; Li, X.; Agren, H.; Zhao, Y. RSC Adv.
2013, 3, 2341–2350.

33. Baroncini, M.; Silvi, S.; Venturi, M.; Credi, A. Angew. Chem. Int. Ed. 2012,
51, 4223–4226.

34. Baroncini, M.; Silvi, S.; Venturi, M.; Credi, A. Chem. Eur. J. 2010, 16, 11580–
11587.

35. Brouwer, A. M.; Frochot, C.; Gatti, F. G.; Leigh, D. A.; Mottier, L.;
Paolucci, F.; Roffia, S.; Wurpel, G. W. H. Science 2001, 291, 2124–2128.

36. Choi, J. W.; Flood, A. H.; Steuerman, D. W.; Nygaard, S.; Braunschweig,
AB,; Moonen, N.; Laursen, B. W.; Luo, Y.; DeIonno, E.; Peters, A. J.; Jeppe-
sen, J. O.; Xu, K.; Stoddart, J. F.; Heath, J. R. Chem. Eur. J. 2006, 12,
261–279.

37. Avellini, T.; Li, H.; Coskun, A.; Barin, G.; Trabolsi, A.; Basuray, A. N.;
Dey, S. K.; Credi, A.; Silvi, S.; Stoddart, J. F.; Venturi, M. Angew. Chem.
Int. Ed. 2012, 51, 1611–1615.

38. Nygaard, S.; Laursen, B. W.; Flood, A. H.; Hansen, C. N.; Jeppesen, J. O.;
Stoddart, J. F. Chem. Commun. 2006, 144–146.

39. Andersen, S. S.; Share, A. I.; Poulsen, B. L. C.; Kørner, M.; Duedal, T.;
Benson, C. R.; Hansen, S. W.; Jeppesen, J. O.; Flood, A. H. J. Am. Chem.
Soc. 2014, 136, 6373–6384.

40. Young, P. G.; Hirose, K.; Tobe, Y. J. Am. Chem. Soc. 2014, 136, 7899–7906.

41. Panman, M. R.; Bodis, P.; Shaw, D. J.; Bakker, B. H.; Newton, A. C.;
Kay, E. R.; Brouwer, A. M.; Buma, W. J.; Leigh, D. A.; Woutersen, S. Science
2010, 328, 1255–1258.

42. Panman, M. R.; Bakker, B. H.; den Uyl, D.; Kay, E. R.; Leigh, D. A.;
Buma, W. J.; Brouwer, A. M.; Geenevasen, J. A. J.; Woutersen, S. Nat. Chem.
2013, 5, 929–934.

43. Baggerman, J.; Haraszkiewicz, N.; Wiering, P. G.; Fioravanti, G.; Marcac-
cio, M.; Paolucci, F.; Kay, E. R.; Leigh, D. A.; Brouwer, A. M. Chem. Eur. J.
2013, 19, 5566–5577.

44. Jagesar, D. C.; Fazio, S. M.; Taybi, J.; Eiser, E.; Gatti, F. G.; Leigh, D. A.;
Brouwer, A. M. Adv. Funct. Mater. 2009, 19, 3440–3449.

45. Wurpel, G. W. H. ”Photoinduced Dynamics in Hydrogen-Bonded Rotaxanes”.
Ph.D. thesis, University of Amsterdam, 2001.

46. Panman, M. R. ”Observing Invisible Machines with Invisible Light”. Ph.D.
thesis, University of Amsterdam, 2013.

47. Jagesar, D. C.; Hartl, F.; Buma, W. J.; Brouwer, A. M. Chem. Eur. J. 2008,
14, 1935–1946.



References 107

48. Panman, M. R.; Bodis, P.; Shaw, D. J.; Bakker, B. H.; Newton, A. C.;
Kay, E. R.; Leigh, D. A.; Buma, W. J.; Brouwer, A. M.; Woutersen, S. Phys.
Chem. Chem. Phys. 2012, 14, 1865–1875.

49. van Dijk, S. I.; Groen, C. P.; Hartl, F.; Brouwer, A. M.; Verhoeven, J. W. J.
Am. Chem. Soc. 1996, 118, 8425–8432.

50. Williams, D. B. G.; Lawton, M. J. Org. Chem. 2010, 75, 8351–8354.





CHAPTER 6

Intramolecular Excited-State Ion Pair Formation
in a Cinchona Organocatalyst∗

Abstract

The present chapter describes a study of excited-state proton trans-
fer and subsequent intramolecular ion pair formation of a cupreidine-
derived Cinchona organocatalyst (BnCPD) in THF-water mixtures
using picosecond time-resolved fluorescence together with global anal-
ysis. Full spectral and kinetic characterization of all the fluorescent
species allowed us to monitor the three-step process for the ion pair
dissociation. In the first step, proton transfer occurs through a water
”wire” from the 6-hydroxyquinoline unit (excited-state acid) to the
covalently bonded basic quinuclidine moiety resulting in a hydrogen
bonded ion pair. This was confirmed by the observed kinetic isotope
effect in the presence of heavy water. In the second step, the formed
ions are further solvated by a few solvent molecules producing the sol-
vent separated ion pair. Finally, a fully solvated ion pair is formed.
The five-exponential global model derived from the reaction scheme
describes the experimental data very well.

∗This chapter is adapted from: T. Kumpulainen and A. M. Brouwer, “Excited-State Proton
Transfer and Ion Pair Formation in a Cinchona Organocatalyst”, Phys. Chem. Chem. Phys.
2012, 14, 13019–13026.
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6.1 Introduction

Proton-transfer reactions are of key importance for many chemical1–5 and biolog-
ical6–10 processes and have been the subject of numerous studies during the past
few decades. The acidity of many aromatic dye molecules bearing O–H groups in-
creases upon electronic excitation, enabling the time-resolved study of the proton-
transfer reaction after an optical trigger.11–15 Also the improvements of the time
resolution of pulsed laser systems has provided tools with ultimate sensitivity and
accuracy to study these ultrafast processes.

As discussed in the previous chapters, most of the excited-state proton-transfer
(ESPT) studies are done in water due to its proton accepting and conducting prop-
erties. Water has also been recognized as an active participant, rather than just
a passive medium, in the initial deprotonation step and in the transport mech-
anism of the proton.16–18 However, the ESPT can be studied in aprotic organic
solvents in the presence of proton acceptors. In this case, the ESPT takes place
in the preformed intermolecular hydrogen-bonded complex resulting in the for-
mation of excited-state ion pairs (ESIP) as discussed in Chapter 4.13 Addition
of minute amounts of protic solvents (water, methanol, acetic acid) can extend
the distance of the proton relay through a hydrogen bond wire both intra- and
intermolecularly.19–21 The ESPT and ion pair formation are accelerated with in-
creasing concentration of the protic solvent in the binary solvent mixture but are
still drastically slower than in bulk water.

The excited-state deprotonation and subsequent ion pair formation is modeled
by three consecutive steps (Scheme 6.1) as discussed in Chapter 4.13,22 Briefly, ex-
citation of the hydrogen-bonded complex (HBC) results in fast short-range proton
rearrangement to produce the hydrogen-bonded ion pair (HBIP). Initial solvation
produces the solvent separated ion pair (SSIP) where the ions are separated by few
solvent molecules but are still held together by the Coulombic interactions. The
fully solvated free ion pair (FIP) is formed in the last diffusion controlled step. In-
dications of all these species have been reported in many cases in the literature and
they were observed in Chapter 4 for intermolecular ion pairs between photoacids

Scheme 6.1: Photophysical scheme for the excited-state deprotonation and
subsequent ion pair formationa
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aHBC is the hydrogen-bonded complex and HBIP, SSIP and FIP are the hydrogen-bonded,
solvent separated, and free ion pairs, respectively. kf and knr are the radiative and non-radiative
rate constants, respectively, r the distance between the ion pair and, a the contact radius.
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Chart 6.1: Structures of the studied compounds

N OH

O
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and organic bases in polar aprotic solvents. Here, we report on an intramolecular
excited-state ion pair formation in binary mixtures of a non-polar organic solvent
(tetrahydrofuran, THF) and water.

The main compound under investigation is the 9-benzylether of cupreidine
(BnCPD, Chart 6.1). It is a bifunctional organocatalyst of the Cinchona family
used in asymmetric syntheses with high yields and moderate to high enantiose-
lectivities.23–26 BnCPD consists of two functional units, namely a quinuclidine
and a 6-hydroxyquinoline (6HQ) moiety. The quinuclidine moiety is an organic
base. It can act as a hydrogen bond or proton acceptor and activate weakly acidic
reactants. The hydrogen bonding of the 6’-OH group of the 6HQ moiety with one
of the reactants is assumed to assist in the orientation and activation of the reac-
tant in the catalytic cycle. The bifunctionality arises from these two moieties.27

In addition, the 6HQ molecule is a fluorophore and a well-known excited-state
acid.11 It is used in the present study as a reference compound.

The photophysical properties of the compounds in the presence of model hydro-
gen bonding and protonating agents (water and an acid, respectively) in organic
solvents have been already investigated in our laboratory to some extent28 but a
full description of the excited-state dynamics is missing. Here we present a sys-
tematic time-resolved study combined with global analysis for a full spectral and
kinetic characterization of the emissive species in THF upon addition of an acid
and water.

6.2 Results and discussion

6.2.1 Fluorescence properties in neat solvents

The steady-state absorption and emission spectra of the studied compounds in or-
ganic solvents have been reported in the literature.28 Briefly, the absorption spec-
tra of 6HQ and BnCPD are very similar in all of the studied solvents. Absorption
exhibits a lowest energy maximum at ∼330–335 nm assigned to the S0 → S1 tran-
sition. The fluorescence spectrum of 6HQ exhibits a nearly mirror-image emission
band at ∼355 nm assigned to the emission from the locally excited (LE) state of
the fluorophore. BnCPD, on the other hand, exhibits dual fluorescence in sev-
eral polar and non-polar solvents, such as MeCN, PrCN, CH2Cl2 and toluene. In
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Figure 6.1: Absorption (solid lines) and emission spectra (dashed lines) of
BnCPD (c = 50µM). The excitation wavelength was 295 nm.

these solvents the LE-emission is drastically quenched compared to 6HQ and an
additional long-wavelength emission band can be observed. In THF the quantum
yield of BnCPD is much higher than in other solvents (Φf = 0.12 vs. Φf = 0.016
in MeCN) and the emission spectrum exhibits only the LE-emission band.

Representative absorption (solid lines) and emission spectra (dashed lines) of
BnCPD (c = 50µM) in neat THF (black), THF + 0.8 v/v % water (blue), and
THF + 17 mM DBU (red) are presented in Fig. 6.1. The spectra in MeCN and
toluene are shown in ref. 28.

The fluorescence properties in neat solvents were studied in detail by means
of TCSPC measurements. The decay associated spectra (DAS) of BnCPD in
THF are presented in Fig. 6.2. The fluorescence in the LE-region consists of two
main components, namely “quenched” and “normal” (τ1 = 360 ps and τ2 = 1.7
ns, respectively) The long-wavelength region exhibits a third component (τ3 = 5
ns) with very small amplitude (not clearly observed in the steady-state spectrum).
6HQ in THF, on the other hand, exhibits a mono-exponential decay with lifetime
of τ1 = 0.94 ns. This demonstrates that the fluorescence properties of BnCPD
are significantly different from those of 6HQ.

Figure 6.2: The decay as-
sociated spectra of BnCPD
(c = 50 µM) in THF. The
inset shows the individual
χ2-values. Excitation wave-
length was 295 nm.
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The fluorescence properties of BnCPD are remarkably different in MeCN and
toluene. In MeCN the lifetime of the main component in the LE-region is strongly
reduced (τ1 = 35 ps) and the long-wavelength region has two main components
(τ2 = 1.2 ns and τ3 = 6.4 ns). The second component, τ2, also has a positive
amplitude in the LE-region. In toluene the DAS exhibit two main components
in the LE-region (τ1 = 130 ps and τ2 = 497 ps) and a third component in the
long-wavelength region (τ3 = 7.0 ns). Clearly, the solvent has a large influence on
the fluorescence properties of BnCPD.

6.2.2 Fluorescence properties in the presence of H2O/D2O

The fluorescence properties of 6HQ in aqueous solutions are well known.11,18,29,30

In water 6HQ will undergo photoinduced deprotonation of the 6-OH hydrogen and
protonation of the quinoline nitrogen resulting in a tautomeric form. To avoid the
excited-state tautomerization we used only small percentages of water. Below 2
v/v % of water in THF, no tautomerization of 6HQ was observed. The amount
of water needed to facilitate an efficient ESPT to the solvent was > 5 v/v %.

The addition of small amounts of water (≤ 2 v/v %) does not induce substantial
changes in the absorption spectrum of BnCPD in THF, Fig. 6.3(a). The main
absorption band is slightly broadened and red shifted suggesting only weak ground-
state interactions. The emission spectrum, on the other hand, responds much more
promptly to the addition of water, Fig. 6.3(b). The LE-emission is quenched upon
increasing the amount of water and a new broad long-wavelength emission band
arises. Addition of D2O results in similar changes both in the absorption and
emission spectra as H2O. In the previous study28 this long-wavelength band was
attributed to the emission of the deprotonated 6HQ moiety after the ESPT but the
band clearly consists of multiple overlapping emission bands. It was also proposed
that water can bind in between the quinoline 6’-OH and the quinuclidine moiety
facilitating the proton transfer through a hydrogen bond wire.31

We studied the water assisted proton transfer in detail by means of the TCSPC
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Figure 6.3: The steady-state (a) absorption and (b) emission spectra of BnCPD
(c = 20 µM) in THF upon addition of H2O (v/v %). The excitation wavelength
was 310 nm.
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method. We measured the decays in THF over the wavelength range of interest
with different volumes of water or heavy water. The selected volume percentages
were 0.4, 0.8, 1.2 and 1.6 v/v %. Representative DAS of BnCPD in THF in the
presence of 1.2 v/v % of H2O and D2O are presented in Fig. 6.4.

Scheme 6.2: Structures of the intramolecular excited-state ion pairs speciesa
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Figure 6.4: The decay as-
sociated spectra of BnCPD
(c = 50 µM) in THF in the
presence of 1.2 v/v % (top)
H2O and (bottom) D2O. The
insets show the individual χ2-
values. The excitation wave-
length was 315 nm.
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A global five-exponential model was found to adequately describe the decays
over the whole wavelength range in all samples. Especially in the long-wavelength
region the fit describes the data really well, the χ2-values are close to unity and
the residuals are flat. With the highest water content (1.6 v/v %) the LE-region
was not fitted perfectly but the χ2-values were still smaller than 1.2 (with only two
exceptions) in all of the individual decays. Usually the χ2-values were between
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1 and 1.1 (see insets of the DAS) and the residuals did not show any significant
patterns. The global lifetimes of the fittings at different v/v % of H2O and D2O and
calculated ratios of the two shortest lifetimes are presented in Table 6.1. The ratio
τ(D2O)/τ(H2O) can be considered as an apparent kinetic isotope effect (KIE).

Because only two representative DAS are shown in Fig. 6.4, the most important
observations of the whole data set at different v/v % of H2O and D2O are listed
here. Interpretation is given below.

i) The two shortest lifetimes, τ1 and τ2 (red and green curves in Fig. 6.4, re-
spectively), become shorter upon increasing concentration of water and they
are longer in the presence of D2O compared to H2O

ii) The amplitude of τ2 (green) decreases in the LE-region (370 nm) relative to
the long-wavelength region (470 nm) upon increasing concentration of water

iii) The relative amplitude of τ3 (blue) decreases upon increasing concentration
of water

iv) The relative amplitudes of the long-wavelength components increase upon
increasing concentration of water, τ4 (orange) being the dominant

v) The ratio τ1(D2O)/τ1(H2O) increases upon increasing concentration of water

Table 6.1: The global lifetimes of the fittings at different v/v % of H2O and
D2O and calculated ratios of the two shortest lifetimes (KIE’s)

v/v % τ1/ ps KIE1 τ2/ ps KIE2

H2O/D2O H2O D2O H2O D2O

0.4 220±40 210±40 0.96 520±50 560±70 1.08
0.8 93±35 180±30 1.94 370±30 450±60 1.22
1.2 63±13 152±15 2.43 338±15 400±30 1.18
1.6 53±10 132±10 2.49 316±11 360±30 1.14

v/v % τ3/ ns τ4/ ns τ5/ ns

H2O/D2O H2O D2O H2O D2O H2O D2O

0.4 2.5±0.4 2.6±1.2 7±4 6±5 12±9 11±11
0.8 2.5±0.7 3±3 6±3 6±4 11±4 11±8
1.2 2.4±0.7 2.9±0.9 5.8±1.6 6±3 12±3 13±5
1.6 1.9±0.4 2.5±1.2 6.2±1.3 6.3±1.4 13±3 13±3

6.2.3 Fluorescence properties in the presence of a base

The excited-state proton transfer and ion pair formation was studied further by
introducing an external organic base (DBU). Both the absorption and emission
spectra of BnCPD show considerable changes upon addition of the base in THF
(Fig. 6.1). The main absorption band is broadened and slightly red shifted,
revealing ground-state hydrogen-bonding interactions without substantial depro-
tonation. The emission spectra exhibit quenching of the LE-emission with con-
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Figure 6.5: The decay as-
sociated spectra of BnCPD
(c = 50 µM) in THF in the
presence of a base ([DBU] =
17 mM). The inset shows the
individual χ2-values. The ex-
citation wavelength was 295
nm.
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current appearance of a long-wavelength emission band. The long-wavelength
emission band has a maximum at ∼460 nm and a shoulder at ∼520 nm.

The DAS of BnCPD in THF in the presence of DBU are presented in Fig.
6.5. The decays were adequately described by a four-exponential model. The
DAS in the presence of DBU have many similarities with the DAS in the presence
of water. The LE-region exhibits three-exponential decay: a fast component, τ1
(red curve in Fig. 6.5), with negative amplitude in the long-wavelength region; a
second component, τ2 (green), with positive amplitude both in the LE- and long-
wavelength region; and a longer component, τ3 (blue), with positive amplitude in
the LE-region. τ3 exhibits a positive amplitude also in the long-wavelength region
together with the longest-lived component, τ4.

6.2.4 Excited-state decay in neat solvents

BnCPD exhibits three-exponential kinetics contrary to the mono-exponential ki-
netics of 6HQ and appearance of the long-wavelength emission band in all of the
studied solvents. The quinuclidine moiety being an electron donor/proton acceptor
and the 6HQ moiety an electron acceptor/proton donor, the long-wavelength band
can originate from two processes, namely intramolecular proton transfer (IPT) and
intramolecular electron transfer (ICT) transfer.28,31

The IPT process should not be favorable in neat dry solvents because of the
distance between the 6’-OH and the quinuclidine moieties, but it has been shown
that even careful drying of the solvents with standard laboratory practices, as we
have used, leaves residual water in the solvent (4 ppm ≈ 0.2 mM in THF dried over
3 Å molecular sieves).32 Because of the unique geometry of BnCPD, even very
minute amounts of water can have a large influence on the excited-state behavior
and facilitate the IPT process. The effect of residual water can be pronounced
in non-polar solvents due to the higher hydrogen bonding affinity of water to
the functional groups of BnCPD. The ICT process, on the other hand, is not
favorable in non-polar solvents but can be pronounced in polar solvents.

The long-wavelength emission band can be tentatively attributed to the ICT or
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to the IPT process due to the residual water, but in the simplest case this should
give rise to two-exponential kinetics (A∗ → B∗ system).

It is well known that the Cinchona alkaloids can exist in different confor-
mations, which may exhibit different photophysical and photochemical proper-
ties.33–36 Four types of conformations have been distinguished of which only one,
denoted anti-closed, features a relatively short distance between the quinuclidine
nitrogen and the 6’-OH group. Thus, we assume that the IPT occurs in the
anti-closed conformation upon binding of a water molecule (HBC in Scheme 6.2),
whereas the other conformations (exemplified by “free” BnCPD in Scheme 6.2)
are inactive. The ICT, on the other hand, can occur through bonds and is less
sensitive to the conformation.

In the DAS of BnCPD in THF (Fig. 6.2) τ2 = 1.7 ns can be attributed to
the LE-emission of the inactive conformations, τ1 = 360 ps to the “quenched”
LE-emission of the active conformation and τ3 = 5 ns to a minor population of
the deprotonated excited state due the presence of the residual water. The DAS
of τ1 shows a negative amplitude at longer wavelength where τ3 has a positive
amplitude. This demonstrates that the deprotonated state is formed from the
active conformation with the time constant τ1.

Further support was gained from the measurements in the presence of an
acid. Protonation of the quinuclidine moiety results in the disappearance of the
“quenched” LE-emission and the long-wavelength component (τ1 and τ3, respec-
tively) and a recovery of the “normal” LE-emission (τ2). This is because the
protonation deactivates the quinuclidine and it cannot accept a proton (or donate
an electron) regardless of the conformation.28

The drastically different fluorescence properties in MeCN and toluene are at-
tributed to a combination of IPT, ICT and intersystem crossing processes. More
detailed discussions of the photophysical behavior in these solvents are given in
refs. 28 and 37.

6.2.5 Excited-state proton transfer and ion pair formation

The proposed structures of the corresponding species are shown in Scheme 6.2.
Water was found to efficiently facilitate the photoinduced intramolecular pro-

ton transfer. Global analysis of the whole data set with a sum of five-exponential
functions allowed us to determine the photophysical reaction scheme (Scheme 6.2)
for the water-assisted proton transfer and the subsequent ESIP formation.

Analogously to the situation in the neat solvents, BnCPD exists in inac-
tive and active conformations. The inactive conformation will give rise to the
uncoupled component, τ3 (blue in Fig. 6.4). The lifetime of this component is
substantially longer (τ3 = 1.9–2.9 ns) in the presence of water than in neat THF
(τ2 = 1.7 ns). The lifetime of 6HQ also increases upon increasing solvent polarity
which is attributed to a decreased rate of intersystem crossing.30

The amplitude of τ3 decreases upon increasing the concentration of water.
This means that there are fewer molecules in which the IPT does not occur. This
can be explained by two different mechanisms: water molecules stabilize the active



118 Intramolecular Excited-State Ion Pair Formation in a Cinchona Organocatalyst

conformation via hydrogen bonding interactions, but also the distance between the
6’-OH and quinuclidine for a successful proton transfer is extended due to a better
proton conductivity of the medium. Both the 6’-OH and the quinuclidine moieties
have a high affinity for hydrogen bonding with water, especially in solvents with
low or moderate polarity. When these two functional groups are in close proximity
in the presence of water molecules it is highly probable that a water molecule forms
a ”wire” between the groups. Water also greatly enhances the proton conductivity
and stabilization of the ions extending the range of the proton relay. If the distance
between the functional groups is too large to facilitate the IPT, the conformation
can be considered as inactive.

The active conformation, where water is in between or close to the two func-
tional groups, gives rise to a two-exponential decay in the LE-region. After initial
excitation of the HBC, the system will undergo a proton rearrangement and rapidly
reach an equilibrium with the HBIP. In the DAS this initial relaxation is seen as
a positive amplitude in the LE-region, where the HBC emits, and as a negative
amplitude at longer wavelengths, where the HBIP emits. The initial relaxation
(τ1, red in Fig. 6.4) becomes faster upon increasing concentration of water.

After the initial relaxation, the equilibrium state decays with a single time con-
stant (τ2, green in Fig. 6.4). In the DAS this is seen as a positive amplitude both
in the LE-region (HBC) and the long-wavelength region (HBIP). The amplitude
of the DAS of τ2 decreases in the LE-region relative to the long-wavelength region
upon increasing concentration of water. This means that the equilibrium shifts
towards the HBIP. Also the decay time of the equilibrium state becomes faster
upon increasing concentration of water.

The water molecules can efficiently solvate the HBIP leading to the SSIP. The
amplitude of the decay component of the HBIP (τ2, green in Fig. 6.4) becomes
negative at longer wavelengths showing the coupling of the components (HBIP →
SSIP). The decay time of the SSIP (τ4 ≈ 6 ns, orange in Fig. 6.4) does not seem
to depend on the water concentration but the relative amplitude increases with
the water concentration indicating more efficient solvent separation.

In the last step the SSIP undergoes further separation resulting in the formation
of the FIP. This step most likely involves changes in the relative orientation of the
quinoline and quinuclidine moieties (C(4’)–C(9) bond rotation). The amplitude
of the DAS of the SSIP also shows a negative dip at the red edge of the measured
wavelength range supporting the sequential model (Scheme 6.2). The decay time
of the FIP (τ5 ≈ 12 ns, magenta in Fig. 6.4) is also independent of the water
concentration and the relative amplitude increases with increasing water content.

The exponential model used cannot be directly related to the rate constants.
This would require the use of a compartmental model, for example.38 Some con-
clusions, however, can still be drawn. The initial relaxation, τ1, to the equilibrium
state is mainly determined by the forward and backward rates of the deprotona-
tion step (kpt and kpt′ in Scheme 6.1, respectively). Addition of water will increase
the rate of the forward reaction reducing the lifetime. The second lifetime, τ2, is
mainly determined by the forward rate constant of the solvent separation (ks)
and the magnitude of the long-lived tail of τ3 by the recombination rate constant
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(ks′). Different models and equations relating the lifetimes to the rate constants
are discussed in detail in ref. 29.

6.2.6 Intermolecular ESIP formation

We also studied the proton transfer and ESIP formation in the presence of an
external base (DBU). In this case the spectral separation of the components was
not as successful as in the presence of water. This is partly due to excitation (λex =
295 nm) of a mixture of ”free” BnCPD and the ground-state HBC. Also some of
the intensities are low and time constants are too similar to be fully resolved.

Nevertheless, similar behavior was observed for the intermolecular ESIP forma-
tion. Analogously to the water samples, the fastest component (τ1, red in Fig. 6.5)
corresponds to the initial relaxation to the equilibrium, HBC 
 HBIP, followed
by the decay of the equilibrium state (τ2, green in Fig. 6.5). The component cor-
responding to the ”normal” LE-emission (τ3, blue in Fig. 6.5) is spectrally mixed
with long-wavelength components most likely originating from minor populations
of the SSIP and the FIP. The last component (τ4, orange in Fig. 6.5) can be
attributed to either SSIP or FIP, but these species were not properly resolved in
this experiment.

This experiment demonstrates the importance of water for the stabilization
and separation of the ions. In the absence of water, the main emitting species
is the HBIP and only minor populations of the SSIP and the FIP are observed.
Also the lifetimes are drastically affected by the different solvent properties. The
lifetime of the HBIP (τ2 = 1.18 ns) is substantially longer than in the water samples
and the lifetimes of the SSIP and FIP are greatly shortened due to unfavorable
stabilization and dissociation of the ions.13

6.2.7 Kinetic isotope effect

Since the measured lifetimes (Table 1) are not directly related to the rate constants,
it is more proper to talk about apparent kinetic isotope effects (for simplicity
KIE’s). The observed KIE’s confirm the previously suggested proton relay through
the water ”wire”.

KIE1 is mainly determined by the initial proton-transfer step, HBC 
 HBIP,
and it increases upon increasing the concentration of water ranging from ∼1.0
(0.4 v/v % of water) to ∼2.5 (1.6 v/v % water). The measurements in neat
THF showed that the proton transfer can take place even in the carefully dried
solvent. The water ”wire” can offer an efficient channel for the proton relay. At
low water concentration only few water molecules are in between the 6’-OH and
the quinuclidine. At this stage, reorientation of the water molecules may still be
required and limit the rate of the IPT process. Upon increasing concentration
of water proton transfer occurs more through the water ”wires” and the KIE1

is pronounced. At the highest measured v/v % of water the KIE1 approaches
the values reported for KIE’s of the proton transfer of 6HQ in aqueous solutions
(∼2.5–3.8).18,29
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The secondary apparent kinetic isotope effect (KIE2) does not show such a
clear trend as KIE1. The KIE2 is mainly determined by the forward rate constant
of the solvent separation, but the underlying dependencies on the rate constants
can be more complicated.

6.3 Conclusions

We have studied the intramolecular proton transfer and the subsequent intramolec-
ular ESIP formation of a bifunctional Cinchona catalyst (BnCPD) containing an
excited-state acid (6HQ) and a basic site (quinuclidine) attached via a flexible
linker. Systematic TCSPC measurements with global analysis enabled spectral
and kinetic characterization of all the fluorescent species.

Our results confirm the three-step model (Scheme 6.1) for the dissociation
process, also suggested for excited-state proton-transfer reactions to water22 and to
an external base.13 In the first step, the preformed ground-state complex undergoes
a proton rearrangement upon excitation resulting in the hydrogen-bonded ion
pair where the proton resides on the basic site. In the next step partial solvation
shells are formed but the ions are held together by Coulombic interactions (solvent
separated ion pair). The last step most likely involves a conformational change
resulting in the fully solvated ion pair (Scheme 6.2).

The studied system exhibits unique behavior where all of the different species
can be observed, but the dynamics are drastically slower compared to bulk water.
The 6HQ moiety provides an excellent probe for the partial solvation and the
extent of the proton relay, whereas the covalently linked basic site prevents the
escape of the counterion to the solvent matrix. The mixture of THF and water at
low ratios (V (H2O) < 2 v/v %) does not efficiently conduct protons, but enables
full solvation of the formed ions. The formation of the solvation shell is slowed
down and the spectroscopic observation of the different transitions is feasible.

The close resemblance of our results to the IPT processes in water22 suggests
that the underlying mechanism is the same. In the case of water the initial proton
acceptor is the water cluster2,3 instead of the basic quinuclidine of the present
case. Studies on similar compounds with photoacid connected to a basic site via
flexible linker in carefully chosen solvent mixtures could offer significant insights
into the proton-transfer mechanism and dissociation of the ion pairs.

6.4 Experimental section

6.4.1 Materials

BnCPD was synthesized according to the procedure reported in the literature,23

and subsequently purified twice by recrystallization from ethyl acetate/petroleum
ether mixture. 6HQ (> 95%) was purchased from Sigma-Aldrich and purified
twice by recrystallization from ether.11 p-Toluenesulfonic acid monohydrate (≥
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98.5%), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 98%) and D2O were from Sigma-
Aldrich and used as received. Millipore filtered water was used. THF and toluene
were distilled from sodium and benzophenone, and MeCN from CaH2.39 All or-
ganic solvents were of HPLC grade, handled under nitrogen atmosphere and stored
over 4 Å molecular sieves.

6.4.2 Spectroscopic measurements

Most of the spectroscopic measurements were carried out as described in Chapter 2.
Some measurements were carried out with a different setup using excitation at 295
nm (indicated in the figure captions). The setup has been described elsewhere.40

The fluorescence decays were fitted41 to a sum of one to five exponential functions
convolved with the instrument response function. Goodness of the fitting was
judged by the residuals and the χ2-values.
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13151–13160.
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CHAPTER 7

Mechanistic Study of a Cinchona-Catalyzed Henry
Reaction∗

Abstract

In this chapter, we describe a mechanistic study of an organocat-
alytic Henry reaction between nitroalkanes and aldehydes catalyzed
by the previously studied Cinchona organocatalyst (BnCPD). UV-
vis and NMR measurements show that aldehydes associate with both
the 6’-OH group and the basic quinuclidine nitrogen of the catalyst
while nitroalkanes do not exhibit a clear binding mode. The reaction
progress kinetic analysis reveals that the reaction is first-order in both
of the substrates and the catalyst. Secondly, the reaction proceeds
approximately five times faster in the excess of the nitroalkanes than
in the excess of the aldehydes. Binding of the aldehydes results in
inhibition of the catalyst. Due to the weak association of the ni-
troalkanes with the catalyst, the formation of this binary complex is
proposed to be the rate-limiting step in the catalytic cycle.

∗T. Kumpulainen, J. Qian, and A. M. Brouwer. Manuscript in preparation.
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7.1 Introduction

Biological activity of many pharmaceutical compounds, agrochemicals, flavors and
fragrances depends on the absolute stereochemistry of the molecules.1–3 The grow-
ing demand for such chiral molecules has rendered enantioselective synthesis as
one of the main goals in organic chemistry during the last decades.4 Employ-
ment of asymmetric catalysts, such as transition metal complexes or small organic
molecules, also known as organocatalysts, represents an effective way towards the
synthesis of chiral molecules.5–9 Transition metal catalysts often suffer from sev-
eral drawbacks like high price, toxicity and sensitivity towards ambient conditions.
Asymmetric organocatalysts, on the other hand, offer a “green”, metal-free, non-
toxic and low-cost route towards these valuable chemicals and have received great
attention during the 21st century.10–12

Among the known organocatalysts, Cinchona-based compounds hold a spe-
cial position and have been used in numerous C-C bond-forming organocatalytic
reactions with high yields and enantioselectivities. The Cinchona alkaloids are
available from natural sources as pairs of pseudoenantiomers, such as quinine and
quinidine, which differ only in their absolute configuration (Chart 7.1). Since
the chirality of the catalyst is transferred to the product, employment of a pseu-
doenantiomeric pair in asymmetric catalysis gives easy access to both enantiomers
of the same product.13–15 The naturally occurring alkaloids contain several func-
tional groups including a basic and nucleophilic quinuclidine, a quinoline unit, a
secondary alcohol, and a terminal olefin. The functional richness of the abundant
alkaloids allows their conversion to more efficient catalysts with different function-
alities16,17 or immobilization on a support18–20 in few synthetic steps.

The catalytic versatility of the Cinchona-derived catalysts arises from two key
factors: conformational flexibility and bifunctionality.21,22 This was already recog-
nized in the pioneering work of Hiemstra and Wynberg in 1981.23 The bifunctional-
ity is attributed to interactions of the substrates with the basic quinuclidine nitro-
gen (nucleophile, hydrogen-bond acceptor) and the hydroxyl group (electrophile,
hydrogen-bond donor) of the catalyst. The quinuclidine moiety is able to activate
an electrophile and the hydroxyl group can active a nucleophile or assist in the
orientation of the substrates via hydrogen bonding. Despite the large number of
mechanistic studies by means of NMR, reaction kinetics and computational tech-
niques, the understanding of the overall reaction mechanism remains limited.21–27

Experimental observation of the reaction intermediates is challenging due to the
transient and non-covalent nature of the involved interactions between the catalyst
and the substrates.

The functional groups responsible for the catalytic activity can also facilitate
different photophysical processes together with the built-in quinoline chromophore.
The hydroxy substituted quinoline is an excited-state acid and can undergo in-
tramolecular or intermolecular excited-state proton transfer as discussed in Chap-
ter 6. In addition, the quinuclidine moiety is a good electron donor resulting in
quenching of the locally excited (LE) emission of the quinoline and appearance
of a long-wavelength charge-transfer (CT) emission band in polar solvents. These
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Scheme 7.1: General mechanism of the base-catalyzed Henry reaction
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processes are affected by various hydrogen bonding and protonating agents such as
water, acids, bases and the reaction substrates.28–30 Therefore, monitoring of the
spectroscopic properties (absorption and emission) potentially enables observation
of the weak non-covalent interactions with high sensitivity.

Our aim is to use UV-vis spectroscopy combined with NMR spectroscopy and
reaction progress kinetic analysis to study the binding modes and reaction mech-
anism of Cinchona-derived catalysts. We chose the Henry reaction (Scheme 7.1),
as our model reaction. The Henry reaction is a base-catalyzed C-C bond-forming
reaction between nitroalkanes and aldehydes or ketones. According to the mecha-
nism reported in the literature, the initial step is the deprotonation of the weakly
acidic nitroalkane on the α-carbon followed by a nucleophilic attack by the car-
bonyl containing substrate to give a diastereomeric β-nitro alkoxide. Protonation
of the alkoxide by the protonated base yields β-nitro alcohol as a product. In the
Cinchona catalysts, the quinuclidine moiety acts as the base while the hydroxyl
group helps to orient the carbonyl compound via hydrogen bonding.31,32

The chosen catalyst is 9-benzyl ether of cupreidine (BnCPD) and model reac-
tion substrates are butyraldehyde (BA), 4-nitrobenzaldehyde (4-NO2PhA) and
4-trifluoromethylbenzaldehyde (4-CF3PhA) as the carbonyl compounds and ni-
tromethane (MeNO2) and nitroethane (EtNO2) as the nitroalkanes (Chart 7.1).
Most of the measurements are performed in THF which is the most used solvent
with the current catalyst and reaction.33 The photophysical properties of BnCPD
in neat solvents and upon addition of model hydrogen bonding and protonating
agents have been studied previously in our group.28,30 Here, we report on photo-

Chart 7.1: Structures of two pseudoenantiomers of the Cinchona catalysts,
quinine and quinidine-derivative, and the model substrates of the Henry reaction
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physical characterization upon addition of the model substrates complemented by
NMR measurements to study the binding modes of the individual substrates. Sec-
ondly, we present reaction progress kinetic analysis studies of two model reactions
to gain deeper insights into the reaction mechanism.

7.2 Results and discussion

7.2.1 Binding mode of the nitroalkanes

According to the literature, the binding mode of the nitroalkanes involved in the
Henry reaction is deprotonation by the basic quinuclidine to yield a contact ion pair
stabilized by hydrogen bonding with the hydroxyl group.32 As discussed in Chap-
ter 6, deactivation of the quinuclidine nitrogen by protonation suppresses both
the electron- and proton-transfer processes. Therefore, addition of a nitroalkane
is expected to increase the LE-emission of the quinoline unit. Association of the
nitroalkane with the quinuclidine is not expected to affect the absorption spectra
of the catalyst. The steady-state absorption and emission spectra of BnCPD
upon addition of MeNO2 are presented in Fig. 7.1. Because MeNO2 absorbs
in the spectral window, its absorption was measured separately and subtracted
from the absorption of the BnCPD sample. The emission spectra are corrected
for the primary inner-filter effect (IFE) due to the absorption of MeNO2 at the
excitation wavelength.

40

30

20

10

0

In
te

n
si

ty
 (

a
.u

.)

560520480440400360

Wavelength (nm)

c (MeNO2)

 0 mM

 

 

 

 100 mM

BnCPD in THF
0.15

0.10

0.05

0.00

A
b
so

rb
a
n
c
e

360340320300280

Wavelength (nm)

c (MeNO2)

 0 mM

 

 

 

 100 mM

BnCPD in THF

(a) (b)

Figure 7.1: Steady-state (a) absorption and (b) emission spectra of BnCPD
(c = 30 µM) in THF upon addition of MeNO2. Absorption of MeNO2 has
been subtracted from that of the BnCPD sample and the emission spectra are
corrected for the primary IFE. The excitation wavelength was 330 nm.

The absorption spectrum of BnCPD does not exhibit any changes upon ad-
dition of MeNO2. The fluorescence intensity, on the other hand, decreases upon
increasing concentration of MeNO2. Similar fluorescence quenching of anthracene
by MeNO2 has been reported in the literature34 and was also observed by us in
a reference measurement.

We used Stern-Volmer analysis to determine the Stern-Volmer quenching con-
stant (KSV). The Stern-Volmer plots of the uncorrected and primary IFE cor-
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rected emission data monitored at the maximum (366 nm) are presented in Fig.
7.2. The uncorrected Stern-Volmer plot exhibits a slight upward curvature while
the corrected data is linear. In addition, the determined Stern-Volmer constant is
almost two times higher for the uncorrected data. This emphasizes the importance
of the inner-filter effect correction. The determined Stern-Volmer constant from
the steady-state measurements is KSV = 8.4 M−1.

Next we turned to time-resolved measurements to study the nature of the
quenching. In the case of complex formation the quenching is expected to be
static and the fluorescence lifetime should not depend on the MeNO2 concen-
tration. The fluorescence decays of BnCPD upon addition of MeNO2 in THF
were measured using the time-correlated single photon counting (TCSPC) setup
and are presented in Fig. 7.3(a) together with the instrument response function
(IRF). As discussed in the previous chapter, BnCPD exhibits two main decay
components in neat solvent. Therefore, we used bi-exponential model to fit the
decay curves monitored close to the emission maximum at 370 nm and we used an
amplitude-weighted average lifetime, Eq. (2.48), for the Stern-Volmer analysis.35

The Stern-Volmer plots of the individual lifetimes and the amplitude-weighted av-
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Figure 7.3: (a) Fluorescence decays of BnCPD (c = 30 µM) in THF upon
addition of MeNO2 together with the IRF. The excitation wavelength was 322
nm and monitoring wavelength 370 nm. (b) Stern-Volmer plots of the individual
lifetimes, τ1 and τ2, and the amplitude-weighted average lifetime τaver.



130 Mechanistic Study of a Cinchona-Catalyzed Henry Reaction

erage lifetime are presented in Fig. 7.3(b). The Stern-Volmer plot exhibits linear
behavior with KSV = 8.4 M−1 determined from the amplitude-weighted average
lifetime. The value equals to that determined from the steady-state measurements.
This demonstrates that the quenching is purely dynamic in nature i.e. we do not
observe any complex formation between the catalyst and the nitromethane.

The concentration of the binary complex between the catalyst and the ni-
troalkane could be low due to the low concentration of the catalyst (c = 30 µM)
and therefore not detectable in the our steady-state measurements. Unfortunately,
the steady-state measurements are not feasible under catalytic concentration of the
catalyst. Therefore, we measured 1H NMR spectra of BnCPD in the absence and
presence of the nitroalkanes, (MeNO2) and (EtNO2) under catalytic concentra-
tions in THF-d8. The concentrations of the samples were BnCPD (0.01 mmol, 14
mM) + MeNO2 (0.1 mmol, 0.14 M) and BnCPD (0.02 mmol, 29 mM) + EtNO2

(0.2 mmol, 0.29 M) in THF-d8. The 1H NMR spectra showed only a broadening
of the 6’-OH proton signal (δ = 8.97 ppm) of BnCPD upon addition of the ni-
troalkanes. We did not observe any shifts in the proton signals of the quinuclidine
moiety. Based on our measurements, the deprotonation of the nitroalkane by the
quinuclidine seems unlikely or the concentration of this species is very low.

7.2.2 Binding mode of the aldehydes

The carbonyl compounds, in this case aldehydes, are assumed to bind to the
catalyst via hydrogen bonding to the quinoline 6’-OH group. This is expected to
influence the spectroscopic properties of the catalyst. The absorption and emission
spectra of BnCPD upon addition of BA are presented in Fig. 7.4. The absorption
of BA has been subtracted from the absorption of the BnCPD sample and the
emission spectra have been corrected for the primary IFE.

Addition of BA results in clear changes in both the absorption and emission
spectra of the catalyst. The absorption spectrum exhibits a broadening and red
shift of the main absorption band originating from the quinoline moiety. The
emission spectrum exhibits a decrease in the LE-emission and an appearance of a
long-wavelength emission band with a maximum at ∼ 430 nm and a shoulder at
∼ 520 nm. The observed changes are similar to those observed upon addition of
a strong base (see Fig. 6.1 in Chapter 6). This suggest the formation of anionic
species upon addition of BA.

The substituted aromatic aldehydes have relatively strong absorption in the
absorption range of the catalyst. We therefore tested only unsubstituted ben-
zaldehyde. The absorption and emission spectra of BnCPD upon addition of
unsubstituted benzaldehyde are presented in Fig. 7.5 and the spectra are cor-
rected as in the case of BA. Addition of benzaldehyde results qualitatively in
similar changes as addition of BA but the intensity of the long-wavelength emis-
sion band is lower in this case. This suggest a similar mode of action for both
aldehydes.

Determination of association constants was not possible for either of the alde-
hydes. This was due to the somewhat unpredictable quantitative behavior upon
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Figure 7.4: Steady-state (a) absorption and (b) emission spectra of BnCPD
(c = 20 µM) in THF upon addition of BA. Absorption of BA has been subtracted
from that of the BnCPD sample and the emission spectra are corrected for the
primary IFE. The excitation wavelength was 330 nm.
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Figure 7.5: Steady-state (a) absorption and (b) emission spectra of BnCPD
(c = 30 µM) in THF upon addition of benzaldehyde. Absorption of benzaldehyde
has been subtracted from that of the BnCPD sample and the emission spectra
are corrected for the primary IFE. The excitation wavelength was 330 nm.

addition of aldehydes. The observed spectroscopic changes were dependent on the
light exposure demonstrated by control measurements. Continuous monitoring of
the long-wavelength emission intensity of a fresh BnCPD + BA sample at 430
nm showed that the emission intensity increases in time. Moreover, the increase
was faster when the sample was excited at the absorption maximum of the alde-
hyde. Secondly, a single addition of 33 mM of benzaldehyde did not reproduce the
changes observed upon the incremental additions. However, the emission showed
gradual increase, similar to that presented in Fig. 7.5(b), when the emission spec-
tra were measured several times after each other without changing the sample nor
the experimental conditions. The observed changes were clearly dependent on the
light exposure of the sample but, unfortunately, selective excitation of the catalyst
was not possible due to the overlap with the aldehyde absorption.

We also confirmed the irreversible formation of the anionic species with TCSPC
measurements of the time-resolved emission. The decays were monitored between
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Figure 7.6: The decay associ-
ated spectra of BnCPD (c = 40
µM) in the presence of BA (c =
15 mM) in THF. The inset shows
the individual χ2-values. The ex-
citation wavelength was 315 nm.
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360 and 500 nm and fitted globally with a three-exponential model convolved with
the measured IRF. The excitation wavelength was 315 nm. The decay associated
spectra (DAS) of BnCPD in the presence of BA are presented in Fig. 7.6.

The decays exhibit three main components. The two faster components (τ1 =
0.54 ns and τ2 = 1.3 ns), responsible for the LE-emission, are similar to those
observed for BnCPD in neat THF (τ1 = 0.36 ns and τ2 = 1.7 ns). Although the
lifetimes are slightly different, the fast components can be attributed to the two
conformations of “free”BnCPD similarly to the case in neat THF (see discussion
in Chapter 6).30 The differences in lifetimes are possibly due to a mixing with
the long-wavelength components as indicated by the positive amplitude of τ2 in
the long-wavelength region. The main component responsible for the red shifted
emission has a significantly longer lifetime (τ3 = 7.3 ns) characteristic for the
anionic species. The shorter components do not exhibit a clear negative amplitude
in the long-wavelength region contrary to the water assisted proton transfer (see
Fig. 6.4). This demonstrates that the long-wavelength emitting species is formed
directly upon excitation, not photochemically via a transient state e.g. the LE-
state of the neutral catalyst. Although the formation of the anionic species is
photochemically irreversible, addition of an acid to the reaction mixture after
light exposure results in recovery of the LE-emission and disappearance of the
long-wavelength emission. This means that the 6-hydroxyquinoline remains intact
in the anionic photoproduct and the deprotonation/protonation of the 6’-OH is
chemically reversible. Similar behavior was observed for BnCPD in the presence
of benzaldehyde (results not shown).

Again, we turned to 1H NMR measurements to study the binding mode of
the aldehydes under catalytic concentrations and, more importantly, to avoid the
irreversible photochemical reaction. 1H NMR spectrum of BnCPD was measured
in the presence of all three aldehydes. Representative 1H NMR spectra of BnCPD
in the absence and presence of 4-CF3PhA are presented in Fig. 7.7. The protons
of BnCPD exhibiting significant changes in their chemical shifts are indicated in
the figure.

Addition of all three aldehydes results in downfield shifts of multiple proton
signals of the catalyst. The changes are largest upon addition of 4-CF3PhA.
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Figure 7.7: 1H NMR spectra of BnCPD (0.02 mmol, c = 29 mM) in the absence
(blue) and presence (red) of 4-CF3PhA (0.2 mmol, c = 290 mM) in THF-d8.
The protons of the catalyst exhibiting significant changes in their chemical shifts
are indicated in the figure.

The aldehydes exhibit a clear association with the 6’-OH group resulting in strong
broadening and red shift of the proton signal at δ = 8.97 ppm, similarly to the
nitroalkanes. In addition, the catalyst exhibits changes in the chemical shifts of
the quinuclidine moiety. The shifts are especially clear for the hydrogens nearest
to the basic nitrogen at δ = 2.5 − 3.3 ppm (H2, H5, and H8). Interestingly, the
H12 protons of the side group also exhibit a small shift. This possibly results
from a change in the conformation of the catalyst. Similarly to the addition of
water, aldehydes might bind to the catalytic pocket increasing the population of
the active conformation in which the substrate is simultaneously bound to both
the 6’-OH and the quinuclidine nitrogen. Wang and co-workers reported sim-
ilar observations for a thiourea-functionalized Cinchona catalyst.25 Addition of
a nucleophile (N -Boc-α,β-unsaturated-γ-butyrolactam) to the catalysts in C6D6

resulted in downfield shifts of most of the catalyst proton signals which was at-
tributed to binding to both the basic nitrogen and the hydrogen-bond donating
thiourea moiety.

The UV-vis measurements demonstrated a clear interaction between the cata-
lyst and the aldehydes but excitation of the complex resulted in irreversible forma-
tion of anionic species. 1H NMR measurements supported the complex formation
and showed that the aldehydes interact with both the 6’-OH group and the quinu-
clidine moiety. Possible structures of the complex and the anionic photoproduct of
BnCPD with butyraldehyde are presented in Scheme 7.2. According to the pro-
posed binding mode, aldehydes hydrogen bond to the 6’-OH group. This decreases
the electron density on the carbonyl carbon which then associates with the lone
pair of the basic quinuclidine nitrogen. This is enabled by the close proximity and
favorable orientation of the two functional groups in the active (i.e. anti-closed)23

conformation of the catalyst. Excitation of this neutral complex results in irre-
versible proton transfer to the carbonyl oxygen and formation of a covalent bond
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Scheme 7.2: Proposed binding mode of the aldehydes and the structure of the
zwitterionic photoproduct observed in the UV-vis measurements
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between the quinuclidine nitrogen and carbonyl carbon. Addition of an acid to
the zwitterionic complex protonates the 6’-O− recovering the neutral LE-emission
of the quinoline moiety.

Since we did not observe clear binding of the nitroalkanes, we believe that the
neutral complex between the aldehyde and the catalyst could be the initial species
in the catalytic cycle contrary to the mechanism proposed in the literature. We
explored this possibility by kinetic studies.

7.2.3 Kinetic studies of the Henry reaction

We started the kinetic studies by exploring a reaction between MeNO2 and 4-
NO2PhA catalyzed by BnCPD in THF-d8. Enantiomeric excesses up to 40 %
have been reported for this reaction.33 The reaction scheme and the samples are
presented in Table 7.1.

The aim was to determine the reaction order in each substrate by monitoring
the reaction in a tenfold excess of one of the substrates (entries 1 and 4). Unfor-
tunately, 4-NO2PhA was not soluble enough so we used a fivefold excess instead.
The order in the catalyst could be determined from the relative rate constants
at different catalyst loadings (entries 2–5). Secondly, we wanted to compare the

Table 7.1: Reaction scheme and the samples used for the kinetic study of
BnCPD catalyzed Henry reaction between MeNO2 and 4-NO2PhAa

O

H

O2N CH3NO2+

THF-d8, r.t., 6.5 h

BnCPD OH

O2N

NO2
*

entry BnCPD MeNO2 4-NO2PhA conversion

1 10 mol % 1 eq., 0.2 mmol 5 eq., 1 mmolb 79 %c

2 5 mol % 10 eq., 2 mmol 1 eq., 0.2 mmol 96 %
3 7.5 mol % 10 eq., 2 mmol 1 eq., 0.2 mmol 98 %
4 10 mol % 10 eq., 2 mmol 1 eq., 0.2 mmol 99 %
5 12.5 mol % 10 eq., 2 mmol 1 eq., 0.2 mmol 99 %

aConditions: 1 eq. = 0.2 mmol, t = 6.5 h, THF-d8, V = 700 µl, r.t. = 22±1 ◦C.
b2 mmol of 4-NO2PhA was not soluble in 700 µl. We used 1 mmol instead.
cReaction did not go to completion within 6.5 hours.
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observed rate constant in the excess of the aldehyde to that observed in the excess
of the nitroalkane. If the binding of the aldehyde is the initial step in the catalytic
cycle, we expect to observe higher rate in the excess of the aldehyde.

The reaction was monitored using 1H NMR spectroscopy. We used an auto-
mated sample changer of the spectrometer to monitor all five reactions simulta-
neously. This limited the data collection of each sample to ∼30 min intervals.a

The concentrations of the substrates were obtained by integrating the substrate
proton signals relative to a catalyst signal (used as a standard) and by normal-
izing to the known catalyst concentration. We used a pseudo-first-order kinetics
method to analyze the data. Plotting of -ln[MeNO2] or -ln[4-NO2PhA], sub-
strate concentration not in an excess, as a function of time should yield a straight
line with slope equal to the pseudo-first-order rate constant (k′′), Eq. (2.40). The
pseudo-first-order kinetic analysis and the calculated conversions of the samples
are presented in Fig. 7.8. The observed initial pseudo-first-order rate constants
(entries 2–5) as function of the catalyst loading are presented in Fig. 7.9.
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Figure 7.8: Pseudo-first-order kinetic analysis and calculated conversions of the
samples. The slopes of the fitted lines in (a) equal to the observed pseudo-first-
order rate constants, k”. Due to the deviation from the linear trend, we fitted
only the beginning of each trace (3–5 data points). The samples and the reaction
conditions are listed in Table 7.1.
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a function of the catalyst loading.

aIt takes 5 min to change the sample, lock and shim using the automated sample changer.
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The initial pseudo-first-order rate constants were obtained by linear fitting of
the beginning of each trace. The rate constants increase linearly upon increasing
catalyst loading demonstrating that the reaction is first-order in the catalyst (Fig.
7.9). All samples exhibit deviation from the linear trend after reaching ∼60–80
% conversion. This is tentatively attributed to a catalyst inhibition by the prod-
uct. The hydroxyl group of the product is a better hydrogen-bond donor than the
substrates and can block the active site of the catalyst. Due to the inhibition, we
could not unambiguously determine the reaction order in the substrate concen-
trations. Secondly, the NMR spectra showed that, in the excess of the aldehyde
(entry 1), the primary product reacted with the aldehyde generating a dihydroxy
side product which hampered the comparison between the rate constants of entries
1 and 4.

To overcome the problems of the first kinetic study, we changed the substrates
to EtNO2 and 4-CF3PhA. 4-CF3PhA is a liquid so the solubility will not be
a problem. Secondly, the product of this reaction has only a single α-hydrogen
next to the nitro group. This should suppress the side reaction between the pri-
mary product and the aldehyde. In addition, we decreased the concentrations of
the substrates to half while maintaining the catalyst concentration in order to in-
crease the accuracy of the relative integration of the NMR signals. This effectively
increases the catalyst loading to 20 mol %. To compensate for the decreased re-
action rate due to the dilution of the substrates (1/2×1/2 = 1/4), we increased
the temperature to t = 40 ◦C. As a rough approximation, increase of ∼20 ◦C is
expected to increase the rate by a factor of four.36

The reaction was monitored using 1H NMR with increasing time intervals (1–
20 min) as the reaction progressed. The beginning of the reaction (0 to 15 min)
was not sampled due to setting up of the measurement (locking and shimming)
and the stabilization of the elevated temperature. We used the reaction progress
kinetic analysis method to construct the so-called graphical rate equations (rate
as a function of the minor substrate concentration) of each reaction as described
in Chapter 2. The graphical rate equations of the reactions are presented in Fig.
7.10.

Table 7.2: Reaction scheme and the samples used for the kinetic study of
BnCPD catalyzed Henry reaction between EtNO2 and 4-CF3PhAa

O

H

F3C

+

THF-d8, 40 oC

BnCPD 20 mol %
*NO2

OH

F3C

NO2
*

entry BnCPD EtNO2 4-CF3PhA t (min) conversion

1 20 mol % 10 eq., 0.7 mmol 10 eq., 0.07 mmol 300 96 %
2 20 mol % 1 eq., 0.07 mmol 1 eq., 0.7 mmol 430 86 %
aConditions: 1 eq. = 0.07 mmol, THF-d8, V = 500 µl, t = 40±1 ◦C.
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rate equations (i.e. rate
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nor substrate concentra-
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CF3PhA. The reaction
conditions are listed in
Table 7.2.

Both reactions showed a clean conversion to the desired product as a mixture
of two diastereomers. The diastereomeric ratio was dr = 1.3 : 1 determined by 1H
NMR analysis of the isolated product (entry 1). We did not study the absolute
configuration or the enantiomeric excess of the diastereomers.

The rates of both reactions decrease linearly upon decreasing substrate concen-
tration to a large extent. This demonstrates that the reaction is first-order in both
of the reactants. The slight deviation at the end of the reaction could again refer
to a catalyst inhibition by the product. Because of the identical conditions (same
overall concentrations and temperature) comparison of the rates is now possible.
The reaction performed in the excess of EtNO2 exhibits approximately five times
higher rate compared to that performed in the excess of 4-CF3PhA. This clearly
demonstrates that the binding of the aldehyde is inhibiting the reaction and can-
not be the initial step in the reaction cycle. The much higher rate in the excess
of EtNO2 suggests that the initial step is the deprotonation of the nitroalkane
by the basic quinuclidine as proposed in the literature.31 In addition, since we
did not observe any complex formation between the nitroalkanes and the catalyst
in our experiments, the concentration of this binary complex must be very low.
Therefore, the deprotonation of the nitroalkane is likely the rate-limiting step of
the Henry reaction between nitroalkanes and carbonyl compounds.

7.3 Conclusions

We have used spectroscopic methods in combination with reaction kinetic analysis
to study the binding modes and reaction mechanism of an organocatalytic Henry
reaction between nitroalkanes and aldehydes. The reaction is catalyzed by the
previously studied Cinchona catalyst BnCPD. According to the literature the
reaction proceeds via deprotonation of the nitroalkane by the basic site of the
catalyst followed by nucleophilic attack of the aldehyde to form the product.

The nitroalkanes are found to cause dynamic quenching of the intrinsic fluores-
cence of the catalyst without any signs of complex formation. NMR measurements



138 Mechanistic Study of a Cinchona-Catalyzed Henry Reaction

show a weak interaction between the hydroxyl group of the catalyst and the ni-
troalkanes under catalytic concentrations. Aldehydes, on the other hand, exhibit
strong interactions with the hydroxyl group and the quinuclidine moiety of the
catalyst supported by both the UV-vis and the NMR measurements. The binding
mode is proposed to be similar to that of water, discussed in the previous chapter,
where the substrate forms a bridge between the two functional groups of the cat-
alyst. This type of binding mode changes the conformational distribution of the
catalyst towards the closed (active) conformation.

The reaction displays first-order kinetics with respect to the catalyst and the
substrates. Slight deviation from the first-order kinetics at high conversions is
attributed to a catalyst inhibition by the product. The reaction proceeds ap-
proximately five times faster in the excess of the nitroalkane than in the excess
of the aldehyde under identical conditions. Therefore, binding of the aldehydes
most likely results in an inhibition of the reaction and does not play a role in the
catalytic cycle. The lack of observed interactions between the catalyst and the
nitroalkanes suggests that the concentration of this binary complex is very low
and its formation is probably the initial as well as the rate-limiting step in the
catalytic cycle supporting the mechanism proposed in the literature.

7.4 Experimental section

7.4.1 Materials

BnCPD was synthesized as described in Chapter 6. Nitromethane (ReagentPlus,
≥ 99 %), nitroethane (ReagentPlus, ≥ 99.5 %), butyraldehyde (≥ 99.5 %), ben-
zaldehyde (≥ 99.5 %) and 4-CF3-benzaldehyde (98 %) were from Sigma-Aldrich.
4-NO2-benzaldehyde (98 %) was from Merck and THF-d8 was from Euriso-Top.
Butyraldehyde and 4-CF3-benzaldehyde were purified by distillation and stored
under nitrogen atmosphere. Other chemicals were used without further purifica-
tion. THF was of spectroscopic grade, distilled from sodium and benzophenone,
stored over 4 Å molecular sieves and handled under nitrogen atmosphere.

7.4.2 Spectroscopic measurements

Spectroscopic measurements and data analysis methods have been described in
Chapter 1.
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Summary

Proton-Transfer Reactions in “Super” Photoacids
and Supramolecular Assemblies

Proton transfer is one of the most fundamental reaction types in chemical and
biological processes and has been a subject of research for more than 200 years.
Surprisingly, the mechanism of this elementary reaction is still not fully under-
stood. This mainly owes to the complex nature of water, the solvent in which
the proton-transfer reactions usually take place, and to the dynamic nature of the
dissociation–association processes in ground-state proton transfer.

The discovery of excited-state acids, compounds that increase their acidity
upon excitation to a higher electronic state, has enabled time-resolved studies
of the dissociation process. In these experiments, the photoacid is excited in a
solution by a short light pulse to initiate the dissociation process which is then
followed in time. The acidity of the compound is restored upon relaxation to the
ground state allowing for the monitoring of the recombination process.

Several photoacids have been described in the literature and the whole photo-
cycle has been thoroughly characterized in aqueous solutions. Nevertheless, the
initial steps in the dissociation process, usually taking place in the femtosecond to
picosecond timescales, are still under debate. The majority of the results are ex-
plained according to the two-step Eigen-Weller model but additional intermediate
species have been suggested. In these models, the initial deprotonation results in
formation of contact (or hydrogen-bonded) ion pairs which then diffuse to produce
the free ions. The three-step model contains an additional intermediate species, a
solvent separated ion pair.

Chapter 1 gives a short introduction to the history of proton-transfer research
and photoacids. Furthermore, we describe the origin of photoacidity and show the
derivation of the Förster cycle, a thermodynamic cycle that is most widely applied
to characterize the efficiency of the photoacids. The experimental methods and
corresponding data analysis schemes are described in Chapter 2.

Chapter 3 begins by introducing the reader to the world of “super” photoacids,
compounds that exhibit negative pKa values in the excited state and are able
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to dissociate in organic solvents such as alcohols and DMSO upon excitation.
The photoacids studied in this chapter are based on monohydroxy- or dihydroxy-
substituted 1,8-naphthalimides and represent a novel class of “super” photoacids.
We explain how the photoacidity of these compounds can be further enhanced by
attachment of an electron withdrawing group on the aromatic system and how the
substituent influences the spectral properties and the kinetics of the dissociation
step. In addition, we show a full characterization of the dissociation–association
cycle for a selected photoacid in aqueous solutions at different pH values. The dis-
sociation process in aqueous solution is modeled according to the two-step Eigen-
Weller model, but some discrepancies between the model and the data in DMSO
suggest a more complicated mechanism of the initial proton-transfer step in this
solvent.

In Chapter 4, we focus on an intermolecular proton transfer in complexes be-
tween a 1,8-naphthalimide “super” photoacid and organic bases in aprotic organic
solvents. This mechanism is utilized to initiate a conformational change in a [2]ro-
taxane presented in Chapter 5 and therefore the results presented in this chapter
are also used to interpret the results presented in the next chapter. First, we use
quantum chemical calculations to explore the acid-base and spectroscopic prop-
erties of the complexes between the photoacid and the bases and to identify the
energetically favorable complexes. The calculations suggest that the dihydroxy-
substituted photoacid forms 1:1 and 1:2 complexes with the bases. These findings
are confirmed by UV-vis measurements. In addition, we are able to obtain the
spectra and the association constants of the complexes from the UV-vis data.
Last, we explore the kinetics of the intermolecular proton-transfer in these com-
plexes and are able to confirm the three-step dissociation model already suggested
in Chapter 3. The species involved in the model are: a hydrogen-bonded com-
plex, a hydrogen-bonded ion pair, a solvent separated ion pair, and a free ion pair.
Interestingly, all three excited-state ion pair species are also observed upon exci-
tation of a ground-state hydrogen-bonded ion pair, a hydrogen-bonded complex
between the deprotonated photoacid and a protonated base. This emphasizes the
importance of water in the dissociation process both in the ground state and the
excited state.

In Chapter 5, we shift gears and demonstrate how the excited-state proton
transfer can be utilized in a supramolecular assembly to convert photon energy
into mechanical motion. The compound under investigation is a bistable [2]ro-
taxane, a molecular machine consisting of an axle and a macrocycle mechanically
interlocked onto the axle. The macrocycle is able to shuttle along the axle between
two nondegenerate hydrogen-bonding stations, an initial succinamide station and
a final station composed of the 1,8-naphthalimide “super” photoacid. In the neu-
tral molecule, the macrocycle resides predominantly on the initial station. The
movement of the macrocycle is induced by “charging” the 1,8-naphthalimide final
station utilizing the excited-state proton transfer. Translocation of the macrocy-
cle results in changes both in the UV-vis and the IR spectra of the compound,
enabling direct monitoring of the shuttling process. Detailed investigations of the
spectral data reveal clear indications of the departure of the macrocycle from the
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initial station and concomitant arrival to the naphthalimide end station. In ad-
dition, we are able to investigate the effect of the molecular composition of the
axle and the end station on the shuttling kinetics and the mechanism by com-
paring a small set of structurally different rotaxanes. We find that the molecular
composition has a drastic influence on both the kinetics and the mechanism. Ad-
ditional oxygen atoms on the axle (vs. methylene groups) accelerate the shuttling
by ∼60 %. This is attributed to a decreased activation energy for the escape of
the macrocycle due to hydrogen-bonding interactions between the axle oxygens
and the macrocycle. To the best of our knowledge, the novel dihydroxy rotaxane
is the fastest reversible molecular shuttle of this length scale and exhibits an av-
erage shuttling time of τshuttling ≈ 30 ns over a distance of ∼1 nanometer. The
shuttling in this rotaxane is proposed to take place in a folded conformation via a
“harpooning” mechanism.

Chapters 6 and 7 deal with a Cinchona-derived organocatalyst bearing a pho-
toacidic 6-hydroxyquinoline chromophore and a basic quinuclidine moiety. Chap-
ter 6 describes the extremely versatile photophysical properties of the catalyst in
neat organic solvents and in THF in the presence of an acid, a base, or water. Ad-
dition of a strong base results in an intermolecular excited-state proton transfer
similarly to the proton transfer described in Chapter 4. Addition of water results
in an intramolecular excited-state proton transfer from the 6-hydroxyquinoline
moiety to the basic quinuclidine via a water wire. This is confirmed by the ob-
served kinetic isotope effect in the presence of heavy water. In both cases, the
proton transfer is modeled using the three-step dissociation model. The different
fluorescent ion pair species are surprisingly well separated both kinetically and
spectrally in the case of the intramolecular proton transfer in the presence of wa-
ter. This is attributed to the slow separation and solvation of the ion pairs in
the binary mixture of THF and water. The amount of water is found to have a
strong influence on the kinetics of the proton-transfer step. Again the importance
of water in the dissociation process is emphasized.

The last chapter is focused on the catalytic mechanism of the Cinchona-derived
organocatalyst. The functional groups giving rise to the versatile photophysical
properties are also of key importance for the catalytic activity and the bifunctional
mechanism of the catalyst. Therefore, we are able to spectroscopically probe the
catalytic interactions between the catalyst and model substrates of an asymmetric
Henry reaction between nitroalkanes and aldehydes. We find that an addition of
nitroalkanes results in dynamic fluorescence quenching. NMR measurements show
only weak association with the hydroxyl group under catalytic concentrations. The
aldehydes, on the other hand, are found to interact with both the hydroxyl group
of the quinoline and the basic nitrogen of the quinuclidine. Reaction progress
kinetic analysis reveals that the reaction is first-order in the catalyst and both
of the substrates. Interestingly, the much lower rate observed in the excess of
the aldehyde demonstrates that the observed binding of the aldehyde inhibits the
reaction and does not play a role in the catalytic mechanism.





Samenvatting

Protonoverdrachtsreacties in “Super” Fotozuren
en Supramoleculaire Complexen

Protonoverdracht is een van de belangrijkste fundamentele processen in de schei-
kunde en de biologie, en wordt al meer dan 200 jaar bestudeerd. Verrassend genoeg
is het mechanisme achter deze elementaire reactie nog steeds niet volledig bekend.
Enerzijds komt dit door het complexe gedrag van water, het oplosmiddel waarin
protonoverdracht meestal wordt bestudeerd. Anderzijds komt het door het dyna-
mische karakter van de dissociatie–associatie processen van protonoverdracht in
de grondtoestand.

Door de ontdekking van verbindingen waarvan de zuursterkte in de elektronisch
aangeslagen toestand sterk toeneemt is het mogelijk geworden om tijdsopgeloste
metingen te verrichten van het proton-dissociatieproces. Bij deze metingen wordt
het opgeloste fotozuur geëxciteerd met een korte lichtpuls, waarna het dissociatie-
proces in de tijd kan worden gevolgd. Na relaxatie naar de grondtoestand treedt
recombinatie op, en dat proces kan eveneens worden gevolgd.

In de literatuur zijn verscheidene fotozuren beschreven en de fotocyclus in wa-
terige oplossingen is goed gekarakteriseerd. Toch bestaan er voor het begin van het
proces, dat plaatsvindt op een femtoseconde tot picoseconde tijdschaal, tegenstrij-
dige theorieën. De meeste resultaten worden volgens het twee-staps Eigen-Weller
model beschreven, maar er is ook gesuggereerd dat er nog meer intermediairen
bestaan. In deze modellen resulteert de initiële deprotonering in de vorming van
(waterstofbrug-gebonden) contact-ion-paren die na diffusie vrije ionen produceren.
In het drie-staps model is er een extra intermediair, namelijk een door oplosmid-
delmoleculen gescheiden ionenpaar.

In Hoofdstuk 1 wordt eerst een kort overzicht gegeven van eerder onderzoek
naar protonoverdracht en fotozuren. De oorsprong van de zuursterkte van fotozu-
ren en het afleiden van de Förster cyclus, een thermodynamische cyclus die vaak
wordt toegepast om de efficiëntie van de fotozuren te karakteriseren, worden ver-
volgens beschreven. Hierna worden in Hoofdstuk 2 de experimentele methoden en
corresponderende data-analyseschema’s uitgelegd.

145



146 Samenvatting

In Hoofdstuk 3 worden de “super”-fotozuren gëıntroduceerd. Dit zijn mole-
culen die in de aangeslagen toestand zeer sterke zuren zijn (met negatieve pKa

waarden), en die in organische oplosmiddelen zoals alcoholen en DMSO kunnen
dissociëren. De fotozuren die in dit hoofdstuk worden bestudeerd behoren tot
een nieuwe klasse van “super”-fotozuren die afgeleid zijn van monohydroxy- of
dihydroxy-gesubstitueerde 1,8-naftaalimides. We leggen uit hoe de zuursterkte
van deze fotozuren kan worden verhoogd door elektronenzuigende groepen toe te
voegen aan de aromatische ring en hoe deze substituent de spectrale eigenschappen
en de kinetiek van de dissociatie-stap bëınvloedt. Verder geven we een volledige
karakterisering van de dissociatie–associatie cyclus voor een fotozuur in waterige
oplossing bij verschillende pH waarden. Het dissociatieproces is gemodelleerd aan
de hand van het twee-staps Eigen-Weller model, maar afwijkingen tussen het model
en de data van het fotozuur opgelost in DMSO suggereren een meer gecompliceerd
mechanisme voor de initiële protonoverdracht in dit oplosmiddel.

In Hoofdstuk 4 richten we ons op intermoleculaire protonoverdracht in com-
plexen die zijn opgebouwd uit een 1,8-naftaalimide “super”-fotozuur en organische
basen opgelost in aprotische organische oplosmiddelen. Dit mechanisme wordt ge-
bruikt om een conformationele verandering te induceren in een [2]rotaxaan, dat
zal worden besproken in Hoofdstuk 5. De resultaten van dit hoofdstuk worden ge-
bruikt om de resultaten in het volgende hoofdstuk te interpreteren. Eerst voeren
we kwantum-chemische berekeningen uit om de zuur-base en spectroscopische ei-
genschappen van de complexen te onderzoeken en om de energetisch meest gunstige
complexen te voorspellen. De berekeningen suggereren dat het dihydroxy-fotozuur
1:1 en 1:2 complexen vormt met de basen. Deze bevindingen worden verder on-
dersteund door UV-vis metingen. Daarbij kunnen we de bijbehorende spectra en
associatie-constanten van de complexen achterhalen uit de UV-vis data. Als laat-
ste onderzochten wij de kinetiek van de intermoleculaire protonoverdracht in deze
complexen en kunnen wij het drie-staps dissociatie model, dat werd gëıntroduceerd
in Hoofdstuk 3, bevestigen. De opeenvolgende stadia die het model bevat, zijn:
een waterstofbrug-gebonden complex, een waterstofbrug-gebonden ionenpaar, een
oplosmiddel gescheiden ionenpaar, en een vrij ionenpaar. Het is interessant dat in
het geval van excitatie vanuit de grondtoestand van een waterstofbrug-gebonden
ionenpaar, een waterstofbrug-gebonden complex tussen gedeprotoneerd fotozuur
en een geprotoneerde base, alle drie de types aangeslagen ionenpaar kunnen wor-
den waargenomen. Hiermee wordt het belang van water in het dissociatieproces
in de grond- en de aangeslagen toestand bevestigd.

In Hoofdstuk 5 demonstreren wij hoe de protonoverdracht in de aangeslagen
toestand kan worden toegepast om energie van fotonen om te zetten in mechanische
energie in een supramoleculair complex. De verbinding die wordt onderzocht is
een bistabiel [2]rotaxaan. Dit is een zogenaamde moleculaire machine die bestaat
uit een macrocyclische ringverbinding en een as-vormig molecuul dat er doorheen
steekt. De macrocyclische ring kan langs de as heen en weer pendelen tussen twee
“stations” waaraan hij kan binden via waterstofbruggen. De twee stations zijn
een succinamide groep en het 1,8-naftaalimide “super”-fotozuur. Bij het neutrale
molecuul verblijft de ring overwegend bij het succinamidestation. Door middel van
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een protonoverdracht in de aangeslagen toestand wordt het 1,8-naftaalimide eind-
station elektrisch geladen en vervolgens beweegt de macrocyclische ring zich daar
naar toe. Deze verplaatsing leidt tot een verandering in de UV-vis en IR spectra,
waardoor het pendelproces direct kan worden waargenomen. Gedetailleerd onder-
zoek van de spectrale data wijst er duidelijk op dat de macrocyclische verbinding
het beginstation verlaat en praktisch op hetzelfde moment bij het eindstation aan-
komt. Daarnaast kunnen we het effect van de moleculaire structuur van de as
en het eindstation op de kinetiek en het mechanisme van het pendelen bestuderen
door een kleine set van structureel verschillende rotaxanen te onderzoeken. Hieruit
blijkt dat de moleculaire structuur een drastische invloed heeft op de kinetiek en
het mechanisme van het pendelen. Het opnemen van zuurstofatomen in de as in
plaats van methyleengroepen verhoogt de snelheid van het pendelen met ∼60 %.
Dit komt door een verlaging van de activeringsenergie voor de ontsnapping van
de macrocyclische verbinding van het beginstation door de waterstofbruginterac-
ties tussen de zuurstofatomen in de as en de macrocyclische ring. Voor zover ons
bekend vertoont dit nieuwe dihydroxyrotaxaan op deze lengteschaal het snelste
reversibele pendelen ooit waargenomen. De pendeltijd bedraagt τshuttling ≈ 30 ns
voor een afstand van ∼1 nm. Waarschijnlijk gebeurt het pendelen in dit rotaxaan
in een gevouwen conformatie via een “harpoen”-mechanisme.

In Hoofdstukken 6 en 7 wordt een Cinchona organokatalysator besproken, die
een 6-hydroxychinoline fotozuur chromofoor en een basisch chinuclidine deel be-
vat. Hoofdstuk 6 beschrijft de extreem veelzijdige fotofysische eigenschappen van
de katalysator in organische oplosmiddelen (met name in tetrahydrofuran, THF)
bij toevoeging van een zuur, een base of water. Het toevoegen van een sterke base
resulteert in een intermoleculaire protonoverdracht in de aangeslagen toestand,
die veel lijkt op de protonoverdracht besproken in Hoofdstuk 4. Het toevoegen
van water resulteert in een intramoleculaire protonoverdracht in de aangeslagen
toestand van het 6-hydroxychinoline fotozuur naar de basische chinuclidine via
een draad van water. Dit wordt bevestigd door de waarneming van een kinetisch
isotoop effect bij toevoeging van gedeutereerd in plaats van gewoon water. In
beide gevallen kan de protonoverdracht worden gemodelleerd met het drie-staps
dissociatiemodel. De verschillende fluorescerende ionenpaar deeltjes zijn, in het
geval van protonoverdracht bij toevoeging van water, verrassend genoeg kinetisch
en spectraal goed gescheiden van elkaar. De reden hiervoor is dat er een lang-
zame scheiding en solvatatie plaatsvindt van de ionenparen in de binaire oplossing
van THF en water. Verder blijkt dat de verhouding van water t.o.v. THF een
sterke invloed heeft op de kinetiek van de protonoverdracht-stap. Deze resultaten
bevestigen opnieuw de belangrijke rol die water speelt in het dissociatie proces.

In het laatste hoofdstuk wordt de nadruk gelegd op het katalytisch mecha-
nisme van de Cinchona organokatalysator. De functionele groepen die voor de
veelzijdige fotofysische eigenschappen zorgen, spelen ook een belangrijke rol bij de
katalytische activiteit en het bifunctionele mechanisme van de katalysator. Het is
daarom mogelijk om de katalytische interacties tussen de katalysator en model-
substraten van een asymmetrische Henry reactie tussen nitroalkanen en aldehyden
spectroscopisch te analyseren. Het blijkt dat het toevoegen van een nitroalkaan
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resulteert in het dynamisch doven van de fluorescentie. Uit NMR resultaten is
verder gebleken dat er slechts een zwakke associatie met de hydroxylgroep is bij
katalytische concentraties. Daarentegen hebben de aldehyden een wisselwerking
met de hydroxylgroep van het chinoline en het basische stikstofatoom van het
chinuclidine. Kinetische analyse van het reactieverloop laat verder zien dat het
een eerste-orde reactie betreft in de katalysator en beide substraten. Interessant
genoeg betekent het feit dat er een relatief lagere reactiesnelheid is bij een hogere
concentratie aldehyden dat de waargenomen binding met het aldehyde de reactie
juist tegenwerkt en geen rol speelt in het katalytisch mechanisme.
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