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The 6-methyl-2-(2-pyridyl)-benzimidazole (biz) ligand coordinates involving “sensitized” emissions in transuranium complexes
with the actinide species in solution, and the complexes display are limited to thes-diketonate systenfsyhich were studied
efficient intramolecular energy-transfer processes. The energy some three decades ago. Emission enhancement through
transfer in the Cm(lll)—biz system proceeds in a nonradiative mode, ligand “sensitization” is particularly important in actinide

research both for trace level analyses and because the hazards
associated with the materials necessitate efficient and selec-
tive ultraviolet and visible luminescent probes.

Among the actinides, C#h possesses the largest separation
Direct f—f excitation in actinide and lanthanide ions is Petween its ground-state manifold and the luminescent first

inherently inefficient, as they represent Laporte forbidden €XCited state. As a result, the nonradiative de-excitation
transitions. One strategy used to circumvent this low ab- Processes within the metat-f transitions are relatively

sorptivity involves coordination with energy transmitting Minimal and make curium a strongly luminescent actinide
ligands, usually one with chromophores of high molar O Previous studiéhave suggested laser induced fluores-

extinction coefficients. Ligands possessing aromatic and/or C8NCe s a viable technique for trace level analysis of the
heteroaromatic groups are easily excited by near-UV radia- CM°" ion. However, by selecting the energy transmitting
tion and, hence, are capable of enhancing excited-state energ}}9and. it is possible to attain a significant increase in the
transfers in donor/acceptor systems. In this regard, highly €Mission quantum yield through a “sensitized” emission
luminescent lanthanide complexes of cryptariddiketones, ~ Phenomenon. o _
and several other macrocyclic ligands have been studied Herein we report coordination and luminescence enhance-
extensivelyt The rich body of literature on “sensitized” Mentin curium and americium complexes with the 6-methyl
luminescence involving lanthanide systems contrasts with 2-(2-pyridyl)-benzimidazole ligand (biz). Considering the
the minimal attention given to the corresponding trans- €nvironmental importance and consequences of actinide
uranium species. To the best of our knowledge, studies SPeciation, the present findings may have an important
ramification in trace analysis of these materials.
* To whom correspondence should be addressed. E-mail: Assefaz@ The biz Iigand itself em_its _Weakly both in the _SOlid and_in
orqlgg\é.md  National Laborato MeOH soIL_mons. The ex0|tat|(_)n spectrum qf a dilute solution
: Japan A?omic Energy Researrglﬁ Insitute. (~107° M in MeOH) of the ligand maximizes at 320 nm
(1) (@) Gawryszewska, P.; Jerzykiewicz, L.; Pietraszkiewicz, M.; and matches very well with the absorption profile. The
:—Vig;fsj‘:gieh‘;l"ifﬁ\zl\rl ;ng\i(e_hkit-;mZ?gfgr- .(f\lhaekn;-si?r%g 3. \5(361?15a-gi(§; ¢ absorption band maximizes at 315 nm with a shoulder at
Phys. Chem. Chem. Phy200Q 2, 2291. (c) Werts, M. H. V.; Duin, 330 nm (extinction coefficiente], 2.3 x 10* M~* cm™).
M. A.; Hofstraat, J. W.; Verhoeven, J. WChem. Commurl999 9, The solution emission at 385 nm is rather broad (full width

799. (d) Hasegawa, Y.; Murakoshi, K.; Wada, Y.; Kim, J.; Nakashima, 3 ; _
N.; Yamanaka, T.; Yanagida, £hem. Phys. Lett1996 260. (e) at half-maximum, fwhm= 62 nm) and unstructured,

Hasegawa, Y.; lwamura, M.; Murakoshi, K.; Wada, Y.; Arakawa, R.;

whereas a radiative mode is the principal mechanism in the
Am(lll)=hiz system.

Yamanaka, T.; Nakashima, N.; Yanagida,BRill. Chem. Soc. Jpn (2) (a) Nugent, L. J.; Burnett, J. L.; Baybarz, R. D.; Werner, G. K.; Tanner,
1998 71, 2573. (f) Sabbatini, N.; Guardigli, M.; Lehn, J. M.oord. S. P.; Tarrant, J. R.; Keller, O. L., J. Phys. Cheml969 73, 1540.
Chem. Re. 1993 123 201. (g) De SaG. F.; Malta, O. L.; Doniga (b) Nugent, L. J.; Baybarz, R. D.; Werner, G. K.; Friedman, H. A.
C. De M,; Simas, A. M.; Longo, R. L.; Santa-Cruz, P. A.; Silva, E. Chem. Phys. Lett197Q 7, 179. (c) Moulin, C.; Decambox, P.;
F., Jr.Coord. Chem. Re 200Q 196, 165. (h) Bermudez, D. Z. V; Mauchien, P Anal. Chim. Actal991, 254, 145. (d) Thouvenot, P.;
Carlos, L. D.; Silva, M. M.; Smith, M. JJ. Chem. Phys200Q 112 Hubert, S.; Moulin, C.; Decambox, P.; MauchienRdiochim. Acta
3293. (i) Beeby, A.; Bushby, L. M.; Maffeo, D.; Williams, J. A. G. 1993 61, 15.
Chem. Soc., Dalton Tran2002 48. (3) Beitz, J. V.Radiochim. Actal991, 52—3, 35.
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Chart 1. Structure of the Biz Ligand.
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although the solid’s spectrum shows progression with an
average spacing of 1420 cf The strong electron donating
property of the benzimidazole group of the ligand (Chart 1)
makes it facile to form an ILCT (intraligand charge transfer)
transition to the pyridine moiety. This assertion is supported
by our DV-Xa theoretical calculations conducted on the
ligand. The 2p orbitals of the C and N atoms of the a) 10
benzimidazole group contribute to the two highest occupied ' : : .
molecular orbitals. Their contributions to the HOMO and 350 400 0 50
SHOMO (second highest occupied orbital) are 82% and 94%, Wanelength (o)

respectively® In contrast, the two lowest unoccupied orbitals Figure 1. Excitation spectra from MeOH solutions of (a) CraC{b)
show>529% and 98% contributions from the pyricyl group. ) 2 (1) 0/l bz @) crWe S mmolalsambies,
As a result, thet—x* excitation is characterized by ILCT

from the benzimidazole to the pyridyl moiety. The calculated
HOMO—-LUMO gap of 3.43 eV (361 nm) is comparable
with the lowest absorption band found experimentally at
3.75 eV (330 nm).

Upon complexatioh of Cm?* with the biz ligand, the
typically narrow and weak electronic transitions of curium
are altered in both position and shape. The excitation
spectrum shown in Figure 1a corresporala 6 mmol CmGl
solution in MeOH obtained while monitoring the emitted
light at 599.2 nm. The strongest bands at 397 and 378 nm
correspond to théfS;, — 8lyyp SPigp f—f transitions,
respectively. As shown in Figure 1b, the 1:1 €mbiz
complex provides a dramatic change in its excitation ; | : :
spectrum. A band at 351 nm appears dominant, although 7 580 90 600 610
direct f—f excitation in this region (Figure 1a) provides Savelengih ()
negligible emission. Hence, the excitation band at 351 nm
corresponds to the ligand-centeredsr* transition. The band

is red-shifted significantly X3200 cnm?) when compared  in aqueous mediand, hence, is in accord with the principle

to the free ligand spectrum. that complexation of actinide and/or lanthanide ion is often
Insight into the nature of the species formed in solution accompanied by a concomitant red-shift in the absorption

has been gleaned by studying the dependence of the spectraind/or emission barfd.

profile on ligand concentration. Although the concentration  ypon the addition of the biz ligand at a 1:1 ratio, the

of the initial CmC} is low (5 mmol), inner sphere Cl  emjssion maximum (Figure 2b) red-shifts further to 602 nm,

ligation is expected in MeOH, as suggested previously for and the intensity increases significantly. Further addition of
nonaqueous solventsThe emission maximum at 599.2 "M the ligand beyond the 1:1 mole ratio results in additional

(Figure 2a) is red-shifted when compared to the band reportedincrease in intensity of the sensitized emission. Compared

to the 1:1 solution, the sensitized emission increases by a
(4) The HOMO is derived from the 2porbitals of N1, C4, C8, and C6 N . ] y
atoms with percentage contributions of 19%, 16%, 14%, and 13%, factor of~3, 4, and 6 for the CAT—biz initial ratios of 1:2,

ﬁfp(e:tgiveb& Lge LUMO is r<]flerived from Zprbit?)ls of the fCllgd/C%w 1:3, and 1:4, respectively. These changes, together with the
, C8, an atoms with percentage contributions o b, b, S : :
12%, 11%, and 11%, respectively. Only the most significant contribu- grQWth of a Shomd_er _at 6_05 nm with mqreased Ilgand_ ratio
tions obtained by Mulliken population analysis are given. The atom (Figure 2d,e), are indicative of a stepwise complexation at
numbering is as shown in Chart 1. the metal center

Solutions used in the complexation studies were prepared as follows. . ) .

A 200 mM stock solution (A) of curium was prepared by dissolution Previous EXAFS complexation studiesm Am— and Nd-

of #5CmCk in 0.1 M HCI. Stock solution B consisted of 67 mM of i systems have indicated the dominance of the mono- and
the biz ligand in methanol. A 10L portion of stock solution A was
pipetted into microvolumetric flasks containing different amounts of

Ihensity (wou)

]

b} X3

[ntensity (w.u}

Figure 2. Emission spectrum of (a) Cmg&and Cm(lll)-biz complexes
having initial ratios of (b) 1:1, (c) 1:2, (d) 1:3, and (e) 1:4.

(5

~

the ligand solution (B). The total volume was adjusted to 4DQising (6) Keller, B.; Legendziewicz, J.; Gliniski, $pectrochim. Acta, Part A
MeOH, to provicge a 5 mMCm(lll) solution. The americium solutions 1998 54, 2207.

were prepared in a similar fashion; using tF€Am isotope. All (7) Allen, P. G.; Bucher, J. J.; Shuh, D. K.; Edelstein, N. M.; Craig, |.
preparations were conducted in a glovebox suited for radiochemistry Inorg. Chem 200Q 39, 595.

work. (8) Barbanel, Y. A.Radiochemistryi996 38, 27.
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Figure 3. (a) Emission spectrum from a 1:1 Anbiz solution in MeOH.
(b) Absorption spectrum of Am&: The “dip” at 505 nm matches with the
"Fo — SLg absorption of Am(l11) suggesting that the energy transfer occurs

in radiative mode.

bis-coordinated species in solution Wiz and M(biz)
complexes). In acidic media, as in our case, the EXAFS
studies also indicated that a maximum of only two biz ligands
coordinate, even at a 1:4 (vbiz) ratio, at the metal center
in a bidentate fashion. Complexation with curium should

proceed similarly, and the emission peaks at 602 and 605
nm are taken to represent the mono- and bis-coordinated

species that exist in equilibrium in solution.

The Raman experiments lend support for strong coordina-
tion between the biz ligand and the actinide systems. The

vibrational band of biz at 1003 crh (breathing mode of the
heterocyclic rinéf) is shifted to 1023 cmt. A shift to higher
wavenumbers is therefore indicative of strong coordination
of the ligand to the Cit centert!

As with the Cm-biz system, exclusive excitation of the
ligand in the Ambiz complexes provides emissions cor-
responding to an Am(lll) £f transition. The emission
spectrum shown in Figure 3a exhibits a broad band485
nm in addition to the characteristite — ‘F» transition of
Am(lll) at 685 nm. Although the ligand-centered band at

485 nm is barely detectable in the spectrum of the free ligand,
its intensity increases significantly in the presence of selected
heavy lanthanide and actinide ions that have been studied
On the basis of these observations, the transition is assignabl

to the 3ILCT state, where increased intersystem crossing
(ISC) enhances the emission originating from the ligand’s
triplet state (heavy atom effed). The curium system

provides similar enhancement but only at higher ligand

(9) Yaita, T.; Tachimori, S.; Edelstein, N. M.; Bucher, J. J.; Rao, L.; Shuh,
D. K.; Allen, P. G.J. Synchrotron. RadiaR001, 8, 663.

(10) Buschbaum K. MZ. Anorg. Allg. Chem2002 628 2731.

(11) (a) Puntus, L. N.; Zolin, V. F.; Kudryashova, V. A.; Tsaryuk, V. I.;
Legendziewicz, J.; Gawryszewska, P.; SzostakPRys. Solid State
2002 44, 1440. (b) Teotonio, E. E. S.; Espinola, J. G. P.; Brito, H.
F.; Malta, O. L.; Oliveira, S. F.; De Faria, D. L. A.; Izumi, C. M. S.
Polyhedron2002 21, 1837.
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contents, suggesting that an efficient energy transfer to
curium guenches the emission originating from the triplet
excited state of the ligand.

A characteristic feature associated with the ligand-centered
emission of the Am-biz system (shown in Figure 3a) is the
presence of a large “dip” at 504 nm, indicating reabsorption
of the emitted light at that wavelength. The absorption
spectrum of Am(lIl) (shown in Figure 3b) facilitates the
assignment of the reabsorption mechanism. A match between
the dip at 504 nm and th&y — 5Lg absorption band of
Am(IIl) suggests that the energy transfer from the triplet state
of the ligand to thé’Lg electronic level of Am(lll) occurs
by a radiative mode.

The intramolecular energy-transfer process is particularly
pronounced with curium, where we were able to observe
strong emission at 685 nm from a 2M Cm?* solution (in
MeOH) using only a 400 W xenon lamp as the excitation
source. Under similar experimental conditions, metal centered
direct f—f excitation provided no detectable signal, indicating
that ther—s* excitation, as an allowed transition, provides
an efficient channel for the delivery of a significant amount
of near-UV radiation into the C# 5f %electronic levels. The
guantum yield for this “sensitized” emission increases to
0.062, compared to the 0.0026 value attained for the metal-
centered excitation prior to ligand addition.

We are now investigating the complexes involving several
modifications of the biz ligand thought to be essential to
further tune the energy match up between ther* level
of the ligand and the acceptor f-levels of the actinide ion
and enhance this energy-transfer process. One route to
accomplish the former may be to vary the electron donating
ability of the substituent at the methyl site of the benzyl group
(Chart 1). Replacement of the proton at the imidazole N-site
by a heavier atom should also eliminate the coupling between
the vn—n vibrational manifold and the electronic transition.

It is known'® that ligands withvy_y oscillators, having
vibronic frequencies similar teo—y, are effective nonradia-
tive deactivators of excited f-species. Eliminating a nonra-
diative pathway that may act as an energy sink would be an
important strategy to maximize the emission enhancement
obtained through intramolecular energy transfers, and its
application of these for trace level detection of actinide
species.
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