CHAPTER 1

Introduction to Sensitized Lanthanide Luminescence
and the Detection of Bacterial Spores

2

1.1 Lanthanides – Relevance and History
The lanthanides, or lanthanoids in IUPAC terminology, comprise the fifteen
elements of the top row in the ‘f-block’ of the periodic table and have the electronic
configuration [Xe] 4fn 5s2 5p6 where n varies from 0 to 14. Also known as ‘rare earth
elements’ due to the etymology of the term ‘lanthanide’ (derived from the Greek
lanthanein, meaning ‘to lie hidden’) and the uncommon oxides from which they were
first isolated, lanthanides are in actuality neither ‘rare’ nor ‘earths’, an old term used to
describe certain metal oxides such as lime and magnesia.1 Even the rarest lanthanides –
thullium and lutetium – are nearly 200 times more abundant than gold (Figure 1.1).2 Yet,
the name ‘rare earths’ has persisted, perhaps due to the enigmatic nature of these unusual
metals, and their ability to ‘hide’ behind each other in minerals. Indeed, the similar
chemical properties of lanthanides make their separation quite difficult, even today.
Lanthanides have found uses in a wide variety of industries and materials, such as
catalysts, glasses, ceramics, permanent magnets, optics and electronics.3,
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Solid

phosphors containing europium, cerium and terbium are major contributors to
commercial markets in fluorescent lighting and color displays. Various lanthanide ions
can be used in lasers, with neodymium as the most famous in yttrium aluminum garnet
(Nd-YAG). The green, blue and red luminescent bands in Euro banknotes are attributed
to europium complexes.5 Certain lanthanides (Eu, La, Lu, Nd, Pr, Sm, Th, Tm and Yb)
are used as tracers in wine chemistry to discriminate wines according to geographical
region.6 The ratio of europium, which is almost entirely (~ 97%) formed in stars, to other
rare earth elements in meteorites has helped us decipher much of the history of processes
in our solar system, such as the early development of the feldspar-rich lunar crust.7
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In aqueous solution, lanthanides are most stable in the +3 oxidation state, leading
to high coherent behavior and hence making them difficult to separate and purify. The
preference for the trivalent oxidation state is due in part to the energy of the 4f electrons
being below those of the 5d and 6s electrons (except in the cases of La and Ce). When
forming ions, electrons from the 6s and 5d orbitals are lost first, so that all Ln3+ ions have
[Xe] 4fn electronic configurations. This, coupled to the high enthalpies of hydration for
trivalent lanthanides, results in the stability of the +3 oxidation state.

In reducing

conditions, europium, samarium and ytterbium can be stable in the divalent form; cerium
has also been known to adopt a +4 oxidation state.
Lanthanide ions possess relatively high charge densities and have a strong
electrostatic nature in their bonding, as the ions are polarizing and can be classified as
hard Lewis acids. The 4f orbitals in Ln3+ ions are well shielded by the 5s and 6p orbitals,
and therefore do not participate directly in bonding (Figure 1.2). Therefore, π-bonding is
not possible, and no Ln=O or Ln≡N multiple bonds are known for lanthanide complexes.
Coordination to trivalent lanthanides tends to be more ionic in character, which
leads to a strong preference for negatively charged or neutral donor groups possessing
large ground state dipole moments. Therefore, combinations of amines and carboxylic
acid groups are often used in lanthanide complexation.8, 9 This ionic character of binding
also means lanthanide complexes tend to undergo facile exchange of ligands.5
Coordination geometries in lanthanides are determined by ligand steric factors as
opposed to orbital overlap or crystal field effects.10, 11 In aqueous solution, donor groups
containing neutral oxygen or nitrogen atoms generally bind when present in multidentate
ligands (podands, crown ethers, cryptates, etc.).12-15

Relatively few complexes of
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monodentate nitrogen donors exist, reinforcing the oxophilic tendency of lanthanide
binding. This preference for oxygen donors also makes lanthanides quite lithophilic, and
explains their occurrence in silicates as opposed to metallic or sulphidic minerals.16
The coordination number of [Ln(H2O)n]3+ is normally 9 for the early lanthanides
(La-Eu) and 8 for those later in the series (Dy-Lu), with the intermediate metals (Sm-Dy)
exhibiting a mixture of species. However, the coordination number can be dictated by
the steric bulk of the coordinating ligands, and species with coordination numbers as low
as 2 and as high as 12 are known.5, 17
As the 4f electrons of the lanthanides are well shielded from the environment, the
spectroscopic and magnetic properties of these ions (e.g., electronic spectra and crystalfield splittings) are largely independent of environment (solvent, coordinated ligands,
etc.). The number of configurations for n electrons rapidly increases with the number of
unpaired electrons:
14!
n!(14 - n)!

[1.1]

where 0 ≤ n ≤ 14, with the lowest energy term for each ion consistent with the predictions
of Hund’s first and second rules.18, 19 Since all configurations have different energies, the
lanthanides tend to exhibit rich and complex energy level structure (Figure 1.3).20 Due to
spin-orbit coupling, the excited states of the lanthanides are well separated from the
ground state manifold. Thus, the excited states are thermally inaccessible and ideal for
electronic transitions. With the exceptions of the 4f0, 4f1, 4f13 and 4f14 species (La3+,
Ce3+, Yb3+ and Lu3+, respectively), all lanthanide ions absorb electromagnetic radiation,
primarily in the visible region, which is manifested in f-electrons from the partially filled
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4f subshell being excited from the ground state to an excited state. These f–f transitions
can be excited by both magnetic dipole and electric dipole radiation. Magnetic dipole
transitions are Laporte (parity) allowed, while electric dipole transitions are Laporteforbidden.21, 22 Electric dipole transitions are much weaker in lanthanides (ε ~ 0.1 mol-1
dm3 cm-1) than in the transition metals, meaning magnetic dipole transitions can often be
seen.5, 23 Electronic transitions must involve promotion of an electron without a change
in its spin (∆S = 0) and with a variation of either the total angular momentum and the
total angular quantum number of one unit at most (∆L = ±1,0; ∆J = ±1,0). Though
absorption of radiation can in theory promote the lanthanide ion to any energetically
accessible state, emission normally occurs only from the lowest lying spectroscopic level
of the first excited term due to rapid internal conversion.19 In cases of low symmetry or
vibronic coupling, the f–f transitions can gain intensity through f- and d-state mixing with
higher electronic states of opposite parity. Broad 4fn → 4fn-1 5d1 transitions can also be
seen in the infrared region for some lanthanides.
The electronic configuration of lanthanides is split due to a variety of interactions.
The initial configuration is split into spectroscopic terms by electronic repulsion, with
separations on the order of 104 cm-1.24 These terms can be further split into spectroscopic
levels, or J states, due to spin-orbit coupling effects. The energy differences between
split J states lies in the range of 103 cm-1.25 These levels, in turn, can be split again into
what are termed Stark sublevels due to ligand field effects from the coordination sphere
around the lanthanide; Stark sublevel splitting is on the order of 102 cm-1 (Figure 1.4).26
This results in the overall emission peak position remaining largely unchanged as the
f-electrons remain shielded, but the emission profile of a lanthanide (defined as the
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relative intensity and degree of splitting of emission peaks) can vary greatly depending
on modulation of these influences.27, 28 The number of Stark sublevels depends on the
site symmetry of the lanthanide ion, and these can be thermally populated at room
temperature, yielding more complex emission spectra.
Filling of the inner 4f electron shell across the lanthanide series results in a
diminuation of the ionic radius by as much as 15% from lanthanum to lutetium, referred
to as the lanthanide contraction.29 Though atomic radius contraction is not unique across
a series (i.e., the actinides and the first two rows of the d-block), the fact that all
lanthanides primarily adopt the trivalent oxidation state means that this particular row of
elements exhibits a traceable change in properties in a way that is not observed elsewhere
in the periodic table. Lanthanides behave similarly in reactions as long as the number of
4f electrons is conserved.30 Thus, we can use lanthanide substitution as a tool to tune the
ionic radius in a lanthanide complex without changing its chemistry, to better understand
how the size of the metal cation affects various properties.

1.2 Sensitized Lanthanide Luminescence
Though alone lanthanide ions have very low molar absorptivities and can only be
effectively excited by lasers, lanthanide luminescence can be significantly enhanced by
chelating ligands in a process called ‘sensitization’. The first demonstration of sensitized
lanthanide luminescence was due to the efforts of Bhaumik and El-Sayed, who showed
that if the lowest triplet level of europium tris hexafluoroacetylacetonate, or Eu(HFA)3,
was excited by triplet-to-triplet intermolecular energy transfer from another donor
(benzophenone), the energy could be transferred to the lanthanide cation.31,

32

This
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indirect sensitization bypasses the selection rules that normally limit f–f excitation in
lanthanides, and can result in luminescence enhancement by three orders of magnitude or
more.24, 33, 34
In sensitized lanthanide luminescence, the chromophore is normally an aromatic
or unsaturated organic molecule that is either anionic or has a strong dipole moment to
coordinate to the Ln3+ ion. In order to act as an efficient energy harvester or ‘antenna’ as
they are often termed,35 the chromophore must absorb radiation effectively and pass as
much of this energy as possible, nonradiatively, to the lanthanide for emission. This
process, known as the absorption-energy transfer-emission (AETE) mechanism, has
several steps. First, the light-harvesting ligand is excited from the ground state S0 to the
singlet excited state S1 (Figure 1.5). Some chromophores have several singlet excited
states; nonradiative relaxation from these higher singlet excited states (S2, S3, etc.) to the
lowest singlet excited state (S1) via internal conversion (IC) can occur readily. Second, a
triplet excited state (T1) is formed through intersystem crossing (ISC), a process that is
more efficient near heavy atoms such as lanthanides, which promote spin-orbit
coupling.36 Third, intramolecular energy transfer (ET) from the ligand triplet excited
state to the lanthanide excited state occurs, resulting in a populated emittive level in the
lanthanide.

The efficiency of this step, the intramolecular energy transfer from

chromophore to lanthanide, is the most important factor influencing the luminescence
properties of rare earth complexes.37 The final step is the luminescence observed as the
excited state in the lanthanide decays radiatively to the ground state manifold.38, 39
However, there are other pathways, both radiative and nonradiative, that can
reduce the efficiency of sensitized lanthanide luminescence. Chromophores can lose
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energy from the singlet excited state by two mechanisms: (1) fluorescence, where they
radiatively decay from the singlet excited state to the ground state; or (2) the excited state
can be nonradiatively quenched by photoinduced electron transfer or other means.12 The
triplet excited state of the chromophore can also radiatively decay as phosphorescence, or
be nonradiatively quenched by oxygen, though oxygen has been found to have little or no
quenching effect on visible-emitting luminescent lanthanide complexes.40,
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These

mechanisms can be mitigated or minimized by judicial choice of chromophore.
The greatest vulnerability of sensitized lanthanide luminescence lies in
nonradiative deactivation or relaxation due to solvent interactions, which can reduce
emission intensity significantly through energy dissipation by vibronic modes.24,
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Typically, this occurs by harmonic oscillators in the lanthanide coordination sphere,
though outer-sphere quenching has also been observed.40 Vibronic quenching depends
on both the number of oscillators close to the first coordination sphere and the R
parameter:

R=

∆E ∆E µ
=
ℏω
ℏ κ

[1.2]

where ∆E is the energy gap between the emitting state and the higher energy J state of the
ground multiplet, ħω is the oscillator vibrational quantum, µ is the oscillator reduced
mass and κ is the oscillator force constant.43, 44 The R parameter represents the number of
vibrational quanta between ∆E; the lower the value of R, the higher the rate of vibronic
coupling and the more pronounced the emission quenching will be.
The most common and efficient quencher of lanthanide luminescence is the O–H
oscillator.45 For the four lanthanides that luminesce in the visible region (Sm, Eu, Tb and
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Dy), the R parameter lies in the range of 3 to 6, meaning quenching by OH vibrations is a
significant mode of radiationless transitions.44

Gadolinium, in contrast, which is

relatively unquenched by OH vibrational overtones, has an R value of ~10. In order to
reduce or eliminate this pathway for nonradiative decay, the lanthanide ion must be
effectively shielded from the solvent. This can be accomplished using various chelating
ligands containing hard donors that bind to the lanthanide ion with high affinity and
contain a cavity to encapsulate the ion and prevent solvent coordination. The first
‘insulating sheath’ for lanthanide ions was developed by Halverson in 1964 using
fluorinated 1-diketonates.46

Since then a variety of successful ligands have been

identified for this purpose, including cyclodextrins, cryptands, podands, calixarenes,
porphyrins, crown ethers, and aza-crown macrocyclic and bicylic ligands (Figure 1.6).12,
13, 47-51

Triplet-mediated energy transfer in sensitized lanthanide luminescence has two
proposed mechanisms. The Dexter energy transfer mechanism involves the transfer of an
electron from donor (D) to acceptor (A). In the Dexter model, a resonant transfer of
energy can be obtained between an allowed transition in the donor and a forbidden
transition in the acceptor.52 The acceptor can therefore be made to luminesce after
exposure to a given region of radiation where it would not normally, due to energy
transfer from the donor. The Dexter mechanism is highly dependent on orbital overlap,
and therefore efficient energy transfer is only seen at very small distances (~ 10 Å).53
The other proposed mechanism is the Förster, or Coulombic, energy transfer mechanism,
in which energy transfer is dipole-induced and the electrons do not physically transfer.54
Energy transfer in the Förster model is highly dependent on the spectral overlap of the
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emission spectrum of the donor and the absorbance spectrum of the acceptor, and can
occur over longer distances. (Figure 1.7). However, it must be noted that both the Dexter
and Förster mechanisms describe only single-step, photoinduced, nonradiative energy
transfers, whereas sensitized lanthanide luminescence often involves multiple steps such
as intersystem crossing and internal conversion prior to energy transfer.
The AETE mechanism depends on appropriate alignment of the ligand donating
triplet energy level and the lanthanide accepting excited level for efficient energy
transfer. The intramolecular energy transfer efficiency depends mainly on two energy
transfer processes: Dexter resonant exchange interaction theory and thermal
deactivation.55 The first describes the rate of energy transfer from the lowest triplet state
to the resonant energy level as follows:56
k ET = KPda exp(− 2R da L )

(

)

Pda = 2πΖ 2 R ∫ Fd (E)E a (E)dE

[1.3]

where kET is rate constant of intermolecular energy transfer (ET), Pda is the transition
probability of the resonant exchange interaction, Fd(E) is the experimental luminescence
spectrum of E-donor (ligand), Ea(E) is the experimental absorption spectrum of the
E-acceptor (Ln3+), Rda is the intermolecular distance between donor and acceptor atoms,
L is the Van der Waals radius and 2πZ2/R is a constant relating to the specific mutual
distance between the E-acceptor (Ln3+) and coordinated atoms (N and O). This is in
competition with the reverse energy transition due to thermal deactivation:52

k(T) = Aexp(− ∆E RT )

[1.4]

In other words, the donor and acceptor levels must be close enough to allow for efficient
energy transfer, but if they are too close energy is lost due to thermal deactivation. The
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optimal energy gap between chromophore triplet state and lanthanide excited state is
approximately 4000 ± 500 cm-1, meaning that the pairing of lanthanide and chromophore
is of the utmost importance for achieving efficient energy transfer.37, 57
Sensitized lanthanide luminescence is a unique process, and as such these
lanthanide complexes demonstrate some interesting features not found in other species
that are known to luminesce. Emission spectra tend to exhibit narrow line-like bands
because both excited and ground states have the same fn configuration.12,

24

These

electronic f–f transitions are also largely independent of the chemical environment of the
lanthanide ion, though the peak splitting and relative intensities can vary significantly in
some cases.

Due to the various energy transfer steps that occur in lanthanide

luminescence (internal conversion, intersystem crossing, etc.), there is usually a very
large difference between the absorption and emission maxima in these complexes, known
as the Stokes shift.40, 58 The larger the Stokes shift, the less overlap between absorbance
and emission bands and less energy is lost to reabsorption.

Further, as the major

transitions in these complexes are electric dipole ‘forced’ and normally forbidden, the
excited state lifetimes tend to be very long, on the order of micro- to milliseconds.27 The
triplet state of the ligand can have its own lifetime on the order of nano- to microseconds,
so the energy transfer step from ligand to lanthanide can also lengthen the observed
lifetime.59 Though the property of long luminescence lifetime is not necessarily unique,
the fact that this occurs under ambient conditions for lanthanides is unusual. Most
organic species that exhibit phosphorescence only do so at low temperatures and/or in the
absence of oxygen.19 The observed excited state lifetime (τ) of a luminescent lanthanide
complex can be expressed as follows:
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τ=

1
k r + k nr

[1.5]

where kr is the rate constant for radiative transition of the lanthanide ion and knr is the
sum of rate constants for all nonradiative relaxation processes, which can include energy
back-transfer and vibronic coupling. The excited state lifetime can also be regarded as a
function of luminescence quantum yield (ΦLum):

Φ Lum =

kr
k r + k nr

[1.6]

The overall quantum yield is dependent on the energy transfer efficiency (probability)
from the ligand to the lanthanide ion (see equations 1.3 and 1.4).
Due to these unique properties, sensitized lanthanide luminescence has found a
variety of applications.60 Europium and terbium chelates, due to their line-type emissions
and long decay times, are used in time-resolved fluorescence resonance energy transfer
(TR-FRET) immunoassays.61, 62 The lanthanide chelate is used as a donor, with some
visible-absorbing dye such as Alexa® 647 or a rhodamine derivative used as the
acceptor. Quenching of emission due to donor-acceptor proximity then operates as a tool
to determine, for instance, protein-protein interaction or enzymatic reaction time. When
concentrated as phosphors or in beads, lanthanides have been used in imaging
microscopy in the millisecond time domain.63

Use of two or more lanthanides

simultaneously is advantageous for PCR detection of diabetes risk,64 gene detection of
bacterial toxins65 and an assay of papilloma virus.66 Sensitized lanthanide luminescence
also has drug discovery applications, such as high-throughput screening or
pharmacokinetic analysis of drug transportation and accumulation.40 However, the use of
lanthanide complexes as tailored receptor sites has not been fully explored.
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1.3

Lanthanides, Dipicolinic Acid and Bacterial Spores
Dipicolinic acid (DPA, pyridine-2,6-dicarboxylic acid) was originally used in a

fluorescence spectroscopy method to detect trace amounts of terbium for probing alkaline
earth metal ion interactions in biological systems.67 It was realized over twenty years
later that this detection technique based on intense luminescence could be used in reverse
– to detect dipicolinate as a marker of bacterial spores.
Bacterial spores, also known as endospores, are dormant microbial structures that
exhibit remarkable resistance to chemical and physical environmental stresses and are
considered to be one of the toughest forms of life on Earth.68 Discovered in 1876,
endospores are formed inside the vegetative cells of certain species of Bacillus,
Clostridium, and Sporosarcina (hence the ‘endo’ prefix) in a process called
sporulation.69-72 Sporulation is often triggered when the cells are exposed to adverse
environmental conditions, such as desiccation or starvation. Bacterial spores house the
cell DNA within the spore core, comprised of calcium dipicolinate (CaDPA), and a tough
coat composed of protein layers (Figure 1.8). Endospores can remain dormant with no
detectable metabolism for potentially millions of years.73-76

When conditions become

favorable again, as indicated by the presence of water, nutrients or specific germinants,
endospores undergo germination and outgrowth to become vegetative cells, completing
the cycle.77, 78
In the dormant spore state, endospores are resistant to a wide variety of chemical
and physical stresses, such as UV and gamma radiation, desiccation, temperature and
pressure extremes, and attack by a number of toxic agents.79-82 Bacterial spores are
10,000 times more resistant to heat and 100 times more resistant to UV radiation than
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their active bacterial cell counterparts.83, 84 As they are resilient to most sterilization
procedures, bacterial spores are used in several industries as biological indicators.85, 86
Certain species can even survive the vacuum, extreme temperatures and radiation of
space,87,

88

and are the focus of research concerning planetary protection, panspermia

(transfer of life from one planetary body to another via meteoritic impacts), and life in
extreme environments.89, 90 In addition, detection of bacterial spores became a national
priority after the anthrax attacks of 2001, as Bacillus anthracis spore powders are the
vectors of the anthrax bioweapon.91-94 Certain species of anaerobic endospores, such as
Clostridium botulinum and C. perfringens, are pathogenic and the causative agents of
food poisoning or serious disease.95
Due to its applications in homeland security, sterilization validation and
astrobiology, bacterial spore detection has become a rather extensive field. The classical
measurement of bacterial spores involves culture-based methods, and is used as the
NASA Standard Assay for ascertaining spacecraft sterility.96, 97 This procedure involves
swabbing the surface, suspending any collected endospores in water, and then plating this
suspension on growth media.

Any bacterial spores will germinate in the favorable

conditions and produce colonies. However, colony formation requires at least 20 cycles
of cell replication, a process that requires 2 to 3 days.97

This method also cannot

discriminate between endospores and vegetative cells. Thus, the NASA Standard Assay
is not viable as a rapid endospore detection technique.
Direct detection of bacterial spores can be challenging, for the same reasons that
make endospores difficult to irradicate. The tough spore coat is impermeable to staining
techniques, so most microscopy and flow cytometry methods are unsuccessful.

15

Endospores are also highly resistant to lysis, meaning DNA extraction protocols are
ineffective. The lack of measurable metabolism renders microcalorimetry and cellular
respiration techniques inadequate. In order to detect bacterial spores, we must instead
consider what makes them unique and take advantage of these factors to produce a highly
specific assay.
Bacterial spores contain a unique chemical marker – dipicolinic acid, or DPA.
DPA is present in nearly all bacterial spores and comprises about 10–15 % of a spore’s
dry weight, or approximately 108 molecules per spore.84, 98, 99 Some endospore mutants
do not contain DPA, but these are rare, and DPA has never been detected in vegetative
cells.95 Detection of this chemical marker can therefore serve as a positive signal for the
presence of bacterial spores, and the amount of DPA detected can be used to estimate the
approximate endospore concentration.95, 100
There are several theories regarding the functionality of such a high concentration
of dipicolinate in the endospore. First, this dianion serves in the storage of divalent
cations such as calcium and magnesium, which are important for cell function.98 Second,
as DPA is an excellent absorber of UV radiation, it appears to play a major role in the UV
photochemistry and protection of endospore DNA.101,

102

The high concentration of

dipicolinate salts in the core also displaces water and confers additional resistance to
desiccation and wet heat.103

Finally, DPA is metabolized in the early stages of

germination, and therefore serves as a nutrient source for the growing cell.104, 105
Detection of DPA as an indicator of bacterial spores was first proposed in 1955,
in a protocol involving UV absorption of the dipicolinate following acid digestion of the
spores, isolation by ether extraction, separation by paper chromatography and finally
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elution of the DPA-containing spots.106

A much simpler spectroscopic method of

dipicolinate detection was published in 1958, in the form of a colorimetric assay with
ferrous iron.107 DPA extracted from endospores was detected via a color change from
pale green to red-brown upon complexation with Fe2+ in acidic conditions (pH 4–6).
Following this work, many methods for dipicolinate detection have been published,
including fluorescence of CaDPA, UV absorbance spectrophotometry, anti-Stokes
Raman spectroscopy, surface-enhanced Raman spectroscopy, gas chromatography, mass
spectrometry and high performance liquid chromatography (HPLC).95, 108-111
The application of lanthanides to bacterial spore detection began in 1997 with a
method using terbium to detect dipicolinate with fluorescence spectrophotometry.112
Addition of terbium chloride to a suspension of lysed endospores causes the formation of
[Tb(DPA)n]3-2n complexes, where n varies from 1 to 3, as the Tb3+ displaces the Ca2+ of
CaDPA.

Dipicolinate is an effective absorber of ultraviolet radiation due to the

delocalized π-electrons of the aromatic pyridine ring. The triplet excited state of the DPA
anion (26,600 cm-1) is also in the appropriate regime to effectively sensitize the Tb3+
cation via energy transfer to the 5D4 emitting level of the terbium (20,500 cm-1) through
the AETE mechanism.113-115 There is some evidence against an intramolecular heavy
atom effect in some 4-substituted dipicolinate ligands coordinated to Tb3+, which argues
for a singlet-to-metal mechanism for intersystem crossing to the lanthanide.41,

116, 117

However, the contribution of this pathway is most likely very small, so we treat this
system in the usual manner and assume the excited dipicolinate singlet state decays to the
triplet via internal conversion prior to energy transfer to the lanthanide. The end result is
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intense luminescence under UV excitation that is more than three orders of magnitude
greater than that of terbium alone (Figure 1.9).95, 118-122
Although the method is rapid and straightforward, there is much room for
improvement in the detection of bacterial spores with the Tb-DPA luminescence assay.
The potential for false positives or false negatives through complexation of anionic
interferents to the trivalent terbium cation is a serious concern when the method is
applied to environmental samples. Previous studies indicate that phosphate in particular
can inhibit DPA binding or decrease luminescence intensity.123,

124

Further, in

environmental samples with low endospore concentrations where the Tb(DPA)+ species
predominates, the six coordinated water molecules can quench the luminescence by
nearly an order of magnitude due to radiationless deactivation.125 Finally, the propensity
of dipicolinate to form up to three complexes with terbium, namely Tb(DPA)+,
Tb(DPA)2- and Tb(DPA)33-, each with different luminescence intensities and lifetimes,
precludes a direct correlation between intensity and DPA concentration. This dissertation
will focus on methods to mitigate these detrimental factors using a macrocyclic helper
ligand to generate a dipicolinate-specific lanthanide-based receptor site.

1.4

Lanthanides and Lanthanide Complexes as Sensors
Lanthanides

demonstrate

several

advantages

over

traditional

organic

fluorophores, quantum dots and other fluorescent species commonly used as sensors and
switches. They feature significant spectral resolution due to their large Stokes shifts and
narrow emission lines, and temporal resolution due to long lifetimes. This allows for the
use of time-gated techniques and bandpass filters to reduce interference from native or
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auto-fluorescence in the sample, which occurs on the nanosecond timescale.23,

58

Lanthanide complexes also do not suffer from photobleaching as organic dyes do,
because lanthanides are effective quenchers of triplet states.126 These qualities allow for
the construction of robust sensors for a variety of applications.
Of all the lanthanides, Eu3+, Tb3+ and Gd3+ are the best ions in terms of efficient
excited state population, with energy gaps of 12,300 cm-1 (5D0 → 7F6), 14,800 cm-1 (5D4
→ 7F0) and 32,200 cm-1 (6P7/2 → 8S7/2), respectively.12 However, while europium and
terbium both emit in the visible region, gadolinium emits in the ultraviolet, making it
unfeasible for use in most sensing applications due to significant absorption and emission
interference of these high-energy wavelengths.

Though not suitable as luminescent

sensors, Gd3+ complexes do have a large number of unpaired electrons ([Xe] 4f7) and
isotropic magnetic properties.

These properties, coupled to a long electron spin

relaxation time of 10-9 s, makes this lanthanide highly NMR-active.127 When coordinated
to one or more water molecules, Gd3+ enhances the water proton relaxation efficiency by
lengthening the rotational correlation time.128 Thus, many gadolinium complexes with
one free binding site for solvent coordination, such as Gd(DTPA) and Gd(DOTA), have
been developed for use as MRI contrast agents.129-131
Luminescent lanthanide complexes designed for use as sensors and switches can
be classified into three types, based on the position of the chromophore and the state of
the lanthanide before and after analyte binding (Figure 1.10). More complex systems
have been designed containing two or more lanthanides for multicolor detection in
imaging applications, but these are out of the scope of this dissertation and will not be
discussed here.132
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The type A sensor is the most simple; the receptor site is the lanthanide complex,
and the analyte is the chromophore. Binding of the aromatic analyte to the receptor site
results in emission due to sensitization. This type of sensor is most effective in cases
where the two states – analyte bound or unbound – must be very easily distinguished, as
in samples with very low amounts of analyte or where the background noise is high.
Type A sensors have been used with amide-modified DO3A (1,4,7,10-tetraazacyclododecane-1,4,7-trisacetate) ligands bound to Tb3+ to selectively bind the bidentate
analytes p-dimethyl amino benzoic acid (DMABA) or salicylic acid (SA).133-135 The
binary complex of Tb3+ and ethylenediaminetetraacetic acid (EDTA) can effectively
detect salicylic acid, 4-aminosalicylic acid, 5-fluorosalicylic acid.136 The Tb(EDTA)
complex has also been used to detect catalysis of hydroxybenzoic acid (HBA) by hemin
via formation of a ternary complex with the HBA oxidation product.137 Detection of
tetracyclines was realized using sensitized europium luminescence post-column
following liquid chromatography; the authors noted a dependence on EDTA
concentration but did not hypothesize any ternary complex formation, though this is the
likely result.138 Diaza-crown ethers have been utilized with Tb3+ and Eu3+ to detect
phthalate, benzoate, dibenzoylmethide and picolinate.139 A pH sensor was developed due
to the pH-dependence of a europium ternary complex containing a β-diketonate as the
chromophore.

When the pH shifted out of physiological range, the chromophore

dissociated and sensitization was lost.12 The future of these types of sensors lies in the
development of receptor sites with greater analyte affinity, perhaps via stronger hostguest interactions such as π-stacking or modification of receptor site topology to generate
a ‘lock and key’ style of hydrophobic pocket.
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The type B sensor involves a change in luminescence upon analyte binding. In
this case the receptor site is composed of the lanthanide complex with a chromophore
already attached, but the complex is unsaturated. This results in labile solvent molecules
in the lanthanide coordination sphere, so luminescence is quenched due to nonradiative
deactivation. Binding of the analyte displaces these quenchers and produces a change
(usually an increase) in emission. This method is most useful in anion sensing, where the
anion (acetate, fluoride, etc.) can coordinate well to the lanthanide but is not capable of
absorbing UV radiation and sensitizing the lanthanide. For example, several types of
Tb3+ and Eu3+ podand complexes have been developed with sensitivity to Cl- and NO3-,
respectively, when detected in acetonitrile.140, 141 A binary complex composed of a bisbpy-phenyl phosphine ligand chelated to Eu3+ was able to detect NO3-, Cl-, AcO- and Fwith varying sensitivities by displacing acetonitrile solvent molecules in the Eu3+
coordination sphere.142, 143 Europium bound to a tri-N-substituted DO3A ligand was able
to detect hydrogen carbonate in aqueous solution,144,
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and when coordinated to a

cryptate with a poly-N-methylated flexible arm can act as a sensitive pH sensor over a
fairly wide range.146

Conversely, quenching of terbium acetylacetonate (acac)

luminescence allowed for a sub-micromolar detection limit of chromate in aqueous
solution when coupled to ion chromatography.147 Though sensitive ion detectors have
been developed, the selectivity of such receptor sites is still in need of improvement, in
particular when discriminating between ions of similar size and/or charge.
The final sensor design motif, type C, also starts with the lanthanide complex and
chromophore already bound. In this case, however, the lanthanide coordination sphere is
already saturated, so the analyte is not required to chelate the Ln3+ to be detected.
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Instead, association of the analyte with the chromophore causes a change in emission due
to an alteration of the antenna properties (i.e., change in degree of sensitization, quantum
yield, lifetime, etc.). The first examples of these types of sensing complexes were to
detect cations such as H+, Na+ and K+ via suppression of luminescence in europium azacrown ethers.148 Other water-soluble complexes have been developed to detect dO2,
halide and hydroxide by quenching of luminescence through various means (protonation,
charge transfer, etc.) or decreasing the absorption of the chromophore.39, 149 Detection of
Zn2+ using Tb3+ and Eu3+ diethylenetriaminetetraacetic acid (DTPA) bis-amide
complexes has also been proposed, where two N,N,N’,N’-tetrakis(2-pyridylmethyl)
ethylenediamine (TPEN) groups on the DTPA ligand are brought into closer proximity to
the lanthanide upon zinc binding, allowing for sensitized luminescence.150 This sensor
demonstrated selectivity over Ca2+ and Mg2+ ions and an apparent dissociation constant
for Zn2+ of 2.6 nM, but Cu2+ interfered significantly and luminescence intensity was low
due to the large lanthanide-chromophore distance. Sensors based on this strategy are still
in their infancy, though many applications can be envisioned following sufficient
improvement of stability and sensitivity.
This dissertation summarizes work to improve the Tb-DPA luminescence assay
for bacterial spore detection by designing a dipicolinate-specific receptor site in the form
of a lanthanide binary complex. Since dipicolinate is both our analyte and chromophore,
this assay follows the Type A paradigm, with the receptor site comprising the terbium ion
protected by an encapsulating helper ligand.

However, dipicolinate is not the only

aromatic anion capable of sensitizing lanthanide luminescence (Figure 1.11). We will
also investigate receptor site designs for various salicylates and catecholamines with
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physiological relevance to generate more robust, rapid sensing technologies for highly
sensitive in situ detection.
A number of factors must be considered when designing lanthanide-containing
receptor sites. The choice of lanthanide is paramount. The ionic radius varies across the
lanthanide series, and the size of this cation can influence the relative binding affinity of
the target analyte. The lanthanide excited state must also align correctly with the triplet
excited state of the target analyte; if the energy difference is too great, the energy transfer
efficiency will be low, but if it is too small, quenching effects such as back-transfer will
predominate. The emission properties of the lanthanide, such as luminescence lifetime
and quantum yield, must also be considered to produce an adequate signal.
Almost as important as the choice of lanthanide is the choice of helper ligand,
which turns the lanthanide into a receptor site. This ligand must bind to the lanthanide
with high affinity to prevent solvent coordination, which can severely quench
luminescence via nonradiative decay pathways. However, the ligand must not interfere
with binding of the target analyte, or the lanthanide loses all functionality as a sensor.
Finally, pH and temperature effects must be considered, such that the receptor site is
stable in the pH range where the target analyte is most soluble and/or sufficiently
deprotonated to bind effectively.
We will be using a hexadentate macrocyclic ligand, DO2A (1,4,7,10tetraazacyclododecane-1,7-bisacetate), as our helper ligand, as this chelator meets our
initial criteria for designing a terbium-containing dipicolinate receptor site. Macrocyclic
ligands are molecules – usually heteroatomic – with a semirigid ring structure as the
backbone.

These ligands vary in terms of ring diameter and the extent of
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functionalization of substituents on or attached to the ring scaffold. Most macrocyclics
have a hydrophilic cavity in which an ionic substrate such as a metal ion can nest and be
shielded from the environment by its lipophilic envelope.3, 151 Macrocyclic ligands such
as

the

octadentate

DOTA

(1,4,7,10-tetrakiscarboxymethyl-1,4,7,10-tetraazacyclo-

dodecane) have found a convenient niche in the field of bioimaging as magnetic
resonance contrast agents due to their tendency to bind gadolinium with high affinity.152,
153

In fact, most macrocyclic ligands seem to exhibit an unprecedented selectivity for

lanthanide ions, and the dissociation of these lanthanide-macrocycle complexes appears
to be independent of foreign metal ion concentration.154 Lanthanide complexes involving
macrocyclic ligands are highly water-soluble, thermodynamically stable, kinetically inert
at physiological pH, cell-permeable and nontoxic, making them ideal for use in vivo as
bioprobes. The facile derivatization of ligands bound to lanthanides also makes them
easily tailored to bind specific biomolecules such as antigens or proteins.
We are therefore interested in constructing receptor sites composed of a
lanthanide ion encapsulated by a macrocyclic ligand that confers stability, solubility and
high analyte specificity for a target molecule. Binding of the aromatic analyte to this
binary complex results in intense luminescence gain upon UV excitation due to the
absorbance-energy transfer-emission (AETE) mechanism that is orders of magnitude
greater in intensity than the lanthanide alone is capable. We will investigate various
binary complexes composed of a luminescent lanthanide (Sm3+, Eu3+, Tb3+ and Dy3+) and
a macrocyclic ligand to optimize detection of a particular analyte of interest. These
investigations will involve complete analysis of structure, photophysics, stability and
resistance to interferents.

The optimal receptor site will demonstrate superior
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spectroscopic and thermodynamic properties, such as intense luminescence, high
quantum yield, long luminescence lifetime, high binding affinity and resistance to a
variety of chemical and physical conditions (temperature, pH, ionic strength, etc.). The
receptor site with the best performance will be used as a sensor in environmental samples
to detect the analyte of interest.

1.5

Outline of Thesis
This dissertation is centered around the design of tailored lanthanide receptor sites

for target analytes (Figure 1.12).

In Chapter 1, the various unique properties and

applications of lanthanides were discussed, including the use of lanthanides and
lanthanide complexes as sensors. The importance of bacterial spore detection was also
described, and the qualities of an ideal receptor site identified. Chapter 2 covers the
complete spectroscopic and structural characterization of the Ln(DO2A)(DPA)- ternary
complexes, where Ln = Sm, Eu, Gd, Tb and Dy. Relevant discussions concerning the
crystal structures and quantum yields of these complexes are included, as well as lifetime
studies to determine the number of coordinated solvent molecules and a brief summary of
attempted density functional theory (DFT) calculations. In Chapter 3, the Ln(DO2A)+
complex is investigated as a first-generation bacterial spore receptor site. Experiments
involve binding studies, temperature and pH dependence studies, exposure to various
cationic and anionic interferents, and examination of DPA analogues to better understand
binding geometry and selectivity. The Tb(DO2A)+ complex is chosen as the optimal
dipicolinate sensor, and is tested with bacterial spore samples. Chapter 4 discusses
recent work on the next generation dipicolinate receptor site, where the DO2A ligand is
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modified to append to a solid substrate for future sensor design.

This novel

Tb(DOAAM)(DPA) complex is characterized and compared to the Tb(DO2A)(DPA)complex. In Chapter 5, we expand our investigation to include other analytes of interest,
such as salicylates and catecholamines. Salicylates, such as salicylic acid (SA) and
salicyluric acid (SU), are of medical relevance due to their association with certain
metabolic imbalances and disease.

Similarly, catecholamines including epinephrine

(Epi), norepinephrine (NE) and dopamine (DA) are neurotransmitters of significant
importance in normal body function. We apply our sensor design technique in an attempt
to improve detection capability for these medically significant analytes. We end this
chapter with conclusions drawn during the course of this work, including two important
discoveries regarding the effects of helper ligands on lanthanide-based receptor sites.
The various appendices at the end of this dissertation include complete derivations of
models used to fit competition experimental data and the crystallographic information on
all solved crystal structures.
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FIGURES

Figure 1.1. Abundance (atom fraction) of the chemical elements in the upper continental crust of
the Earth as a function of atomic number. Many elements are classified according to categories:
(1) rock-forming elements (major elements in dark green field, minor in light green); (2) major
7
industrial metals (global production ≥3x10 kg/year, in bold); (3) precious metals and metalloids
(italic); (4) the nine rarest metals (in orange field); and (5) the rare earth elements (labeled in
blue). Reprinted from USGS Fact Sheet 087-02 (reference 2).
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Figure 1.2. The radial portion of the hydrogenic wavefunctions for the 4f, 5d and 6s
orbitals, showing the extent of shielding of the 4f orbitals. Redrawn from reference 5.
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Figure 1.3. Energy level diagram, also known as a Dieke Diagram, depicting the free ion energy
3+
1
3+
13
levels of the trivalent lanthanide ions from Ce (4f ) to Yb (4f ). Reprinted with permission
from reference 20.
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Figure 1.4. Splitting of lanthanide electronic configuration, with Tb3+ (4f8) as an example, due to (1) interelectronic repulsion,
(2) spin-orbit coupling, and (3) ligand-field effects. The emission spectrum of Tb(DPA)3 at right illustrates the qualitative effect
of such splitting.
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Figure 1.5. Jablonski diagram of the absorption-energy transfer-emission (AETE) mechanism
3+
from an aromatic donor ligand to Tb . Radiative transitions are shown in solid arrows;
nonradiative transfers are depicted with dashed arrows. UV radiation is absorbed by the
conjugated π-electron system of the aromatic ligand leading to a singlet excited state; this energy
transfers to the ligand triplet excited state via intersystem crossing (ISC) and then to the emittive
5
3+
level ( D4) of the Tb ion. Luminescence is observed through radiative decay from the excited
3+
7
state to the seven energy levels of the Tb heptet ground state ( FJ). Note that fluorescence and
phosphorescence are not always observed for aromatic donor ligands.
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Figure 1.6. Structures of various chelating ligands used to encapsulate lanthanide ions. These
ligands bind to lanthanide ions with high affinity and act as a shield against quenching due to
coordinating solvent molecules.
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Figure 1.7. Comparison of Förster (Coulombic) and Dexter (electron exchange) energy transfer mechanisms. In the
Förster mechanism, no electrons are transferred. Energy is exchanged via Coulombic interaction and is dipole-induced.
The rate of energy transfer (kET) decreases as the intermolecular distance between donor and acceptor (RDA) is increased.
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Figure 1.8. Composition and origins of the bacterial spore. Above: Artists’ rendering of a typical
bacterial spore, showing spore coat, cortex, and core. Below: Cell cycle of a spore-former,
depicting normal vegetative cycle (green), which can be disrupted due to adverse environmental
conditions triggering sporulation (purple). The free spore will remain dormant until water,
nutrients or germinants induce germination (red), producing a vegetative cell.
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Figure 1.9. The method of bacterial spore detection using terbium. Dipicolinic acid (DPA) is released from endospores via lysis or
germination, and binds to Tb3+ with high affinity (left). The resulting [Tb(DPA)]+ complex exhibits intense luminescence in the visible region
(544 nm) under UV excitation (278 nm) that is much greater than Tb3+ alone, as shown in the emission spectra at right.
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Figure 1.10. The three types of luminescent lanthanide sensors. In Type A, the analyte is also the chromophore, so binding results in
sensitization and therefore luminescence turn-on. In Type B, the receptor site is quenched by solvent molecules, so binding of the
analyte results in an increase in luminescence. In Type C, the receptor site is already luminescent, and binding of the analyte modifies
this luminescence in some way (change in lifetime, intensity, quantum yield, etc.).
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Figure 1.11. Energy level diagram depicting the triplet excited states of various aromatic ligands (blue) along with the excited and
ground states of the four luminescent lanthanides (black). Lowest excited states are shown in red; ground states that do not contribute
to luminescence are shown in gray. The area highlighted in purple illustrates the region where the energy gap between ligand triplet
state and lanthanide excited state is optimal for efficient energy transfer (4000 500 cm-1 less than the ligand triplet state57). Aromatic
ligands: dipicolinic acid (DPA); salicylic acid (SA); 1,10-phenanthroline (phen); benzoate (ben); 2,2’-bipyridine (bpy).
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Figure 1.12. General design of thesis, illustrating the application of the receptor site design
concept to three target areas, each with specific analyte(s) of interest.

