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This work describes the measurement and analysis of circular polarization in the luminescence (CPL), in the
near-IR spectral region, from chiral complexes of Yb(III) and Nd(III) in solution. The experimental technique
is based upon previous measurements of CPL in the visible region. Instrumentation design, performance, and
calibration are discussed. The experimental technique has been applied to several related complexes of Yb(III)
and Nd(III) with chiral macrocyclic ligands based on 1,4,7,10-tetraazacyclododecane that have approximate
C4 symmetry. In addition, CPL fromD3 complexes of Yb(III) with 2,6-pyridinedicarboxylate, which were
prepared as a solution of enriched enantiomers by the addition of (+)-dimethyltartrate, is also presented. It
is demonstrated that CPL from the2F5/2 f 2F7/2 transition of Yb(III) at 980 nm is particularly suited for CPL
studies because this transition satisfies magnetic-dipole selection rules. The luminescence from the4F3/2 f
4I9/2 and 4F3/2 f 4I11/2 transitions of Nd(III) centered at 880 and 1060 nm, respectively, showed only weak
CPL signals. The usefulness of these types of polarization measurements in the near-IR is discussed.

1. Introduction

The measurement of circular polarization in the luminescence
(CPL) from chiral molecules is one of a small number of modern
spectroscopic techniques that are being used as specific, direct
probes of chiral structure.1,2 Although the number and scope of
applications of CPL is increasing, it is certainly the case that
this technique has not been as widely used as circular dichroism
(CD) spectroscopy, which measures the difference in absorption
of circularly polarized light. One reason for the disparate
application of these two chiroptical techniques is the fact that
no commercial CPL instrument is currently available, whereas
there are several manufacturers of CD instruments. It is also
the case that, in CPL spectroscopy, one is limited to chiral
luminescent species of which there are far fewer than there are
chiral absorbers. Most of the recent applications of CPL have,
in fact, exploited this selectivity and the inherent sensitivity that
luminescence measurements have over absorption measure-
ments.

Although the range of previous and potential applications of
CPL spectroscopy is fairly broad, the class of chiral systems
for which the CPL technique has been especially suited is the
study of chiral complexes containing luminescent lanthanide-
(III) ions. In particular, CPL studies involving chiral complexes
containing Eu(III) and Tb(III), and to a lesser extent Dy(III)
and Sm(III), have been reported and have been shown to provide
unique information concerning the chiral structure and dynamics
of important and interesting chemical systems.3-11 These ions
all luminesce in the visible region of the spectrum. One of the
characteristics of lanthanide(III) ions that makes them ideal
targets for CPL studies is the availability of absorption and
emission intraconfigurational fT f transitions between states

that satisfy magnetic-dipole selection rules. These transitions
are often associated with large chiral discrimination in absorption
and emission.12 All of the available fT f transitions are formally
Laporte forbidden; however, the weak absorption of these ions
may be overcome with high-power laser excitation or, in many
cases, with indirect excitation of aromatic chromophores fol-
lowed by energy transfer to an excited state of the lanthanide
ion.

There has been one published report on an attempt to measure
CPL in the near-IR region. Morita and Herren examined the
near-IR luminescence from Er(III) doped into a single chiral
crystal of Gd2(MoO4)3, which was prepared under conditions
in which the high-temperature orthorhombicâ′ phase is
produced.13 In this crystal, two different Gd(III) sites are present,
both with C1 symmetry. Luminescence from Er(III) from the
two sites in the crystal at low temperature was analyzed for
linear polarization and circular polarization. Some qualitative
evidence for circularly polarized luminescence was observed,
although in this experimental procedure, a conventional pho-
toelastic polarization modulator could not be used because of
the spectral region of interest (1.53µm). To produce a modulated
polarization analyzer for this region, they combined a quarter-
wave plate with alternating horizontal and vertical polarizers
attached to an optical chopping device. It is well-known that
the mechanical switching of alternating polarizers and even
slight differences in optical alignment may produce an artifact
because of linear polarization that will be indistinguishable from
circularly polarized light, so verification of these results through
the measurement of the enantiomeric crystal is necessary.14

In this work, we report on the first series of CPL measure-
ments from solutions of chiral complexes containing Yb(III)
and Nd(III), which both luminesce in the near-IR. A preliminary
report of this work has already been published.8 The motivation
for this work is the recent increased interest in the area of
intrinsic biomolecule luminescence and fluorescent labeling of
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biomolecules in the near-IR spectral region. Of special impor-
tance in these current and potential applications is the fact that
skin, tissue, blood, and serum are essentially transparent in the
near-IR region.15-17 Furthermore, many samples that appear to
be cloudy or hazy in visible light are comparatively nonscat-
tering in the near-IR region because of theν4 dependence of
the intensity of scattered light, allowing for much deeper
penetration of a probe beam.

2. Experimental Section

Sample Preparation.The NMR chiral shift reagent Yb(III)
tris[3-(trifluoromethylhhydroxymethylene)-(+)-camphorate], Yb-
(facam)3, was purchased as a solid from Aldrich Chemical and
used without purification. Samples for spectroscopic measure-
ments were prepared in a 0.4-cm path length quartz fluorescence
cuvette. A solution of Yb(facam)3 was prepared by dissolving
weighed amounts (0.0080 g) of the solid compound in 1.00 mL
of dimethyl sulfoxide (DMSO).

2,6-Pyridinedicarboxylic acid (dipicolinic acid) DPA) was
purchased from Aldrich Chemical and used without further
purification. Weighed amounts of the solid acid were dissolved
in distilled water, and the pH was adjusted to approximately 9
through the addition of NaOH. The final concentration of the
stock solution of DPA2- was 0.18 M. Yb(III) chloride hexahy-
drate (YbCl3) was purchased from Acros and also used without
further purification. The YbCl3 solid was dissolved in distilled
water, and the pH was adjusted to 3 with HCl. The final stock
solution of YbCl3 was 0.14 M. Solutions of Yb(DPA)3

3- with
a final concentration 0.03 M and a pH of approximately 8 were
made by mixing appropriate volumes of the stock solutions. In
experiments involving the use of a Pfeiffer agent, 25 g of
dimethly-L-tartrate (+DMT) (Aldrich) was added to10 mL of
0.03 M Yb(DPA)33- in 5 g portions while the solution was being
constantly stirred and very gently heated. The final concentration
of Yb(DPA)33- for these measurements was 0.01 M, and the
concentration of (+DMT) was 4.7 M with a pH of ap-
proximately 8. All measurements involving Yb(DPA)3

3- were
performed in a quartz fluorescence cuvette with a path length
of 0.4 cm.

Chiral macrocyclic tetraamide ligands based on 1,4,7,10-
tetraazacyclododecane were prepared as described previously.10

Solutions of Yb(Rphen)4
3+ and Yb(Sphen)43+ were prepared

by dissolving the trifluoromethanesulfonate (triflate) salt in a
small amount of acetonitrile or methanol and adding D2O to
obtain a final volume of 0.8 mL.

The R and S nomenclature employed above is used only to
specify the chirality of the asymmetric amine carbon. For these
complexes, it has been shown that, in fact, the configuration of
the chiral center in the amide group also determines the

Figure 1. Schematic diagram for instrumentation used to measure circularly polarized luminescence in the near-IR spectral region.
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macrocyclic ring conformation and the helicity of the pendant
arms. The R configuration at carbon leads to formation of a
single C4-symmetric enantiomer withΛ helicity that is rigid
on the time scale of luminescence.18 Solutions of Yb-
(RBrphen)43+ and Yb(SBrphen)43+ were prepared in a similar
manner.

Complexes in which one of the chiral pendant amide groups
was replaced with an achiral phenanthridine (phenan) moiety
were prepared as described previously.19 Solutions were pre-
pared by dissolving the triflate salts in a small amount of
acetonitrile or methanol and adding D2O to obtain a final volume
of 0.6 mL. All solutions were degassed, and the pH was adjusted
to e2.5 by addition of a drop of trifluoroacetic acid (Aldrich
Chemical). Protonation of the phananthridine nitrogen serves
to enhance the absorbance of the complex at the excitation
wavelength.19

Also studied were complexes of Nd(III) and Yb(III) in which
one of the pendant chiral amines was replaced by a Pd-centered
porphyrin complex (PdPorph).20 In these experiments, the
CF3SO3

- salts were dissolved in EtOH.
All samples were prepared and measured in quartz fluores-

cence cuvettes.
Instrumentation. A schematic diagram of the instrumentation

used to measure circular polarization in the near-IR is presented
in Figure 1. As illustrated, these measurements were made using
the 450-W Xe arc-lamp excitation source, monochromators, and
sample compartment of a commercial Spex Fluorolog II
spectrofluorimeter. The design of the instrumentation is very
similar to that used to measure CPL in the visible region.2

Circular polarization in the luminescence is detected through a
50-kHz photoelastic modulator (PEM) that is set to operate as
an oscillating quarter-wave plate. The PEM was placed in the
sample compartment in close proximity to the cuvette containing
the luminescent sample. For these measurements, a high-quality
near-IR linear polarizer is attached to the PEM to convert the
alternately left and then right circularly polarized near-infrared
light to linearly polarized light. The PEM controller was
manually set to the wavelength in the middle of the narrow
spectral range of the emitted light [980 nm for Yb(III) and 1040
nm for Nd(III)]. The intensity of the modulated linearly
polarized light will vary at 50 kHz if the luminescence is
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partially circularly polarized. The emission beam was focused
onto the adjustable entrance slits of a Spex 1681B monochro-
mator blazed at 1µm and classically grooved with 600 gr/mm
and a 3.77 nm/mm dispersion. Calibration of the emission
monochromator was accomplished by scattering a small amount
of a He-Ne laser beam through the detection optics. Back-
ground signal from stray excitation and room light was reduced
by placement of a long-pass filter in the light path of the
emission, prior to its entering the monochromator. The exit slit
compartment of the emission monochromator was directly
attached to a sealed shutter, and a liquid-nitrogen-cooled
photomultiplier housing, which was operated at-100 °C. The
shutter assembly was sealed by the insertion of rubber o-rings
between the mechanical connections of the monochromator and
the photomultiplier housing. The photomultiplier tube used in
this work was an EMI 9684B with an S-1 spectral response.
The front window of the photomultiplier housing is a hermeti-
cally sealed double-plated ultralow radio-isotope borosilicate
window that is electrically heated to control dew or frost
accumulation. The photomultiplier tube was operated at a
voltage of approximately 1500 V in photon-counting mode.

The output of the photomultiplier tube was amplified by an
Advanced Research Instruments Corporation combination am-
plifier-discriminator (Combo-100 Preamplifier V6), which was
attached by a very short (4 in.) BNC cable. This device provides
simultaneous DC and photopulse output. Electronic TTL pulses
are generated from the photon spikes, as well as a DC signal
proportional to the total emission intensity. The TTL pulses are
input to a custom-built gated differential photon counting (DPC)
system, which is driven by a reference signal from the PEM.
On alternate half cycles of the 50-kHz modulation period, an
up/down counter is switched so that, when the PEM is
transmitting left circularly polarized light, the TTL pulses are
added, and when right circularly polarized light is being
transmitted, the TTL pulses are subtracted. The DPC also
contains a counter that monitors the total photon count. For all
of the measurements reported here, the counts were collected
during a time window centered at the peak of the modulation
cycle and for a period corresponding to 50% of the available
time. Inclusion of TTL pulses that are detected off center to
this degree from pure quarter-wave retardation results in a small
(<5%) error in the final result. The DPC and emission
monochromator are interfaced to a dedicated personal computer
for data analysis and instrument control.

3. Excitation of Yb(III) and Nd(III)

Approximate energy level diagrams for the f electronic states
of Yb(III) and Nd(III) free ions are displayed in Figure 2. As
can be seen, the energy level diagram for Nd(III) is composed
of numerous2S+1LJ terms arising from the 4f3 electron config-
uration, whereas the very simple energy level diagram for
Yb(III) results from the electron configuration 4f13. Because
the intraconfigurational fT f transitions are forbidden, excitation
(absorption) of lanthanide(III) is very weak; in most cases, one
must use either high-power laser excitation sources or indirect
excitation of strongly absorbing ligands followed by energy
transfer to promote the lanthanide(III) ions to the emitting state.
Indirect excitation of Tb(III) and Eu(III) via absorption of
aromatic ligands is quite common and efficient in those cases
where the energy of the triplet state of the ligand is situated
slightly above (∼1700 cm-1) an excited lanthanide ion electronic
state. If the triplet energy level is above, but closer than 1700
cm-1, the luminescence is decreased because of back energy
transfer from the metal ion to the ligand. If the aromatic triplet

state is located slightly below the emitting state, then energy
back transfer from metal to ligand may result in little or no
emission from the lanthanide(III) ion.

The indirect excitation of Nd(III) via strongly absorbing
ligands is quite feasible because there are so many f electronic
states (not all of them are shown in Figure 2) available in the
spectral region (250-450 nm) in which one expects to find
singlet and triplet transitions of organic aromatic ligands.
However, on the basis of simple overlap arguments, it is not
obvious that significant excitation of Yb(III) could be ac-
complished in the same manner. Nevertheless, there have been
several reports of Yb(III) emission following indirect UV
excitation.21-24 Recently, Horrocks et al. have proposed that
luminescence from a Yb(III) ion, which has been used as a
substitutional replacement for the Ca(II) ion in cod-parvalbumin,
results from an internal two-step redox process.25 In this
mechanism, an electron is transferred from the excited singlet
state of tryptophan to the Yb(III) ion, forming Yb(II) and an
excited tryptophan cation radical. Excited Yb(III) is then formed
by back transfer of the electron to the tryptophan ligand. The
second mechanism proposed by Beeby et al. is simply a very
inefficient energy transfer process in the manner observed with
the other luminescent lanthanide(III) ions.26 With respect to this
second excitation mechanism, it has been shown that, for a
macrocyclic eight-coordinate tetraamide complex containing a
phenanthridine ligand, the intramolecular energy transfer is the
rate-determining step. These authors also report that, when the
phenanthridine ligand is completely deprotonated at pH> 8,
the lifetime of the Yb(III) emission becomes equal to the lifetime
of the metal ion. They speculate that, under these conditions,
the two-step redox mechanism may be operative, as deproto-
nation is accompanied by the appearance of an oxidation
potential at 1.0 V. No oxidation wave was seen in cyclic
voltammetry of phenanthridinium hydrochloride below 2.2 V,
and the reduction of the related Yb(R-phen)4

3+ complex occurs
at potentials of more than-1.5 V, precluding the possibility of
an electron-transfer mechanism.

All of the luminescence spectra reported in this work were
accomplished with UV excitation from the Xe arc lamp.
Representative excitation spectra are presented in Figure 3. In
Figure 3A, we plot the excitation spectrum for Yb(Sphen)4

3+

for the emission monitored at 980 nm. In Figure 3B, we show
the excitation spectrum for a D2O solution of Yb(DPA)33-. This

Figure 2. Approximate free-ion energy levels for Nd(III) and Yb(III).

6712 J. Phys. Chem. A, Vol. 104, No. 29, 2000 Maupin et al.



excitation spectrum is essentially identical to that of Eu(DPA)3
3-

and Tb(DPA)33-.

4. Instrument Calibration

In CPL spectroscopy, it is common to report results in terms
of the so-called luminescence dissymmetry factor,glum, which
is defined as follows

whereIL and IR refer, respectively to the intensity of left and
right circularly polarized emitted light.1 The factor of1/2 in this
equation is added so that this definition is consistent with the
corresponding quantity used in CD spectroscopy,gabs, the
absorption dissymmetry factor

where εL and εR correspond, respectively, to the extinction
coefficient for left and right circularly polarized light,ε is the
average extinction coefficient, and∆A and A refer to the
differential and average absorbance, respectively.

Calibration of the CPL instrumentation in the near-IR region
can be performed if one is able to compare the CD of a stable
chiral compound with the measured CPL of the same transition.
The absorption (A) and differential absorption (CD) for the2F7/2

f 2F5/2 transition of Yb(III) from a solution of Yb(Rphen)4
3+

have been reported previously and are displayed in Figure 4A.10

For comparison, the total luminescence (I) and differential
luminescence (∆I) for a solution of Yb(Rphen)4

3+, measured
using the instrumentation described above, are plotted in Figure
4B. The absorption and CD measurement was performed with
slightly higher instrument resolution, but in both measurements,
one can see a number of transitions corresponding to various
crystal field transitions. InC4 double-group symmetry, there
are four possible crystal field ground-state doublets and three
excited-state doublets. Note that the highest-energy absorption
(950 nm), which probably corresponds to a transition to the
highest-energy-level crystal state of the2F5/2 level, is not seen
in emission as this state would not be populated at room
temperature, and for the same reason, the lowest-energy
luminescence transition (1025 nm), which probably corresponds
to a transition to the highest-energy crystal field state of the
2F7/2 ground-state term, is not seen in absorption. Obviously,
the spectra displayed correspond to a complicated overlap of
the various transitions with differing thermal populations. It is,

Figure 3. (A) Excitation spectrum for Yb(Sphen)4
3+ in a methanol/

D2O mixture. (B) excitation spectrum for Yb(DPA)3
3- in D2O. The

emission was monitored at 980 nm.

glum ≡ ∆I
I/2

)
IL - IR

1
2
(IL + IR)

(1)

Figure 4. (A) Absorbance (lower curve) and differential absorbance
(upper curve) for Yb(Rphen)4

3+. (B) Luminescence (lower curve) and
circularly polarized luminescence (upper curve) for Yb(Rphen)4

3+. λexc

) 260 nm.

gabs≡
εL - εR

1
2
(εL + εR)

) ∆ε

ε
) ∆A

A
(2)
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therefore, not possible to make a quantitative comparison of
the CD and CPL for an isolated transition.

These results may, however, be used to verify the sign of
the CPL measurement, and they are also useful as a qualitative
measure of magnitude. For example, the peak corresponding
to the maximum luminescence (995 nm) is associated with a
glum value of -0.18. This peak corresponds to the highest-
wavelength peak in the absorption spectrum withgabsequal to
-0.11 after baseline subtraction. The same sign is what one
expects for the same transition, and the order of magnitude of
the dissymmetry factors are similar. Quantitative determination
of gabs is often difficult because of baseline problems, particu-
larly in this spectral region. Further demonstration that the
instrumentation is functioning properly can be obtained by
measurement of CPL from enantiomeric complexes. These
results are presented in Figure 5 for Yb(Rphen)4

3+ and Yb-
(Sphen)43+. As can be seen, mirror-image CPL spectra are
obtained, consistent with the result expected for an instrument
that is working properly.

Although the macrocyclic complex Yb(Rphen)4
3+ is an

excellent complex for testing the CPL instrumentation, it is not
suitable as a standard calibrating agent because it is not
commercially available. We have chosen to use a solution of
tris[3-(trifluoromethylhydroxymethylene)-d-camphorato]ytter-
bium(III), Yb(facam)3 (Aldrich), prepared in dry dimethyl
sulfoxide (DMSO) for this purpose. The Eu(III) analogue of
this complex is used as a standard in CPL measurements in the
visible region.2 The total and circularly polarized luminescence

of this compound are plotted in Figure 6. This species has a
measuredglum value of -0.076 at the peak wavelength (975
nm). This Yb(III) complex is very soluble in DMSO, and
calibration solutions can be prepared simply by dissolving the
solid sample in DMSO. It should be noted that the solvent must
be dry, because the addition of even small amounts of water
will significantly alter the value ofglum. The Yb(facam)3 solution
was excited at 365 nm, and the luminescence was collected with
a spectral band-pass of 0.9 nm for the spectra shown in Figure
6.

5. Results and Discussion

In Figures 7, we plot total luminescence (lower curve) and
circularly polarized luminescence (upper curve) for the complex
Yb(SBrphen)43+. A comparison of the CPL spectrum with that
of the parent complex Yb(Sphen)4

3+, given in Figure 5, shows
that the addition of thepara-Br substituent has only a small
effect on the chirality of the Yb(III) emission, and the overall
pattern of the CPL is unchanged. This result suggests that the
C4 environments around the metal ion are very similar. The
peak of the excitation spectrum for Yb(SBrphen)4

3+ was 296
nm, compared to 260 nm for Yb(Sphen)4

3+. Part of the
motivation for preparing derivatives of the parent complex is
an effort to move the excitation of these potential luminescent
bio-probes out of the UV region.

It must be mentioned that the luminescence dissymmetry
factor, glum, obtained from these complexes is very large. At
the peak of the luminescence, we obtain values of approximately
(0.2. For purposes of comparison, even for very highly
constrained chiral organic chromophores, it is very unusual to
measure|glum| values greater than 0.005; however, these
magnitudes are observed for transitions in lanthanide(III) ions
that obey magnetic-dipole selection rules∆J ) 0, (1. The2F7/2

Figure 5. Circularly polarized luminescence (upper curves) and total
luminescence (lower curve) for solutions of Yb(Rphen)4

3+ and Yb-
(Sphen)43+ in a MeOH/D2O mixture. The total luminescence signals
from the enantiomeric solutions was virtually identical, and therefore,
only one is shown.λexc ) 260 nm.

Figure 6. Circularly polarized luminescence (upper curve) and total
luminescence (lower curve) for a solution of Yb(facam)3

3+ in DMSO.
λexc ) 360 nm.
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T 2F5/2 transition of Yb(III) is magnetic-dipole-allowed, and
the largeglum value obtained in many of these complexes is
consistent with previous NMR solution observations showing
that the complexes are fairly rigid and stable on the lumines-
cence time scale.18

In Figure 8, the total luminescence (lower curve) and
circularly polarized luminescence (upper curve) have been
plotted for the enantiomeric pairΛ-Yb(Rphen)3(phenan)3+ and
∆-Yb(Sphen)3(phenan)3+, in which one of the chiral amine
groups has been replaced with an achiral aromatic phenanthri-
dine group. For this complex, excitation at 355 nm results in
population of the2F7/2 emitting state of Yb(III). As can be seen
by comparison with the results plotted in Figure 5, this
substitution has only a small effect on the magnitude ofglum.
The conclusion that the overallC4 symmetry surrounding the
central lanthanide(III) ion is essentially determined by only three
chiral arms is consistent with results obtained previously from
Eu(III) and Tb(III) analogues of these complexes.19,27

In Figure 9A and B, we plot total luminescence and CPL
results for complexes in which one of the chiral amine
appendages has been substituted with a Pd-centered porphyrin.
In Figure 9A, we plot results for the complex Yb(Rphen)3-
(Pdporph)3+ in which three of the amines are of the R
configuration, and in Figure 9B, we show CPL results for the
enantiomer of this molecule, Yb(Sphen)3(Pdporph)3. By com-
paring these results again to the spectra plotted in Figure 4, we
see considerable broadening of the total luminescence spectrum,

and a shift of the maximum intensity to lower wavelength. These
kinds of spectral changes are not unexpected for such a large

Figure 7. Circularly polarized luminescence (upper curve) and total
luminescence (lower curve) for a solution of Yb(RBrphen)3

3+ in a
MeOH/D2O. λexc ) 296 nm.

Figure 8. Circularly polarized luminescence (upper curves) and total
luminescence (lower curves) for solutions of Yb(Rphen)3(phenan)3+

and Yb(Sphen)3(phenan)3+ in an acidified MeOH/D2O mixture.λexc )
355 nm.

Figure 9. (A) Total luminescence (lower curve) and circularly
polarized luminescence (upper curve) for Yb(Sphen)3(Pdporph)3+ in
ethanol. (B) Total luminescence (lower curve) and circularly polarized
luminescence (upper curve) for Yb(Rphen)3(Pdporph)3+. λexc ) 415
nm.
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modification of the parent structure. It is somewhat remarkable
that the same CPL sign pattern is still obtained, indicating that
the helicity of theC4 twist is still maintained to some extent in
this complex.

In Figure 10A and B, we show the total luminescence and
CPL spectra obtained from Nd(Rphen)3(Pdporph)3+ for the
transitions4F3/2 f 4I9/2 and 4F3/2 f 4I11/2, respectively. The
luminescence in the near-IR region from this complex is easily
measured; however, the circularly polarized luminescence is
small. Because neither of these transitions satisfy magnetic-
dipole selection rules, the smallglum values obtained are not
unexpected. Even though the chirality of these transitions is not
large, the measurement of CPL from chiral Nd(III) complexes
may be quite useful, as it is one of the few lanthanide(III) ions
for which absorption and CD measurements are fairly routine.
In particular, quantitative measurements involving the hyper-
sensitive 4I9/2 f 4G5/2 transition have been quite useful in
probing the structure of Nd(III) complexes.28

In Figure 11, the total luminescence (lower curve) and
circularly polarized luminescence (upper curve) have been
plotted for a solution of Yb(DPA)33- into which (+)-dimeth-
yltartrate has been added, such that the final concentration was
4.7 M (+)-DMT. (+)-DMT has been known to perturb the
equilibrium between interconverting enantiomers.29 This per-
turbation of a racemic equilibrium is often referred to as the
Pfeiffer effect.30 Excitation of Yb(III) was accomplished through
indirect excitation of the ligand at 330 nm. The spectral band-
pass for the spectra shown was 4.7 nm. Note that the CPL of a
solution of this complex without the addition of the (+)-DMT
was not measurable. Complexes of this ligand with Eu(III),
Tb(III), Dy(III), and other lanthanides are well-known.31,32These
complexes occur in solution as interconvertingD3 enantiomers
(∆ andΛ); however, the racemization is slow even compared
to that of the ion with the longest luminescence lifetime [Tb(III),
∼4 ms]. [The measurement of aglum value equal to 0 from the
racemic mixture of Yb(DPA)33- is further evidence that the

instrument is working correctly.] It is possible to determine an
approximate value for the luminescence dissymmetry factor of
a pure enantiomer of Yb(DPA)3

3- by using CPL and CD results
from lanthanide(III) analogues.32 The value ofglum for the pure
enantiomer can be related to the value measured from the
enriched sample through the following equation

whereη is the enantiomeric excess produced by the addition
of the (+)-DMT.

It has been previously determined that addition of 4.7 M
(+)-DMT to a solution of Dy(DPA)33- yields an enantiomeric
excess of 0.4.33 Under the reasonable assumption that the
solution properties of this complex are very similar to the Yb(III)
complex, one can calculate, using eq 3, that the luminescence
dissymmetry ratio at the peak of the emission for the pure
Λ-enantiomer would be+0.075. This value is smaller than the
value that was determined for the magnetic-dipole-allowed5D0

f 7F1 transition of Eu(III) (∼0.45). This Eu(III) transition
contains many fewer crystal field components than the corre-
sponding transition of Yb(III), in which there exists a number
of overlapping transitions, and as a result, a somewhat smaller
value forglum is not surprising.

6. Summary and Conclusions

The results presented and discussed above show that the
modifications that we have made to our CPL instrumentation
has led to an accurate and reproducible method of measuring
the luminescence dissymmetry ratios of complexes in the near-
IR spectral region. For the most emissive systems that we have
studied, at reasonable concentrations, the measured photon-count
rate was approximately 103 counts/sec. It has been shown that,

Figure 10. Total luminescence (lower curve) and circularly polarized
luminescence (upper curve) for two transitions of Nd(Rphen)3-
(Pdporph)3+ in ethanol. (A)4F3/2 f 4I9/2, and (B)4F3/2 f 4I11/2. λexc )
415 nm. Figure 11. Circularly polarized luminescence (upper curve) and total

luminescence (lower curve) for a solution of Yb(DPA)3
3- in D2O

following the addition of 4.7 M (+)-dimethyltartrate.λexc ) 330 nm.

glum(λ) ) ηglum
∆ (λ) (3)
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for the differential photon-counting method operating under
Poisson photon statistics, the standard deviation in the measured
values ofglum is equal to 1/N1/2, whereN is the total number of
photons counted.34 Therefore, to determine theglum value at one
wavelength with a standard deviation of 0.01 using a collection
window of 50% requires only 20 s. Obviously, samples that
are less emissive, or transitions with smaller intrinsic dissym-
metry factors, will require correspondingly longer collection
times.

The results presented here show that measurement of CPL
from chiral Yb(III) complexes is certainly feasible and may
represent a novel approach to the development of useful chiral
assays of biological structure. In particular, it is demonstrated
that the Yb(III) excited state may be populated through
radiationless energy transfer from strongly absorbing ligands,
yielding sufficient luminescence intensity for this type of
polarization measurement.

Very recently, some of these and related Yb(III) complexes
and their Eu(III) and Tb(III) analogues have been used in studies
that demonstrate their potential to selectively bind to DNA.27

In these preliminary studies, it was determined that the∆-Eu
complex binds strongly to calf-thymus DNA, and the binding
to the oliginucleotide [(CG)6]2 was 50 times larger than binding
to [(AT)6]2. A different pattern of binding affinity was exhibited
by the Λ enantiomer, and this selectivity in binding must be
due, in some way, to complementary properties that allow their
interactions with chiral polyanions. By creating complexes that
can bind to specific sites in the DNA helix, improved selective
luminescent assays and the development of selectively reactive
complexes may be possible.27
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