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Deep UV resonance Raman spectroscopy was used for characterizing ligand-metal ion complexes. The
obtained results demonstrated a strong intrinsic sensitivity and selectivity of a Raman spectroscopic signature
of a bicyclic diamide, a novel chelating agent for lanthanides and actinides (Lumetta, G. J.; Rapko, B. M.;
Garza, P. A.; Hay, B. P.; Gilbertson, R. D.; Weakley, T. J. R.; Hutchison, J. E.J. Am. Chem. Soc. 2002, 124,
5644). Molecular modeling, which included structure optimization and calculation of Raman frequencies and
resonance intensities, allowed for assigning all strong Raman bands of the bicyclic diamide as well as predicting
the band shifts observed because of complex formation with metal ions. A comparative analysis of Raman
spectra and the results of the molecular modeling could be used for elucidating the structure of complexes in
solution.

Introduction

A molecular sensor is commonly composed of a selective
chelating agent conjugated with a reporting element, which
provides a spectroscopic or electrochemical readout.1 Although
probing the chelating group directly is most desirable, it is often
limited by the sensitivity of a detection system. Herein, we report
on the first application of deep UV resonance Raman spectros-
copy (UVRR) for probing ligand-metal ion complexes. The
results obtained demonstrate a strong sensitivity and intrinsic
selectivity of resonance Raman spectroscopic detection with
respect to metal ions. Molecular modeling was utilized to predict
the Raman spectroscopic response.

The development of chelating agents for lanthanides and
actinides has important industrial and environmental implica-
tion.2,3,4 Various spectroscopic methods have been used for
studying lanthanide and actinide complexes. Luminescence and
absorption spectroscopies have relied on narrow emission and
absorption bands possessed by a majority of lanthanides because
of Laporte-forbidden transitions.5 A long fluorescence lifetime
(∼1 ms) and sensitivity to H2O-D2O exchange have allowed
studying the stoichiometry of aqueous Eu(III), Nd(III), and
Yb(III) complexes from Stern Volmer experiments.5,6 Competi-
tion between Eu(III) and other lanthanides for complex forma-
tion with polyoxometalates has been used to determine the
stability constants of the lanthanide complexes using laser-
induced fluorescence technique.7 Sensitized near-infrared and
visible luminescence has been exploited for studying different
lanthanide complexes aimed at their application as light-emitting
materials.6,8 Nonabsorbing metal ions, such as La and Lu, have
been reported to induce noticeable changes in the absorption
spectrum of binding ligands that allows for determining the
stability constants of complex formation.9

Electrochemical methods have also been proven useful for
the determination of formation constants of lanthanide com-
plexes.10 The most recent advances in the methodology have

allowed for characterizing the electronic structure of the com-
plexes on the basis of the voltammetric data.11,12 In particular,
a series of sandwich lanthanide-phthalocyaninato complexes
have been studied by means of cyclic voltammetry and differ-
ential pulse voltammetry.13,14 The HOMO-LUMO gaps have
been evaluated from the half-wave potentials of oxidations and
have been directly related to the ionic radii of a coordinating
metal.

X-ray, the most powerful structural method,15 has been
extensively employed for studying lanthanide complexes.16-19

The technique is invaluable for the deliberate synthesis of the
ligands selectively coordinating certain f-elements.20 However,
the applicability of X-ray data for solution structures needs to
be established.

Various NMR methods have been utilized for structural and
dynamic studies of lanthanide and actinide complexes.21-23

Thus,1H and13C and11B have been used to deduce the correct
structures and stoichiometries of several complexes of para- and
diamagnetic lanthanides and 1,2-phenylenedioxoborylcyclopen-
tadienyl.24 Symmetry of the ligands and their helical conforma-
tion in chiral macrocyclic lanthanide complexes have been
established by means of1H and13C NMR.25

The latest hardware development has allowed for applying
1H NMR for solutions with ligand concentrations in the
millimolar range26 and the sample amount of less than 10
nanomoles.27 Coordinated lanthanides act as an additional
magnetic field source in the sample and dramatically change
the chemical shifts of the signals, especially for nuclei in the
vicinity of the complexation site.28 In addition, band splitting
may occur in the case of coupling with NMR active f-elements.29

Bovens et al. studied the dynamics of formation of Dy(III) and
Eu(III) complexes with cy(DTPA-EN) using17O NMR tech-
nique.22 Among the trivalent lanthanide ions,139La(III) has the
most favorable NMR properties, including a high natural
abundance (99.91%), high NMR receptivity, sensitivity of the
chemical shift to the lanthanide coordination, and dependence
of the resonance line width on the environment.22 Coordination
compounds of other lanthanides have been explored as well.21,23

Several 2D NMR techniques (ROESY, TOCSY,1H -13C) have
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been invoked to identify two different conformers and coordina-
tion geometries of Y(III)-DOTA-Tyr3-octreotide complexes.30

The distances between specific moieties in the conformers,
which served later as a starting point for molecular dynamics
simulations, had been evaluated from the NOE (nuclear Over-
hauser effect) cross peaks. The accurate measurement of long-
range13C-1H coupling constants has been discussed to be a
powerful tool for determining the 3D structure of carbohydrates
and lanthanide complexes.24,27

Vibrational (IR and Raman) spectroscopy has been widely
utilized in coordination chemistry.31 Frequency shift in normal
modes of solvent molecules upon coordination with metal ions
has been used for developing a novel titration Raman spectro-
scopic methodology.32 In particular, the solvation shell structure
has been characterized forN,N-dimethylformamide andN,N-
dimethylacetamide complexes with many metals including
lanthanides. Detailed analysis of Raman spectra has allowed
for elucidating the reaction pathways for complex formation
between lanthanides and large anions.33 Force constants as well
as other characteristics of various transition metal and lanthanide
clusters have been determined using Raman spectroscopy.34 The
strengths of metal-oxygen bonds have been probed with Raman
and IR spectroscopies for europium and terbium pyridine-
carboxylates and pyridine-dicarboxylates.35

Deep UV excitation allows for a dramatic increase in the
sensitivity of Raman spectroscopy for molecular systems, which
do not possess absorption in the near UV and visible regions.36,37

The analysis of resonant enhancement found for UV Raman
bands of cyclic compounds has allowed for characterizing the
conformational changes in saturated hydrocarbon rings on
complex formation in solution.38,39

A bicyclic diamide 1 has been specifically designed to
enhance lanthanide and actinide ion affinity by chemically
stabilizing a free-ligand conformation suitable for metal bind-
ing.40 Complex formation with metal cations occurs through
coordination with two amide oxygen atoms of bicyclic dia-
mides.40 X-ray analysis of1-Eu complex in a crystal form has
determined the conformation adopted by1 upon complex
formation, including bond lengths and the geometry of hydro-
carbon rings.40 Substantial changes in13C and1H NMR spectra
have indicated the formation of1-Eu complex in solution.40

Complex formation of2 (the methyl derivative instead of
octyl one) with Nd(III), Am(III), Pu(IV), Np(V), U(VI), and
Pu(VI) ions has been investigated using UV-vis absorption
spectroscopy.41 The absorption of the metal ions has been found
to change because of complex formation. Stoichiometry of
complexes and their stability constants have been determined
using singular value decomposition followed by nonlinear fitting
of absorption spectra.41

Experimental Section

Materials and Sample Preparation. Ligand-octyl 1 was
rendered by James Hutchison, University of Oregon.
La(CF3SO3)3 and Lu(CF3SO3)3 (Aldrich) and1 were dehydrated
in a vacuum centrifuge and then were dissolved in acetonitrile
(Aldrich, spectrophotometric grade) dried priorly with silica gel
(Davisil 633).

Spectral Measurements.Deep UV Raman instrumentation
has been described in detail elsewhere.42 Briefly, 197-nm laser
beam (∼1 mW, Indigo-S laser system from Coherent) was
focused into a spinning Suprasil NMR tube (5-mm outer
diameter, 0.38-mm wall thickness) containing 150µL solution.
To avoid sample heating, the solution was additionally mixed
using a magnetic stirrer. Scattered radiation was collected in
backscattering geometry, dispersed using a home-built double
monochromator, and detected with a liquid-nitrogen cooled CCD
camera (Roper Scientific). The accumulation time for every
spectrum was 6 min. Absorption spectra were recorded in 1-mm
cell using HP 8452A spectrophotometer.

Data Processing.GRAMS/AI(7.01) software was used for
Raman spectroscopic data processing. Raman spectra were
normalized using acetonitrile as an internal standard. The
contribution of Suprasil and acetonitrile was quantitatively
subtracted.

Theoretical Calculations. The molecular geometry was
estimated initially for2 at the molecular mechanics level within
MM3 force field43 followed by the quantum mechanics con-
formation search at the UHF/3-21G, UHF/6-31G*, and UHF/
6-31+G(d)44,45 for a gas phase. The obtained frequencies were
scaled by a factor of 0.8929.46 For Hartree-Fock calculations,
solvent effect was taken into account using Onsager reaction
field model.47 DFT modeling of the ligand structure was
performed at the B3LYP/6-31G* and B3LYP/6-311G* treating
solvent at polarizable continuum model (PCM).48 Frequencies
for the latter model were multiplied by a factor of 0.98 to correct
for the anharmonicity missing from the harmonic frequency
calculations.49 To deduce the modes that gave rise to strong
UVRR bands, resonance Raman intensities were calculated
using time-dependent density-functional theory (TD-DFT)50 as
implemented in Gaussian’03.

Geometry optimization of the [2-La]Cl3 and [2-Lu]Cl3
complexes (brackets mark the first coordination sphere) at the
UHF 6-31G* level for both the gas phase and acetonitrile
solution were followed by Raman frequency calculations with
the same model chemistry. Stuttgart/Dresden effective-core
potentials (ECP)51 were used for La and Lu atoms while the
ligand atoms were treated at 6-31G* basis set to allow for
comparing the results with those of the free ligand.52

Results and Discussion

The UV absorption of1 is dominated by a strongπ-π*
transition of two amide chromophores at∼207 nm with a minor
contribution from n-π* transition at ∼290 nm (Figure 1).
Complexation with La(III) and Lu(III) red-shifted and enhanced
the low-wavelength band while the absorbance above 250 nm
became weaker. These changes were quite similar for La and
Lu salts. Our hypothesis was that the vibrational signature of
the amide groups involved in ion binding would be ion-sensi-
tive. We probed the amide vibrational modes by monitoring a
197-nm Raman scattering, which was resonantly enhanced
because of theπ-π* electronic transition of the amide chro-
mophore. Figure 2 shows the UVRR spectra of a free-ligand1
and its complexes with La(III) and Lu(III) in acetonitrile. The
presented spectra of complexes were obtained at metal salt
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concentrations exceeding the ligand concentration; a further
increase in the salt concentrations did not result in any noticeable
changes in the Raman spectra (Figure 2, inset). At low salt
concentrations, there was an indication that higher order ligand-
to-ion complexes formed.41,42 Experimentally observed and
calculated Raman frequencies for a free ligand and its com-
plexes with La(III) and Lu(III) in acetonitrile are summarized
in Table 1.

Only two theoretical modes were found for2 in the high-
frequency region, in-phase (1708 cm-1) and out-of-phase (1678
cm-1) CdO stretching vibrations, which were assigned to 1672
and 1643 cm-1 Raman bands. A similar splitting of 30 cm-1

has been observed for the CdO stretching vibrations in
Fe(oxalate)33- complexes.53 A smaller splitting of amide I band
has been reported recently for cyclic diamides, diketopiperazine,
and its derivatives, with CdO groups in the para-position in a
six-membered ring.54,55 The relative positioning of CdO
moieties in1 is closer to that in oxalic acid than in diketopip-
erazine derivatives. Consequently, the kinematics and dipole-
dipole interaction between CdO stretching vibrations are
expected to be similar for1 and oxalic acid resulting in a similar
splitting pattern. The resonance enhancement was stronger for
the in-phase stretching mode of1 than for the out-of-phase one
that is consistent with results reported for Cr(CO)4(bipyridine)
complex.56 As our calculations showed, CdO stretching fre-
quencies found for acetonitrile solution are substantially down-
shifted as compared to the gas-phase modes. Exceeding
sensitivity of amide I band toward solvent has been reported
previously.57,58 Specifically, acetonitrile downshifts the calcu-
lated CdO stretching modes by up to 70 cm-1.58

Several vibrational modes were calculated to involve C1-N
stretching coupled with various motions of carbon atoms in the
1400-1500-cm-1 frequency range. Several cyclic amide com-
pounds have exhibited a strong resonance Raman band around
1500 cm-1 assigned to amide II mode involving significant C-N
stretching and small C-C stretching.39,59Very strong calculated
modes involving C1-N stretching coupled with small ring
stretching and H-C2-H scissoring vibrations were assigned
to an intense Raman band at 1498 cm-1. Strong resonance
enhancement of the C1-N stretching coupled with ring stretch-
ing has been reported for cyclic amides,δ-vareloctam, and
diketopiperazine.39,59

A strong band at 1460/1462 cm-1 is evident in the resonance
Raman spectra of1 and its complexes with La(III) and Lu(III).
Caswell and Spiro60 reported a strong enhancement of the
1465-cm-1 polyproline trans-imide II band for a cyclic com-
pound with C(O)N-(CH2)2 moiety. Several strong UV reso-
nance bands in the region of 1400-1500 cm-1 have been
assigned to various conformers of six-membered amides.39 Our
preliminary evaluation of the resonance Raman enhancement
for ligand 2 (Supporting Information) did not show a strong
band around 1460 cm-1. This might be because the calculations
were made only for a single conformer resulting from the ab
initio structure optimization (Supporting Information). The
search for other stable conformers and the calculation of their
resonance Raman spectra are in progress in our laboratory.

Several normal modes were found in the region of a broad
low-intensity band (1362 cm-1). The most intense band in the
calculated resonance Raman spectrum involving C-N stretch-
ing, ring deformation, and H-C2-H and H-C3-H rocking
motions was found at 1362 cm-1. Several calculated normal
modes involve CR-H bending vibrations. There was no
evidence, however, for the resonance enhancement of these
bands, which are normally strong in the deep UVRR spectra of
peptides in random coil andâ-sheet conformations and weak
for those in theR-helical form. Asher et al.61 have shown that
CR-H bending is enhanced when coupled with the adjacent
N-H bending vibration, however, the structure of1 would not
allow for such coupling.

The optimized geometry of the complex showed the elonga-
tion of CdO bonds and contraction of C-N bonds upon
complex formation (Supporting Information, Table 7). As a
result, mixing between downshifted CdO and upshifted C-N
stretching vibrations became more efficient. As seen from Table
1, C)O stretching frequencies of both complexes were smaller
than those of the free ligand. Although CdO bonds for the Lu

Figure 1. Absorption spectra of1 (0.4 mM, solid) and its mixture
with La(CF3SO3)3 (1.0 mM, dashed) and Lu(CF3SO3)3 (1.0 mM, dash-
dot) in acetonitrile.

Figure 2. 197-nm excited resonance Raman spectra of1 (1.5 mM)
and its complexes with Lu(CF3SO3)3 (4 mM) and La(CF3SO3)3 (4 mM)
in acetonitrile. The contributions of salts and acetonitrile were
subtracted. Solid vertical lines represent calculated Raman modes of1
in acetonitrile (see text). Inset: The intensity of1-Lu Raman band at
1602 cm-1 as a function of Lu(CF3SO3)3 concentration.
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complex were longer than those for the La complex, the high-
frequency Lu-complex normal modes were upshifted compared
to those of the La-complex. The latter might be assigned to a
strong contribution of the C-N stretching to the high-frequency
modes dominated by the CdO stretching. Remarkably, the
downshift of the high-frequency modes predicted for the La
complex in comparison with the Lu complex was also observed
in Raman spectra (Table 1).

The strongest Raman band at 1498 cm-1 loses its intensity
in the spectra of complexes most probably because of the
constrained C-N stretching. Instead, a new strong band at 1518
cm-1 arises from the coupling of CdO and C-CRH stretchings
in both rings in an in-phase manner. The out-of-phase coun-
terpart calculated at 1475 cm-1 was not observed in the Raman
spectra because of its low intensity. Vibrational coupling
strengthened in a cyclic compound has been reported to result
in frequency splitting and strong resonance enhancement of the
higher frequency band.39 In particular, a strong C-N stretching
band observed in the UVRR spectrum of cyclo-(glycine-proline)
at 1515 cm-1 has been attributed to the vibrational coupling.39

Although CdO stretching vibrations are normally expected for
higher frequencies, the 1519-cm-1 CdO stretching band has
been observed in an Fe(acac)3 complex.62 Because of the
complexity and low symmetry of the ligand and its metal
complexes, the ultimate assignment of the observed bands would
require resolving the normal mode problem in nonredundant
symmetry coordinates.63

Conclusions

This study demonstrated that deep UV resonance Raman
spectroscopy was a powerful tool for studying complex forma-
tion of a bicyclic diamide1, a novel chelating agent for
lanthanides and actinides, with La(III) and Lu(III) in acetonitrile.
A comparative analysis of Raman spectra and the results of
molecular modeling allowed for elucidating the complex
structures in solution. Molecular modeling, which included
structure optimization and calculation of Raman frequencies and
resonance intensities, allowed for assigning all strong Raman
bands of the bicyclic diamide as well as predicting the band
shifts observed because of complex formation with metal ions.
The highest frequency Raman bands observed at 1672 and 1643

cm-1 (free ligand1) were assigned to mainly CdO in-phase
and out-of-phase stretching, respectively. These bands showed
the largest downshift on complex formation with metal cations.
Remarkably, the larger shift found for La-1 complex than that
for Lu-1 was predicted quantitatively by the modeling (Table
1). This intrinsic selectivity of deep UV resonance Raman
spectroscopic detection in combination with its high sensitivity
because of resonance enhancement opens a great opportunity
for developing a new method for sensing applications.

A strengthened coupling of CdO stretching vibrations
because of ring formation in1-La and1-Lu complexes was
shown to result in the resonance enhancement of a strong band
around 1515 cm-1 assigned to mainly the combination of
CdO and C-CRH stretching modes. The 3D structure of ligand
2 and its complexes with La(III) and Lu(III) in acetonitrile was
evaluated by ab initio calculations on DFT level. The confor-
mational changes due to coordination of lanthanum and lutetium
were verified by comparing the calculated changes in the normal
modes with experimentally observed changes in Raman shifts
on complex formation.
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(56) Viček Jr., A.; Grevels, F.-W.; Snoeck, T. L.; Stufkens, D. J.lnorg.

Chim. Acta1998, 278, 83.
(57) Markham, L. M.; Hudson, B. S.J. Phys. Chem.1996, 100, 2731.
(58) Wong, M. W.; Wiberg, K. B.; Frisch, M.J. Chem. Phys.1991, 95,

8991.
(59) Song, S.; Asher, S. A., Krimm, S.; Shaw, K. D.J. Am. Chem. Soc.

1991, 113, 1155.
(60) Caswell, D. S.; Spiro, T. G.J. Am. Chem. Soc.1987, 109, 2796.
(61) Asher, S. A.; Ianoul, A.; Mix, G.; Boyden, M. N.; Karnoup A.;

Diem, M.; Schweitzer-Stenner, R.J. Am. Chem. Soc.2001, 123, 11775.
(62) Teleb, S. M.; Refat, M. S.Spectrochim. Acta A2004, 60, 1579.
(63) Studt, F.; MacKay, B. A.; Fryzuk, M. D.; Tuczek, F.J. Am. Chem.

Soc.2004, 126, 280.

7098 J. Phys. Chem. A, Vol. 109, No. 32, 2005 Shashilov et al.


