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Abstract 

A circularly polarised luminescence (CPL) spectrometer has been built and used to study the binding 

interaction of lactate and four different proteins with racemic Eu
III

 and Tb
III

 complexes in aqueous 

solution. Lactate binding gives rise to strong induced CPL spectra, and the observed emission 

dissymmetry factors vary linearly with enantiomeric composition. Particularly strong induced Tb
III

  

CPL also characterises the binding interaction of alpha-1-acid glycoprotein with a dissociation 

constant, Kd of 2.5 M.  

 

 

1. Introduction 

 

The use of circularly polarised light in optical 

spectroscopy is most commonly found in 

circular dichroism spectroscopy. Using this 

technique, the character of the electronic 

ground state can be elucidated providing an 

understanding of the molecular conformations 

of chiral systems. An example where this is 

applied successfully is in the assessment of the 

structural properties of biological 

macromolecules, such as proteins. A related, 

but less widely used, technique involves 

monitoring the circularly polarised 

luminescence (CPL) of chiral emissive 

chromophores. [1,2] CPL spectroscopy is 

inherently much more sensitive than CD. This 

is due to the fact that the excited state 

behaviour can be modulated by a number of 

factors, such as polarity and medium effects or 

static or dynamic quenching. The latter may 

occur on timescales similar to the excited state 

lifetime. This is readily exploited in sensing 

applications of di-electric media with 

fluorescence as the key signalling tool. 

Perhaps the most contrasting difference, in this 

context, is that with CD the background from 

the medium or matrix (of for instance 

biological systems) would contribute 

extensively to the optical signature, dwarfing 

the CD signal from the anion. With CPL it is 

possible to achieve selective excitation and 

detection of the sensing emissive complex 

which ensures a unique signal free from 

background interference. This is of obvious 

utility when attempting to detect chiral species 

in vivo.      

 A promising class of chiral emissive probes  

is based on functionalised lanthanide (Ln
III

) 

complexes, particularly strongly emissive 

europium (Eu
III

) and terbium (Tb
III

) systems. 

[3-5] Versatile Ln
III

-based probes are 

emerging for imaging and sensing studies of 

bio-active systems and are already being used 

in a wide variety of biological assays. [6-10] 

The photoluminescence (PL) of Eu
III

 and Tb
III

 

complexes is characterised by sharp emission 

lines from the 4f electron manifold which are 

shielded from strong matrix interactions. Due 

to the Laporte forbidden nature of f-f 

electronic transitions, the PL lifetime is 

relatively long (~10
-3 

s). Energy levels of the 

Ln
III

 ground and excited states are generally 

considered by invoking a Russell-Saunders 
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coupling scheme.  The splitting of the Ln
III

 ion 

energy levels with the largest impact is due to 

electrostatic repulsion (~10
4
 cm

-1
). A second 

level of splitting is associated with spin-orbit 

coupling (~10
3
 cm

-1
). Furthermore, crystal 

field effects associated with the local lattice or 

ligand (i.e symmetry, ligand constitution and 

donor polarisability) can also cause hyperfine 

splitting (~100 to 700 cm
-1

). For Eu
III

 this 

leads to the following principal electronic 

emission transitions: 
5
D0  

7
FJ, while for Tb

III
 

the energy gap is slightly larger and the 

possible emission transitions are: 
5
D4  

7
FJ,. 

Here, J denotes the total angular momentum 

and this is a key parameter in this context; for 

transitions with J =  1, we obtain the 

magnetic dipole (MD) allowed transitions 

while for J = 2, 4, 6 we obtain the electric 

dipole (ED) allowed transitions. A 

consequence of the presence of the ligand field 

and the degree of J mixing that may occur is 

that many of the observed transitions possess a 

mixture of both MD and ED character, this has 

a fundamental consequence for the CPL of 

functionalised Ln
III

 complexes.  

  According to the Rosenfeld formalism, the 

microscopic origin of the circular polarisation 

depends on the rotational strength parameter, 

Rge, (of an electronic transition; g e ) 

which is expressed (eq. 1) as: 

 

 (geR imag g e e m g   (1).  

 

The key aspect is that Rge, depends on the 

scalar product of the MD transition moment 

vector  m  and an ED transition moment 

vector   . As these prerequisites are present 

in the electronic transitions of Ln
III

 ions, it is 

therefore possible to observe very strong 

circular polarisation of the emission.  

 The degree of polarisation of the 

macroscopic emission intensity is quantified 

using the emission dissymmetry factor, gem, 

which is given by equation 2:    

 

 
 2 L R

em

L R

I I
g

I I





   (2)  

 

where IL and IR denotes the left and right hand 

polarisations respectively. Microscopically, 

the rotational strength is related to the 

emission dissymmetry factor as follows (eq.3): 

     (3)  

 

As the rotational strength Rge depends on the 

MD transition, the emission dissymmetry 

factor is scaled accordingly (eq.4) [2] as:   

 

     (4) 
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Figure 1. Schematic outline of the modular CPL spectrometer. Coloured lines indicate excitation and 

emission light pathways; dashed lines electronic signal path ways. See experimental section for details.  
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where  is the mutual orientation angle 

between ED and MD transition dipole 

moments. For Ln
III

 complexes a gem value of 

1.4 has been reported [11] (maximum value is 

2 as evident from eq. 2) and typical values are 

in the range 0.05 – 0.6. These values should be 

compared  to purely organic chromophores 

which display considerably less polarisation of 

the emission (gem values of 0.001 – 0.01),  

and, as non-spherical emitters, require 

consideration of the anisotropy of the 

emission.  

 The emission spectra of certain Ln
III

 

complexes exhibit a remarkable sensitivity to 

their environment and intermolecular 

interactions can cause modulations of the PL 

intensity, lifetime and spectral form. For Eu
III

 

complexes this is particularly significant. For 

example, variation of the axial donor in the 

complex can have a major impact on the 

intensity of the 
7
F2  

5
D0 transition. [12] This 

property has been successfully exploited in 

signalling reversible anion binding in aqueous 

media, leading to several examples of anion-

sensing [13-16]. Equally, interactions with 

proteins such as Human Serum Albumin 

(HSA) and acute phase proteins have been 

reported, [17] facilitated by an electrostatic 

interaction between the positively charged 

Ln
III

 complex and the negatively charged side 

chains of the proteins. In both of the 

aforementioned examples, the interaction is 

evident from a modulation of the PL, typically 

monitored by assessing variations in the 

emission intensity ratio of two or more bands, 

or via changes in the emission lifetime. 

However, this analysis (though successful) is 

not normally sensitive to stereochemical 

aspects that arise from chiral interactions.  

 Following a stereoselective interaction 

between a chiral (bio) molecular structure and 

a functionalised Ln
III

 complex a CPL signal 

can be either induced or modulated according 

to different scenarios. [2] A racemic mixture 

of Ln
III

 complexes in an achiral environment 

will not exhibit any CPL, as there is a 

cancellation of polarisation directions. 

However, with the addition of a chiral agent, 

the equilibrium is perturbed and a net CPL 

signal may be obtained. In a similar manner, 

excitation of a racemic system with CP light 

can lead to CPL, where the observed CPL is a 

function of the product of gabs and gem. [1] 

Alternatively, the interaction of a chiral Ln
III

 

complex with an enantio-enriched molecule 

can result in a change to the CPL signal.  This 

can be attributed to changes to the 

coordination structure, i.e. the constitution of 

the complex, associated with reversible 

binding of the chiral moiety to the metal 

centre. Thus, a  or  (indicating the helicity 

of the complex [2]) Ln
III

 complex (with an 

inherent CPL will display CPL signal 

modulation as changes to the inner 

coordination structure generally perturb the 

ligand field considerably. Owing to the 

relative simplicity of Eu
III

 total emission and 

CPL spectra, arising from the absence of 

degeneracy of the 
5
D0 emissive state, such 

changes are often best observed with Eu
III

 

examples, in the first instance.  

 There are two aspects to this present 

contribution. Firstly the design and 

commissioning of a home-built modular CPL 

spectrometer is described. A key point in this 

endeavour was to ensure that reliable 

polarisation parameters of the emission were 

measured. The validation procedure 

undertaken is described herein. Secondly, the 

stereospecific interactions between 

functionalised Ln
III

 complexes and chiral 

agents were studied using CPL spectroscopy. 

These Ln
III

 complexes are distinguished by 

different modes of operation, thus being either 

racemic or achiral [2]. As a consequence of the 

binding interaction a CPL signal was turned 

on, with specific signatures resulting from the 

handedness of the chiral agents.    

 
Figure 2. Spectra from a red LED with emission 

maximum at 655 nm. Dashed line corresponds to 

the DC signal while solid line corresponds to the 

AC signal.  

 

2. Methods and materials 
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CPL was measured with a home-built 

(modular) spectrometer. The excitation source 

was a broad band (200 – 1000 nm) laser- 

driven light source EQ 99 (Elliot Scientific). 

The excitation wavelength was selected by 

feeding the broad band light into an Acton SP-

2155 monochromator (Princeton Instruments); 

the collimated light was focused into the 

sample cell (1 cm Quarts cuvette). Sample PL 

emission was collected perpendicular to the 

excitation direction with a lens (f = 150 mm). 

The emission was fed through a photoelastic 

modulator (PEM) (Hinds Series II/FS42AA) 

and through a linear sheet polariser (Comar). 

The light was then focused into a second 

scanning monochromator (Acton SP-2155) 

and subsequently on to a photo- multiplier 

tube (PMT) (Hamamatsu H10723 series). The 

detection of the CPL signal is achieved using 

the field modulation lock-in technique. The 

electronic signal from the PMT was therefore 

fed into a lock-in amplifier (Hinds Instruments 

Signaloc Model 2100). The reference signal 

for the lock-in detection was provided by the 

PEM control unit. The monchromators, PEM 

control unit and lock-in amplifier were 

interfaced to a desktop PC and controlled by a 

Labview code. The lock-in amplifier provided 

two signals, an AC signal corresponding to 

and a DC signal corresponding to 

 after background subtraction. The 

emission dissymmetry factor was therefore 

readily obtained from the experimental data 

(eq.5) as: 

 

 
2

em

AC
g

DC


    (5). 

 

Spectral calibration of the scanning 

monochromator was performed using a Hg-Ar 

calibration lamp (Ocean Optics). A correction 

factor for the wavelength dependence of the 

detection system was constructed using a 

calibrated lamp (Ocean Optics). The measured 

raw data was subsequently corrected using this 

correction factor. The validation of the CPL 

detection systems was achieved using light 

emitting diodes (LEDs) at various emission 

wavelengths. The LED was mounted in the 

sample holder and the light from the LED was 

fed through a broad band polarising filter and 

/4 plate (Ocean Optics) to generate circularly 

polarised light. An example of this is shown in 

Figure 2. The emission dissymmetry factor for 

the spectra in figure 2 is; and similar 

values were obtained for the other colour 

LEDs across the visible spectrum. The 

theoretical maximum for the emission 

dissymmetry factor as evident from equation 

(2) is . We remark that the slightly 

smaller value obtained for the /4 plate is due 

to fact that this is a broad band filter and thus 

does not perfectly convert non-polarised light 

into 100% circularly polarised light. Prior to 

all measurements, the /4 plate and a LED 

were used to set the phase of the lock-in 

amplifier correctly. The emission spectra were 

recorded with 0.5 nm step size and the slits of 

the detection monochromator were set to a slit 

width corresponding to a spectral resolution of 

0.25 nm. CPL spectra (as well as DC spectra) 

were obtained through an averaging procedure 

of several scans. This was subsequently used 

to estimate the uncertainty in the gem factor.  

 Some PL spectra have been measured using 

a Jobin-Yvon Horiba fluorolog under similar 

conditions (excitation wavelength, step size 

and emission spectral bandwidth). 

 The synthetic protocol for the design of 

Ln
III

 complexes [Ln.L
1
(H2O)]

+ 
and 

[Eu.L
2
(H2O)]

+
 (Scheme 1) are described 

elsewhere [17,18] (respectively).
 

Sample 

materials were dissolved in high purity water 

unless otherwise stated. Anions (Scheme 2) 

were obtained from Sigma Aldrich and used 

without further modification/purification.  

 
Scheme 1.  The chemical structures of the two 

Ln
III

 complexes examined.  

 L RI I

 L RI I

1.7emg 

2emg 
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3. Results and discussion 

 

Two recently described emissive Ln
III

 

complexes have been selected for study in this 

work. In the absence of added chiral material, 

they give no CPL in aqueous solution. The 

Eu
III

 complex, [Eu.L
1
(H2O)]

+
, exists in 

solution as a 50/50 mixture of  and  

enantiomers and is based on an achiral ligand 

derived from 1,4,7,10-tetraazacyclododecane 

(cyclen). The complex coordination geometry 

is a mono-capped square antiprism and 

interconversion between enantiomers requires 

dissociation of the Eu-pyridine N bond. In 

recent work, it has been shown that addition of 

certain proteins, leads to reversible 

displacement of the water molecule and one of 

the weakly bound azaxanthone chromophores, 

followed by chelation of a protein Glutamic 

acid residue. [17] 

  The second example relates to a much 

brighter Eu
III

 complex, [Eu.L
2
(H2O)]

+
 that 

possesses two substituted aryl-alkynyl 

chromophores, with a brightness of the order 

of 15 mM
-1

cm
-1

 in aqueous solution. [18] The 

ligand is achiral and heptadentate and on 

complexation with Eu
III

, SS- and RR- 

enantiomers form, where S/R refer to the 

configuration arising at P and  describe the 

local helicity. The steric demand at the metal 

centre is greater than in [Ln.L
1
(H2O)]

+
, and in 

preliminary work it was shown that both 

simple carboxylates (e.g. acetate) and -

hydroxy-acids (e.g. lactate) bind to the Eu
III

 in 

the same manner, via carboxylate binding. 

[18] Such behaviour contrasts with examples 

in the extensive series of complexes based on 

heptadentate cyclen-derived ligands of lower 

steric demand, where - hydroxy acids form a 

5–ring chelate, involving one carboxylate 

oxygen and the alcohol OH group, as revealed 

by crystallographic and NMR analyses. [19-

21] 

 
Scheme 2. Anions investigated in this study. 
 

The binding of a series of -hydroxy-acids to 

the Eu
III

 and Tb
III

 complexes of L
1
 was 

examined in water. Incremental addition of 

solutions of the sodium salts of S lactate, 

malate and tartrate to an aqueous solution of 

the Ln
III

 complex (295K 20 M complex, 0.1 

M NaCl) were monitored by following 

changes in the total emission spectral profile 

for Tb
III

 and Eu
III

. In control experiments, the 

additions of bicarbonate, acetate, succinate and 

citrate (all achiral) and alanate were also 

examined.  

 In each case, it was possible to estimate an 

apparent binding constant, assuming a 1:1 

stoichiometry for the ternary adduct, by fitting 

the variation of the ratio of the intensity of a 

separate pair of emission bands with the 

concentration of added anion (0 to 80 mM in 

stepwise titration). Using standard least-

squares iterative fitting methods, log Kd values 

for binding to the Eu complex ranged between 

0.65 (alanate) and 1.0 (acetate) to 1.94 for 

lactate. Values for the other examples were 

lower (succinate: log Kd = 1.0; malate: 1.81; 

citrate 1.49; tartrate: 0.88; compared to 2.4 for 

bicarbonate). As the binding constant for 

tartrate is small and no limiting spectrum was 

observed, no CPL studies were undertaken. 

There also appear to be multiple emissive 

species present for this combination. As two of 

the acids in scheme 2 (citrate and succinate) 

are not chiral it is not expected that these 

would show any CPL and they were for that 

reason not studied further with CPL 

spectroscopy.    
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Figure 3. Total PL spectra for [Eu.L
1
] following 

incremental addition of S-lactate. The arrow 

indicates the direction of increasing anion 

concentration.  
 

More importantly, the limiting Eu
III

 emission 

spectral form for lactate was uniquely simple. 

It showed three distinct J = 1 components 

and one J = 0 transition consistent with the 

presence of one major species in solution; 

Figure 3. 

 In all of the other cases, the limiting 

spectral form (Eu
III

 and Tb
III

) was nearly 

identical, more than three bands were evident 

for the Eu
III

 J = 1 manifold, between 588 and 

605 nm. Such behavior suggests a common 

association mode, which must simply involve 

carboxylate binding only. In the case of citrate, 

the observed total emission intensity was 

particularly weak, suggesting that citrate may 

displace both of the azaxanthone 

chromophores, lowering the overall emission 

quantum yield (em). Such a situation can arise 

when the intramolecular energy transfer step is 

much less efficient, as the distance between 

the chromophore and the Ln
III

 ion increases. 
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Figure 4. Upper: Changes in the CPL spectra of 

[Tb.L
2
] as a function of the enantiomeric purity of 

S-lactate. Inset is a magnification of the J =  ̶ 1 

region. Lower: variation of gem (541.5 nm) with % 

S-lactate, error bars indicate the standard error (R
2
 

= 0.97 for linear fit).  
 

CPL studies were conducted using the 

precursor Tb
III

 complex, which has a higher 

quantum yield, ([Tb.L
1
(H2O)]

+
: em = 37% 

H2O, 295K)  therefore giving rise to CPL 

spectra with better signal to noise. The CPL 

spectrum for [Tb.L
1
(H2O)]

+
 following addition 

of S-malate was indistinct, presumably due to 

ill-defined solution speciation. In contrast, 

separate additions of R and S lactate exhibited 

mirror image behaviour. In fact, by adding 

scalemic samples of lactate of pre-determined 

enantiomeric composition, it was possible to 

calibrate the observed gem values (observed at 

541.5 nm in the J = –1 Tb
III

 emission 

manifold, for example) with the enantiomeric 

purity of the lactate sample, Figure 4, and a 

linear relationship was observed. This implies 

that, with the modest chemoselectivity 

observed, such behaviour allows lactate 

enantiomeric purity to be assessed quickly 

using this method, for samples of unknown 

composition. The magnitude of the observed 

gem values for the Tb
III

 transitions was in the 

range 0.02 to 0.08, and the largest values 

observed were for the transitions within the 

MD allowed J =  –1 manifold.   
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Figure 5. Upper: CPL spectra for [Tb.L

1
] 

following addition of either 1- AAT (black) or 1-

AGP (red). Lower: total PL spectrum in the same 

experiment.  
 

The behaviour of [Tb.L
1
(H2O)]

+
 was also 

examined in the presence of 4 common 

proteins. Addition of 1-alpha acid 

glycoprotein (AGP) or 1-antitrypsin (AAT) 

led to formation of a protein-bound complex, 

in which the limiting total emission and CPL 

spectral forms were identical, Figure 5. By 

measuring the radiative rate constant 

associated with Tb
III

 emission decay in water 

and in D2O, [22] it was evident that there was 

no bound water in each protein adduct; Table 

1.  

 In contrast, Tb
III

 CPL and total emission 

spectra were weak and ill-defined, following 

addition of human serum albumin (HSA) or 

immunoglobulins (-IgG). As had been 

observed with the Eu
III

 analogues, [17] the 

binding of the complex to 1-AGP was the 

strongest (log K = 5.4), consistent with a 

binding model in which the displaced 

azaxanthone chromophore is bound in the 

protein drug-binding pocket, and a remote 

glutarate side chain (e.g. Glu-64) is 

coordinated to the lanthanide centre. A similar 

coordination environment must exist with 1-

AAT, and the lower overall free energy of 

binding probably reflects a less favourable 

hydrophobic interaction.   
 

Table 1. Binding affinities (295 K, pH 7.4, 0.1 

M NaCl) and selected photophysical 

data defining the interaction of 

[Tb.L
1
]

+
 with four common proteins. 

Protein log 

K 
(bound)c 

  Speciation 

 

 

1-

AGPb 

5.4 1.79 –0.13 +0.05 one major 

species 

1-

AATb 

4.6 1.83 –0.13 +0.05 one major 

species 

-IgGa 3.9 - –0.04 –0.01 multiple 

species 

HSAa n.d. - –0.05 -0.02 multiple 

species 

a Spectral analysis was not possible here due to significant 

quenching that reduces observed emission intensity, 
although it was evident that there were multiple species 

present in solution, even at high added protein levels. 
b Analysis of lifetime data recorded in H2O and D2O 

revealed that in the protein bound adduct there is no 

coordinated water molecule; e.g. for [Tb.L1] with 1-AAT, 

kH
2
O = 0.55 ms–1, and kD

2
O = 0.47 ms_1. Hence using, q = 

5(k-0.06), we find that q = 0.1 (±0.1). [22] 
c With -IgG and HSA, multiple exponential decays were 

observed of similar approximate lifetime, so it was not 

possible to assign a Tb lifetime value accurately.  

 

In preliminary work, the binding of 

[Eu.L
2
(H2O)]

+
 to several anions had shown 

that -hydroxy acids did not bind via 5-ring 

chelation. [18] The binding of lactate to  

[Eu.L
2
(H2O)]

+ 
 was monitored by CPL and 

normal PL spectroscopy, and the change in gem 

values with lactate enantiomeric composition 

was again studied. Well defined changes in 

Eu
III

 emission spectral form occurred and the 

induced CPL was equal and opposite for R and 

S lactate-bound species, Figure 6. The overall 

affinity constants defining the binding of R 

and S lactate were found to be identical (log K 

= 2.41, (±0.05), 295K, 0.1 M NaCl). 

 Analysis of the induced CPL changes was 

undertaken by examining the change in gem 

with % ee lactate for a J = 2 transition at 

621.5 nm. A linear variation was observed, 

and this calibration also allows lactate 

enantiomeric purity in unknown samples to be 

assessed. Moreover, the relative size, sign and 

sequence of the observed CPL transitions 

could be compared to those reported for the 

Eu
III

 complexes of structurally related, 

enantiopure tri-substituted ligands (in C3 

symmetry), whose absolute configuration has 

been assigned by both X-ray crystallography 

and CD methods. [23-25] Thus, addition of S-

lactate leads selectively to preferential 

formation of a -Eu
III

 ternary complex, 

Scheme 3.  
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Figure 6. Upper: changes in the CPL spectrum of 

[Eu.L
2
] following addition of lactate of varying 

enantiomeric composition. Lower: variation of gem 

(621.5 nm) with % R-lactate, error bars indicate the 

standard error (R
2
 = 0.98 for linear fit).  

 

 The size of the induced CPL is an order of 

magnitude smaller than that observed for 

lactate binding to [Eu.L
1
]

+
. This difference in 

gem values is readily explained in terms of the 

differing binding modes. Thus, the selective 

ligation of the carboxylate moiety in [Eu.L
2
]

+
 

places the chiral centre (determining the 

relative disposition of the OH and Me groups) 

further away from the chiral element defining 

the metal helicity (i.e. in this case, the two Eu-

NCCNpy torsion angles), Scheme 3. 

 

 
 

 

Scheme 3 upper: left S-lactate induces formation of 

the -complex; lower: reversible binding of lactate 

to [Eu.L
1
(H2O)

+
, involving water and chromophore 

displacement. 

 

4.  Conclusions 

 

The design and validation of a modular CPL 

spectrometer is reported. Using two different 

Ln
III

 complexes, protein and anion binding can 

be sensitively monitored by observing a strong 

CPL signal. The helicity of the lanthanide 

complex is determined by the configuration of 

the added anion or protein. In the binding of 

lactate to the lanthanide centre, when lactate is 

able to form a 5-ring chelate, the gem values 

are an order of magnitude greater than when 

the carboxylate oxygens bind cooperatively. 

Such behaviour accords with the increased 

distance between the lactate stereogenic centre 

in the latter case. Thus, there is a lesser steric 

preference for the relative positioning of the 

substituents around the chiral centre, which,  

in turn, induce the preferred metal complex 

helicity.   

 Samples of lactate exhibit a linear 

dependence of the emission dissymmetry 

factor with enantiomeric purity, suggesting 

that CPL can be used to assess enantiomeric 

purity in samples of unknown enantiomeric 

composition. The potential of monitoring an 

induced CPL to track changes in the local 

chiral environment of the lanthanide probe 

complex is therefore demonstrated.   
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