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Emission Polarization of Europium and Terbium Chelates
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We measured the anisotropy of*Tkand Ed" in various chelate complexes bound with or without a carbostyril
antenna. The anisotropy of the lanthanides depends on the chelate as well as whether the antenna is present.
The anisotropy of Efi bound to only a chelate is high while for Tbthe anisotropy is nearly zero. For

Ew', the anisotropy decreases upon addition of the antenna, while fortfid anisotropy slightly increases

once the antenna is attached. A theoretical model is discussed to account for the measured anisotropy of the
Eut bound to the chelate and how the addition of the antenna affects the anisotropy. While the transitions
within Tb®" are more complicated than those in3Euthe theoretical model is also extended t6®*Tho

explain qualitatively how the addition of the antenna affects the measured anisotropy of the terbium complex.
Because of their low anisotropy, both 3fband Ed*, when bound to a chelate with an antenna, are ideal
luminescent probes in resonance energy transfer experiments for measuring nanometer scale distances. Our
results indicate that it may be possible to construct a probe with tBat retains its high anisotropy once the
antenna is added to the chelate complex. This probe could measure rotational motion on the millisecond
lifetime.

I. Introduction Antenna: Carbostyril 124 5
e Carbostil i/ P _Tb" & Eu” Spectum

Luminescent lanthanide chelate complexes, particularly those ¥

1F T .
containing TB™ and Ed", are of great interest as alternatives IS : 2 | " F, i
to conventional organic-based fluorescent probes. Figure 1 r V/._C\:N'Kff'\cm E:m' e I | ]
shows a representative complex; it contains a chelate, diethyl- < [IL-(‘O 0 : E 06l | f ]
enetriaminepentacetic acid (DTPA) or triethylenetetraamine- E oN ’ng. D 0a bR, 1
hexaacetic acid (TTHA), that shields the lanthanide from §< L7 cor T 2 ]
quenching by water and an organic-based antenna molecule, ‘—’ - Pl |
carbostyril 124 (cs124), that efficiently absorbs excitation light €0, 2 L RWAY IS
and transfers excitation energy to the lanthanide. In such a NLU 500 550 €00 650 700
complex, TB™ and Ed" have unusual spectroscopic charac- \ €Oy Wavelength (nm)

teristics even in an aqueous environment when compared toFigure 1. Structure and spectra of lanthanide chelate with antenna.

organic fluorophores. These include millisecond lifetimes, The chemical structure of FEDTPA(TTHA)—cs124 along with

sharply spiked emission spectra, high quantum yield, and a broadcharacteristic spectrum of both ¥b(black) and E&" (gray). Without

range of emission energies extending from the blue to the redthe carbosytril antenna, the lanthanide directly gbsorbs the incident
. . . photon at 488 nm for TH or 576 nm for E&". With the antenna,

par_ts .Of the SpeCFrurh.An_oth_er lmporta_nt prope_rty is their absorption occurs at 337 nm by the antenna and the energy is then

emission polarization, which is the subject of this paper. LOW (ansferred to the lanthanide.

polarization is desired when using lanthanide chelates in ) .

resonance energy transfer experiments to measure nanometeV0rk has been done to understand the intensities, wavelengths,

scale conformational changes of biomolecdletgh polariza- and origin of the lanthanide emission transitions in a crystal
tion is desired if using the chelates as probes to measurefield.>~® Indeed, emission generally arises from electric dipole
rotational motion on the millisecond time scale. transitions, although magnetic dipole transitions exist, e.g., the

5Dy to 7F; transition in europiuntg and in the solid state, electric
quadrupole transitions have been deteéted.

Most of the T™ and E&" transitions have multiple transition
dipole moments because emission can arise from multiple
d levels. Hence, if these transitions are energetically degenerate
(or nearly so), and the probability of emission due to each state
is similar, then the emission will be unpolarized. Lanthanide
emission has generally been assumed to be unpolarized due to
these factors. Rotational motion during the millisecond lifetime
of the lanthanide bound to the chelatsarbostyril complex can

: also lead to depolarization, particularly in solution.
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The emission spectrum of lanthanide chelates arises from
high-spin-high-spin transitions within the atom. Themission
arises from transitions betweerfl, excited state to a ground
state of’F; (J = 0—6). El#" emission is from &Dg to a ground
state of’F; (J = 0—6) (see Figure 2). In both cases, the groun
and excited states involve 4f electrons, and hence, electric dipole
transitions, the usual mechanism of fluorescence in organic dyes,
are formally parity forbidden. Nevertheless, a small admixture
of 5d states makes electric dipole transitions possible. Much
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Figure 2. Energy levels of lanthanides. We studied g — 7F; (J = 0—4) transition for E&" and the’D, — F; (J = 4—6) transition for TB*.
The splittings are, from left to right, due to interelectronic repulsion,spibit coupling, and ligand-field effects (the splitting of the individual
J states). Figure from ref 8.

can lead to spectra that have a high anisotropy (ely,— described previousliz The chelates, both with and without
"Fo). Previous work has shown that Euemission can indeed  carbostyril 124, are mixed with Tbg€br EuCk such that the

be polarized if excited directly (i.e., not through an antenna) ratio of lanthanide salts to chelate (with and without the antenna)
when in a single crystal of Z&u(NOs)12-24H,0.1° Vereb et is 0.8. This ensures that all of the lanthanides are attached to a
al. have also shown that emission of HDTPA—cs124 in a chelate, i.e., no free lanthanides are in the solution. The pH is
crystal is polarized! They showed that all the transitions within  then adjusted to pH 7, and the solution is added to glycerol
the europium were polarized to some degree with>bg— such that the percentage of water by volume in the entire mixture
Fo transition (ny = 0 for excited and ground states) being the is 40%. The final concentration of lanthanide chelates in glycerol
most polarized. However it is unclear if the nonzero anisotropy is 0.13 M for lanthanides attached to DTPA and 0.11 M for the
was due to crystal conditions, e.g., the crystal imposed a fixed lanthanides attached to TTHA. The final concentration for the
orientation between the antenna and the lanthanide and chelatdanthanides attached to both DTPAs124 and TTHA-cs124
Also, no measurements were made on the anisotropy ef Eu is 1.6uM. The glycerol/water mixture also contaid M NacCl,
DTPA or Tb—DTPA after direct excitation but instead only in addition to the lanthanide chelates (with and without the
excitation through the antenna. For measurements in this paperantenna), to improve the optical quality of the glyceralater

the lanthanide chelates both with and without the antenna aresolution when frozen.

not in a crystal but rather frozen in an amorphous glass. This  The mixture described above is then frozen in a temperature-
provides for a random distribution of lanthanide chelates. controlled laboratory-built Dewar cooled by liquid nitrogen,
We examine the emission polarization of two polyamino- which contains optically clear quartz windows for right angle
carboxylate chelates, DTPA and TTHA, with and without an excitation and luminescence detection. The temperature is
antenna molecule, carbostyril 124, bound to eithér'fm Th** monitored by a thermocouple placed in the top of the glycerol
frozen in an amorphous glass. Without the antenna, the spjution containing the lanthanide chelates. Glycerol forms an
lanthanide was excited directly (488 nm for®Th576 nm for  amorphous glass when frozen that immobilizes the lanthanide
Ew*). With the antenna, excitation of the lanthanide was indirect chelate-carbosytril complexes. To ensure that the sample was
at 337 nm, where the antenna absorbs strongly (and directfrozen (i.e., not rotating during the measurement), the anisotropy
lanthanide excitation is negligible). ¥bbound to either chelate  of the 5D, — 7F, transition within Et--DTPA was monitored
(DTPA or TTHA) without an antenna was unpolarized and, and found to not change for a temperature range@s to—90
surprisingly, became (weakly) polarized when excited through °C (data not shown). A change in the anisotropy was measured
the antenna. B4 excited directly was highly polarized, while gt higher temperatures indicating that the molecule had moved
excitation thrOUgh the antenna led to a lower pOlarization. These during the measurement. However all anisotropy data presented
results indicate that lanthanides are excellent donors in resonancen this paper was collected in a temperature regior-86 to
energy transfer applications, especially terbium, when excited —gg°C. When the antenna is attached, excitation of eithét Th
through the antenna. The fact that the anisotropy increases uporpr El#+ occurs indirectly through the antenna by excitation at

the addition of the antenna (especially withTBTHA) suggests 337 nm. Without the antenna, direct excitation of théTis
the possibility of highly polarized lanthanide probes if the 4t 488 nm and of the Bt is at 578 nm.

antenna and lanthanide can be oriented properly. Anisotropy Measurements. The anisotropy was measured

by standard methods, including right angle excitation and
emission collection with polarizers in both pathways. Details
Sample Preparation.The lanthanide atoms and the chelates of the instrumentation can be found elsewhérBriefly, the
(both DTPA and TTHA) were purchased from Sigma. Synthesis sample is excited by a pulsed nitrogen laser with optional dye
and purification of DTPA-cs124 and TTHA-cs124 has been  housing and the emitted light is collected with an imaging

Il. Experimental Section
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spectrometer utilizing a 1200 grooves/mm grating and charge- z
coupled detector (CCD) for acquisition of the emission spectrum
of the lanthanides. A mechanical chopper is placed in front of
the spectrometer and timed such that the entrance slit to the A v
spectrometer is blocked for20 us after the laser was fired. \
This prevents the laser pulse and prompt fluorescence of the \
sample from reaching the CCD camera. With the chopper, a \
~40000-fold suppression of prompt fluorescence is achieved.
After the emitted light is collected from the sample with the
CCD camera, the anisotropy at each wavelength is calculated
according to standard methdéis

(WP
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I, + 21, @)
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Figure 3. Experimental setup. A laser sends a photon along toes,
polarized in thez direction, to excite the lanthanide’s or the antenna’s
absorption dipole moment;. After it is returned to its ground state,
the lanthanide emits a photon from its emission dipole monaenthich

is not necessarily parallel to. A polarizer is used to select either a
polarization ofz or x before the emitted light is detected by a CCD
camera.

r =

) is the intensity of the emitted light when the emission polarizer
is oriented parallel to the direction of the excitation polarization,
while I is the intensity of emitted light when the emission
polarizer is perpendicular to the direction of the polarized
excitation. Both intensitied,(andl) have been normalized to
correct for the polarization sensitivity of the detection pathifay.
The resolution of the instrument is tested by measuring the roomntermediate and final states. The intensity of this transition is,
light's spectrum while using the same slit width, grating, etc. tg within an overall constant

that are used in the actual experiment. The wavelength resolution

for Eu—DTPA/Eu—TTHA samples is 2.5 A, while for all other
samples the resolution is 1.2 A.

lll. Theory

dQ2 . 2.
= [ Zo 2 ul o) @

Here Q is the solid angle specifying all the orientations of the

chelate. The integration is an average over all orientations of
states, and the relative intensity of 3Fbor EL* transitions, the chelate since the sample is randomly oriented when frozen.
excited directly or through the carbostyril antenna, can be _The first term in eq 2z-u, is proportional to the probability
understood in terms of the quantum mechanical symmetriesthat the lanthanide is excited by the incident photon, while the
under rotation of the states excited by the incident laser. We Seécond termi-v, is proportional to the probability that a photon
first consider in detail E¥. We assume that the excited states IS €mitted from the lanthanide atom polarized indhdirection.

can be described within the RusseBaunders model and ~Forli(eq 1),Wis in thez direction, while forlg, Wis in thex
neglect small mixing with other states (e.g., vibronic states). direction (see Figure 3). While for most organic fluorphoues
We take the rotational symmetry explicitly into account by andv are parallel (or nearly parallel) to each other, it is certainly
calculating absorption and emission matrix elements in terms NOt required. In factiand tend to not be parallel for lanthanide

of single particle spherical harmonic¥sm which, from the atoms in a crysta_l fl_eld. _For arbitrary orientations of the
Wigner—Eckhardt theorem, are proportional to the exact matrix @bsorption and emission dipole moments, the angular average
elements. For parameters such as the anisotropy that depend €d 2 simply gives

on a ratio of measured parameters, the proportionality constants
drop out. The absolute energy levels (emission wavelengths) | = 1 (2 — cog 0) + 1 (3 cog 0 — 1)(|0-D)% + |0-0% )
are a function of the constants, but the relative energy levels 15 30 A3)
(wavelength splittings), which are of greater interest, are

independent of the constants. Figure 2 shows the energy levelsyhere i and # denote the (possibly complex) unit vectors in
involved in the transitions within both the Thand Ed* atoms.  the direction of the dipole moment matrix elements. The angle
The electric field that holds the lanthanide ion in place notonly ¢ is the angle between the initial polarization of the incident
Sp|ItS and mixes thm states within the lanthanide ion but photon and the polarization of the emitted photon (fpﬂ =
allows transitions, which are formally forbidden in the free ion, e for |5, § = 90°). As we shall se€]l points along a specific
to occur. direction in the lanthanide frame and thus is real to within an
All the transitions in the lanthanide ion that we study are qyerall phase factor, which drops out. In this cagep|? =
electric dipole, with the exception of th®, — 7F4, transition 10-7*|2 and eq 3 reduce to
within Ew*, which is a magnetic dipole transitiénThe
anisotropy of processes involving magnetic dipole transitions,
as we will show, differs from that in purely electric dipole
transitions. We first derive the anisotropy for electric dipole
transitions and then discuss the case of magnetic dipole The expression for the anisotropy in eq 1 is simplified to
transitions. To measure the anisotropy, an external photon
polarized in the direction is sent along theaxis and absorbed
by an electric dipole moment with matrix elemanbetween
the initial and intermediate states (see Figure 3). The photon is
subsequently reemitted and polarized in #héirection by an
electric dipole moment with matrix element between the

The measured anisotropy, the splitting and mixing ofriige

W= 2eD) =@ @) @

r )]

el—el —

HECIEE)

Generally,— 0.2 < r < 0.4; if u and v are parallely = 0.4,
while if they are perpendicular,= —0.2.
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Equation 5 is the standard expression for anisotropy when the transition’Fo — 5Dg in EW®" is given by
the absorption and emission of a photon are through an electric

dipole transitiort. As mentioned above, the absorption of a
photon in E&" is through an electric dipole but the transition,
Do — ’Fy, is a magnetic dipole. In such a transition, the
coupling of the photon is via the operateH-M, whereM is

the magnetic moment operator of the atom Eirid the magnetic
field of the photon. The magnetic field of the photon can be
written in terms of an electric field, and the direction_of
motion of the photonf, by the following expressionH = E

x Q. Consider first a magnetic dipole absorption transition
followed by a magnetic dipole emission transition for the
geometry in Figure 3. In this case, the magnetic field of the

U =0D,|d|"F,0 (10)

The electric transitiondF; — 5Dg, are forbidden by parity
conservation in the free atom, where the statEsmas well
as|®Dglhave even parity. In order for the electric dipole matrix
elements between these states to be nonvanishing, the states
must have a small admixture of odd parity states caused by the
“crystal field” felt by the lanthanide in the chelate. We define
thez axis in the local frame of the lanthanide (not to be confused
with the z axis in the lab frame depicted in Figure 3) by the
direction of the electric dipole matrix eleméfbo|d|’FolJwhere

d is the electric dipole operator. (From here on, the unprimed
(x,y,2 coordinate system refers to the lanthanide frame, i.e.,
defined such that is along thez direction. The anisotropy is
only a function of the angle betweerandv. Then the emission
electric dipole matrix elements$]F;m|d|°Dol] have the same
algebraic structure agdQY;(0,¢)f cos 6. Similar expres-
sions can be written foi and7 for Th3t. However, an exact
direction ofti and? for Th®" cannot be easily determined due
to the complexity of the wave functions of ground st&gand
the excited statéD..

Magnetic dipole interaction among f shell electrons are
allowed by parity, and thus an admixture is not required for a
transition; thus the magnetic dipole matrix element

incident photon is in the direction and that of the emitted
photon is in thew x ¥ direction, wherew is the measured
direction of the electric field of the final photon. The intensity
is then, to within a constant

aQ . o .
ly= f E |Y'Um|2|W Xy Um|2 (6)
wherely, is the magnetic dipole absorption matrix element and
7m the magnetic dipole emission matrix element. Then

1 A a A A
[0S = 1 5O0= 235 (4= 0Bl = [y ) (7)

and the anisotropy vanishes.

On the other hand, consider an electric dipole absorption
followed by a magnetic dipole photon emission, e’fo —
5Dy followed by®Do — 7F;. If an electric dipole moment parallel
to thez axis emits a photon in the direction, the photon will
be polarized along the direction; while if a magnetic dipole
parallel to thez direction emits a photon traveling along the
direction, the electric field will be along the direction. The
intensity is, to within a constant

Uy = OF 1| MI°Dy0] (11)
for the proces8Do — “F1m has the same algebraic structure as
JdQY] (0,0)F.

IV. Results and Discussion

Eu—DTPA. Of the four transitions within the Eti that we
study, the first,°"Dg — "Fo, is the easiest to understand. As
mentioned abov@] is defined to be along thedirection. The

direction of7 has the form
= 2 @) = (1 200,))

8

where for simplicity we have takeny, to be real. We ) ) ) ] )
immediately see that, unlike the previous case (absorption andSincev is parallel tot, eq 5 predicts that the anisotropy of this
emission through a magnetic dipole), the anisotropy does nottransition is 0.4 and is almost what is seen in thgpanel in
vanish for an absorption through an electric dipole followed by Figure 4. The measured value for the anisotropy, @37.01,

an emission through a magnetic dipole. The expressions for theiS @ little less than the theoretical value of 0.4. Thi8%
parallel and perpendicular intensities are interchanged from thatdiscrepancy is probably due to the fact that although the samples

of the electric dipole-electric dipole case. In this case, the Were frozen in an amorphous glass, they are able to undergo
anisotropy is given by small rotation during the~1 ms long lifetime of the®Do

intermediate state, decreasing the anisotropy of the sample.

35[‘%?z=“ (12)

1— 3(0,%)2 Because of the resolution of the spectrometer and the fact that
lelmag™ o 9) there is no degeneracy in thBo — Fo transition within Eu-
4+ 300, DTPA, the full width at half maximum (fwhm) of the transition

should have been close to 2.5 A. However the fwhm was
measured to be-5 A. This may be due to the fact that Eu
DTPA has several different conformations. The different
are perpendicular, = ¥,. This range of anisotropies is quite conformations would each lead to a different physical environ-
different than that for electric dipole emission. ment for E&" and hence create an overall broadening of the
Let us now consider the algebraic structure of the matrix Do — “Fq line. The®Dg — “Fy transition is the simplest case
elements entering the intensities. The electrons in the f shell of although it is representative of the physics in the other three
the lanthanide atom all have the same radial wave function, more complicated transitions.
and for understanding the relative strength of transitions Figure 4 shows three lines in tABy — 7F; transition. In the
involving only the f shell, the properties of the radial wave free atom, these lines are degenerate. The present splitting is
function are not relevant. The algebraic properties of the var- due to the crystal field\V(r), felt by the electrons within the
ious stateg’Fymshown in Figure 2 are the same as a single lanthanide from the chelate. Before analyzing these lines, we
electron in an angular stat¥;(0,¢). The matrix element for need to discuss the crystal field. The potential energy due to

Then— 2/; < r < Y4 when the absorption dipole moment is
parallel to the emission dipole moment —2/7, while if they
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Figure 4. Anisotropy of Ei-DTPA. The black dots are the anisotropy. The measured intensity (arbitrary units) of each transition is shown with
a black line. Each statéF;, is labeled in the upper right corner of every plot while the wave function is next to the actual spectral line of the

transition to the’'F; andF; states.

the surrounding charge density, has the form:V(F) = e f
d®r'p(r")/[f — T'|. For the orbits of interest, < r’, and we can

expand the potential in terms of spherical harmonics in the form

V(F) = Z V(F) = Z G Y, (0,0) (13)

m

The termV, gives rise to a shift of the atomic levels, which is
the same for states involving electrons in the f shell. It thus
drops out of the measuréBo — “F; transition frequencies, and
we ignore it in the following. The odtterms {1, V3, etc.) are
responsible for the parity admixture that allows transitions
between states of the same parity in the free atom. The leven
terms /2, V4, etc.) are responsible for the splitting and mixing
of the J,m states’ The termV; has the structure

2 o

V) =cfaf (14)

where the directiond is a property of the lanthanide. As

to a quadratic form, so that the angular structur¥-gbecomes

V, ~ (ax? + By® + yz?)Ir? (15)
wherea + 8 + y = 0. The eigenstates in th&; subspace,
found by applying degenerate perturbation theory, are the
Cartesian statelz Owith wave function~Y g, [X Owith wave
function~Yy1 1+ Y1, — 1, and|y'[J with wave function~Y; ; —

Y1, — 1. The radial integrals give an overall constant which we
absorb in the definition af, 8, andy. The corresponding energy
shifts due toV, are then

3,41 _2 _2 =2
(16)
where the factorf/s is the angular average;(dQ/4x) cos'

0/ /(dQ/47) cog 0, and thel/s is the angular averagé,dQ/4n
cog 0 sir? 0 cog ¢/ [ dQ/4m cog 6. Fitting to the shifts of the

discussed above, the electric dipole moment is along the wavelengths of the thre@dD, — F; transitions, we findo =

directiond, which we define to be theaxis in the local frame
of the lanthanide; thu¥; ~ z

In the subspace of thé; states, only the matrix elements of
V, are nonvanishing, by the rules of addition of angular
momentum. The componen¥, has the angular structure
S avcanfal/r2, Where theeg, values are real. One can always

—(®3) meV, B = —(%3/3) meV, andy = (8%3) meV.

Note that the primed coordinate system in the lanthanide’s
frame need not be aligned along thalirection (which was
defined to be the direction af, the absorption dipole moment).

In other words, there can be a slight rotation, although as we
discuss below, this rotation is small. If we assume thatzthe

choose a (primed) coordinate system that diagonalizes thisandz axes coincide, then for the statl] vm is also in thez
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Figure 5. Anisotropy of Eu-DTPA—cs124. The anisotropy data are shown as the black dots. The measured intensity (arbitrary units) of each
transition is shown with a black line. Each stafg, is labeled in the upper right corner of every plot while the wave function is next to the actual
spectral line of the transition to th&; and’F; states.

direction, with a corresponding anisotropy?/-, according to ~ TABLE 1. Theoretical and Experimental Values of the
. ; ; 5 Anisotropy of Eu—DTPA?2
eq 9. In the states<Oand |y'[] vm is perpendicular t&, and

thus from eq 9 we would infer that both these states have calculated
anisotropyY/s. wave wavelength ca_lculated mt_easured _relati\{e
Figure 4 shows that the observed anisotropie8,25 and functions (nm) anisotropy anisotropy _ intensity
0.19, for the three lines are close but not quite equal to the F, State
calculated values. The differences from the observed and IXO 594.8 0.18 0.19 0.33
calculated values is due to the fact that the emission dipole | 596.0 0.18 0.19 0.33
- - . . |zO 590.8 —0.23 —0.25 0.33
moment, vy, is not quite aligned with (or orthogonal to) the 'F, Stat
i i i i i » State
alk_)sor|c()]|tonI dlpolfhmomgrm, ge., the prltmedfframeblstnot qUIttﬁ 322 — 120 (615.4) 615.4 019 012 0.62
aligned along thez axis. One can transform between the .. (616.2)618.0 —0.03 0.00 0.16
absorption dipole moment frame and the emission dipole |7y (617.0)618.9 —0.03 0.00 0.16
moment frame by writing Xy QO (619.9)622.1 —0.10 -0.14 0.03
X2 —y?0 (620.0)620.4 —0.20 —0.12 0.03
z=AX + By +Cz @ a3 Columns 3 and 4 compare calculated values vs measured values
5 2 o of Eu—DTPA anisotropy. The relative intensities were determined from
whereA® + B® 4+ C* = 1. the emission dipole moment squargd?. ® The’F; wavelengths listed

By use of the above transformatiofi;fm)* = C*inthe state are the measured values and are used te.fiB, and y of the V,
|z [ Associating this state with the highest energy line, with potential. The values, 8, andy are then used to calculate the splittings
anisotropy = —0.25, implies thatC? = 0.92. Since the  of theF; state.
anisotropy of{x' Uand |y'Care approximately the same, we can
assume tha#? = B? = 0.04, which leads to an anisotropy of relative intensities of the three transitions are proportional to

these states=0.21, quite close to the measured vaiu@.19. luml2, which is the same for all three lines, in reasonable
We find the closest fit to both thé; and”F; eigenstates with ~ agreement with the data.
the valuesC? = 0.84 andA? = B? = 0.08, which imply The transitions to théF; states are more complicated since

anisotropies of the thre&; eigenstates 0f0.23 and 0.18. The their anisotropies and splittings depend on béttandV, (but
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black dots. The measured intensity (arbitrary units) of each transition is

shown with a black line. Each staf@;, is labeled in the upper right corner of every plot while the wave function is next to the actual spectral line

of the transition to théF; and ’F, states.

not higher ordel>,). Furthermore, th&; term in the potential,

TABLE 2: Theoretical and Experimental Values of the
Anisotropy of Eu—DTPA—cs124

eq 13, contributes to the relevant admixtures of opposite parity

that allow the electric dipole transition. For simplicity, let us calculated
first consider the anisotropies and splittings that arise solely =~ wave wavelength  calculated measured  relative
from V,, with the opposite parities admixed only by. Once functions (nm) anisotropy _anisotropy _ intensity
again, degenerate perturbation theory implies that thefiye Fo State
eigenstates in the presenceVbfare the Cartesian combinations: Yool 581.0 0.06 0.08 1.0
F, State
|Zx'0 1Zy'0 IX'y'0 (18) X0 594.8 0.04 0.04 0.33
ly'd 596.0 0.06 0.06 0.33
and linear superpositions of the two states 1z0 5908 —0.09 —0.09 0.33
2 20 615.4 i S(t)a(t)% 0.04 0.62
3z2—r' . . . .
1322 — 1’0 X*—y*0 (19) Izym 618.0 ~0.16 —0.05 0.16
o , ) ) 1Zx0 618.9 0.10 —0.05 0.16
with mixing proportional tax — 3, the breaking of the rotational Xy DO 622.1 —0.20 0.09 0.03
symmetry ofV, about2. X2 —y20 620.4 0.11 0.09 0.03

The shifts of the energies of these states are given in terms
of a, 5, andy by

__2 _ 2 2
Asz__7ﬁ AEzy__7a AE,y = 77 (20)
while the latter two states are shifted by
1/2
AE=i§ y2+%(a—ﬁ)2 1)

a2 Columns 3 and 4 compare the calculated value vs the measured
value of the anisotropy for EEDTPA—cs124. The relative intensity
was determined from the square of the emission dipole monieyit:
bThe "Fy and ’F; wavelengths listed are the measured values. The
splittings of the’F, state are the same as for EDTPA and are the
calculated value.

where the positive shift is for the state primariBz2 — r'2[J]
and the negative shift is for the state primaik? — y'20]

Note that the shift fromV, averaged over the five states
vanishes. With the values af, 8, andy determined from the
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TABLE 3: Theoretical and Experimental Values of the higher, although the splittings are too small. To get a full
Anisotropy of Eu—TTHA? understanding of the shifts it is necessary to inclide
calculated Let us calculate the anisotropies of tffe states taking into
wave wavelength  calculated measured relative account only.. Since theg°Dol0— |’F.LXransitions are electric
functions (nm) anisotropy ~anisotropy  intensity dipole, we hav&y, = X'y'|d|DolJ whered is the electric dipole
F, State operator; the states here include the parity admixture that allows
x0O 592.9 0.02 0.02 0.33 the electric dipole transition. To illustrate the calculation, we
ly' 0 595.2 0.12 0.12 0.33 consider the transition to the statéy'[] for which the angular
1z0 5909 —0.14 —0.14 033 structure of the matrix element is given by
- F, State R
oD sas o ol om by = BYIAD [0t @)
Ii);,% 253:; 8:(2)3 _Oc_)(')%l 0%&1375 where the factor results frpm the par?ty admixture. Tc_) _calculate
X2 — y200 618.3 -0.17 —0.06 0.085 the result, we transform into the primed frame, writing =

T-z= AX + By + CZ, whereA, B, andC are the direction
@ Columns 3 and 4 compare calculated value vs the measured value

of the anisotropy for EtTTHA. The relative intensities were cosines of the principal axes ¥. Then
determined from the square of the emission dipole momgit: ® The

F, wavelengths listed are the measured values and used dg fit Uy = f dQ(Xy)AX + By + C2)T ~ (A, B,0) (23)

andy of the V, potential. The values, 5, andy are then used to

calculate the splittings of thé-, state. in the primed frame. The unit vectdxy is thus @,B,0)/(A% +
B2)L2,

relative shifts of the'F; states, the calculated wavelengths of The determination of for the other four transitions is similar.
the transitions to the five states ar®15.4,~616.2,~617.0, The anisotropies of the fivé transitions follow from eq 5 by
~619.9, and~620.0 nm, where we have taken the average of using the sam@é?, B2, andC? determined for théF; transition.
the five transitions to be at 617.7 nm. The shifts of these  The anisotropies of thé; levels do not agree exactly with the
lines reproduce the general trend, three lower lines and two data. The best fit to the anisotropies of fitg and the’F; level
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Figure 8. Anisotropy of To-DTPA. Anisotropy data are shown as the black dots. The measured intensity (arbitrary units) of each transition is
shown with a black line. Each staté;, is labeled in the upper right corner of every plot.

TABLE 4: Theoretical and Experimental Values of the and the fractional intensity, which is proportional tg)¢ of
Anisotropy of Eu—TTHA —cs124 each transition. Note that only four, rather than five, of the
calculated transitions are observed in tA& data. The reason is most likely
wave wavelength  calculated measured relative that the |Zy'Oand |Zx Ostates are too close together to be
functions (nm) anisotropy  anisotropy  intensity separated with our instrument. The calculation at this level
F, State predicts that transition from th®, excited state to thg8z? —
[Y ool 580.0 —0.11 0.01 1.0 r'’Ceigenstate is the brightest while the transition to [tti&—
F, State y'?[and|X'y Ceigenstates are the dimmest. However, the relative
X0 592.9 0.05 0.05 0.33 intensities of the five lines do not agree particularly well with
ly D 595.2 —0.07 —0.07 0.33 the data. The discrepancies between the theoretical calculations
1z0 5909 0.06 0.06 0.33 and the experimental data can be fixed through the addition of
' 'F; State the V4 term in the potential. However, taking into account the
|§Z'2D_ r'20 gig-g :8-2? 8-8? 8-?2 full nine parameters iV, is not productive. Rather, we indicate
Izif’m 618.7 0.09 0.02 017 the general trend by doing a model calculation assuming
IXy0 620.2 0.16 0.1 0.085 (without particular justification) a/4 that would arise if the
X2 —y20 618.3 0.18 —-0.01 0.085 underlying medium possessed cubic symmetry in the primed
frame, i.e.

aColumns 3 and 4 compare the calculated value vs the measured

value of the anisotropy for E4TTHA—cs124. The relative intensity 7
14

was determined from the square of the emission dipole monféfit: V,=x*+yt+ 24— (24)
bThe F, and “F; wavelengths listed are the measured values. The 4 2

splittings of theF; state are the same as for EUTHA and are the

calculated value. This potential shifts the staté3z2 — r'?Cand |x'? — y'?(by an

energy, {¥/,)e (wheree is proportional tog), while the |Zy'[]
is found with the value®? = B2 = 0.08 andC? = 0.84. The |Zx[) and|x'y Ostates are shifted by an energye. From the
resulting anisotropies for thé; and’F, eigenstates are given data on the energy splittings of tHE, states, we extract an
in Table 1, together with the calculated wavelengths, given in optimal valuee = 2.26 meV, which leads to the wavelengths
parentheses, of the emitted levels taking owyinto account, shown in Table 1 without parentheses. While inclusion of an
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Figure 9. Anisotropy of To-DTPA—cs124. Anisotropy data are shown as the black dots. The measured intensity (arbitrary units) of each transition
is shown with a black line. Each stafé;, is labeled in the upper right corner of every plot.

approximateV, provides a better understanding of the splitting the magnetic dipoles responsible for the emission to’the
of the lines within the’'F, state, we did not calculate its effect states are given b¥ for |[xX[]¥' for |y'[JandZ for |Z[) we find
on the relative intensities of the transitions or the mixing of the from eqgs 9 and 11 and the measured anisotropies ofRhe

states and hence the anisotropy. states that the direction ofis constrained by? = 0.27,Q? =
Furthermore, we made no attempt to understand the anisot-0.24, andT? = 0.49.
ropy of the’F, states. To do so requires including tervs Vs, To extract the signs of the direction cosines, we note that

Vs, andV-, which are responsible for admixing states to allow the anisotropy of th€Dg — 7Fy transition is given by

the electric dipole transition, ang, Vs, Vs, andVg to determine

the eigenstates and eigen_energies of7fhemanifold_._ r= 3 (AP+ BQ+ CT)2 1 (26)

Eu—DTPA—cs124.As Figure 5 shows, the addition of the 5 5

carbostyril antenna to EtDTPA tends to lower the measured o ] )

anisotropies of the original system toward zero. With the antennaWhereA, B, andC are the direction cosines determined from

in place, the europium atom is no longer responsible for EU—DTPA. The values® = 0.52,Q = —0.49, andT = 0.70

absorbing the incident excitation photon, now at 337 nm. Instead 9ive the best match to the data. The fact tRatand Q* are

this process is carried out through excitation of the antenna, Slightly different is reflected in the anisotropies of the states

which eventually transfers the energy to the europium ion, [X[&nd]y'Liwhich are not quite equal (unlike in the EDTPA

producing the characteristic Euspectrum. The addition of the =~ COMPpIex). o

antenna changes the absorbing dipole moment of the system, We apply the same procedure to tffe spectrum, usingi

No longer is this dipole moment along tlzedirection, but is from eq 25, and the results are in Table 2. Since|#yland

instead in a random direction defined by |ZX [states are so close in wavelength and hence not resolved,
there is a sharp drop in anisotropy in both-HDTPA and Eu-

0=PX +Qy +TZ (25) DTPA—cs124. Once again agreement between the measured

and calculated anisotropies and the spectrum of faestates

whereP? + Q2 4+ T2 = 1. Unlike in the case of EUDTPA, it can be improved by includinys; we did not do this due to the

is more convenient to write the absorbing dipole moment in complexities of such a potential. It should be noted that the

the (primed) frame o¥/,. The anisotropy of theéDy — 7F and IX'y'Cand|x2 — y'?[Istates are split a little more in EADTPA

5Do — 7F; transitions allow us to determirig Q, andT. Since than in Er-DTPA—cs124, a splitting which probably indicates
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Figure 10. Anisotropy of Tb-TTHA—cs124. Anisotropy data are shown as the black dots. The measured intensity (arbitrary units) of each transition
is shown with a black line. Each stafé;, is labeled in the upper right corner of every plot.

slight differences inv, andV, between Et-DTPA and Eu- the ’F, panel whether th¢x'2 — y'?[Istate has a higher energy
DTPA—csl124. than the|Zx Ustate. The fact that the relative intensity for the
Eu—TTHA and Eu —TTHA —cs124.The structure of TTHA, |X'2 — y"?[Istate is much lower than the relative intensity for the
shown in Figure 1, is essentially the same as that of DTPA but |Zx Ostate suggests that this is not the case though. We expect
with one additional amino-carboxylate group. The same theory that the agreement between the theory and experiment would
for TTHA as for DTPA can be applied to understand the be improved with inclusion o¥/3 and a fully parametrizel,.
splitting of the states and the corresponding anisotropies. Figure The measured anisotropy, especially for the transitions to the
6 shows that, as in EtDPTA, the’F, state has an anisotropy eigenstates within thé~ and’F; manifolds, remains essentially
of 0.38+ 0.01, compared with the expected value 0.4, since unchanged between the DTPA and TTHA chelates. However,
and v are parallel; the anisotropy is probably decreased by a upon addition of the antenna we see how the chelateenna
slight rotation of the sample during the millisecond lifetime of relationship can drastically affect the anisotropy (e.g., see the
the intermediate state. ’F, panel in Figures 5 and 7). The addition of the antenna to
The F; and ’F, eigenstates are the same for DTPA and Eu—TTHA (data shown in Figure 7) rotates the absorption
TTHA, with similar, but not identical, local field effects. The dipole momentg, to a new orientation. The values Bf Q,
splittings of the’F; transitions can be calculated in terms\ef and T, in eq 25, can once again be determined from the
for EuU—TTHA. Figure 6 shows two important differences from anisotropy of thé'F; state and then applied to tfE, and’F,
the case of EuDTPA. First, the splittings of théF; line are states. TheéF, state of E-TTHA—cs124 seems to have two
not as great between the stafg8and thelx'[] |y'[Jand second, values for the anisotropy. As has been shown befef¥eT THA
the anisotropy of thgx'Oand |y'[Ostates is no longer ap- has two different species, which create two different environ-
proximately equal, and thu& = B2. We find the valuesi? = ments for the europium atom and lead to an effective splitting
0.30, B? = 0.10, andC? = 0.60. Table 3 lists the calculated of the ’Fy line. Our instrument does not have the resolution to
wavelengths, anisotropies, and relative intensities, with the samedetect such a splitting, but we do see broadening offpéine
approximateV, (eq 24) as used for EtDTPA. Unlike in Eu— in Eu—TTHA—cs124 as well as two distinct values for the
DTPA, the calculations predict that the sta&& — y'?(now anisotropy when compared with EDTPA—cs124. The theo-
has a higher energy thadx'[1 It is difficult to determine from retical values of the anisotropy are shown forHIHA—cs124
the intensity spectrum and the anisotropy data in Figure 6 in in Table 4. The fact that there are two different species of TTHA
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further complicates the calculations, which were done assuminganisotropy of Tb-DTPA—cs124 (and TbTTHA—cs124) is
one species for simplicity. Furthermore, the agreement with the indeed near zero and when coupled with a millisecond lifetime

measured values would be improved with inclusiorvefand will likely be zero at room temperature when bound to a
a full Va. bimolecule of interest.
Tb—DTPA and Tbh—DTPA—cs124.Figure 8 shows the As for EL-DTPA, a theoretical understanding of the splittings

anisotropies of TeDTPA, which are all close to zero. This and the anisotropies of tH&; states can be explained through
effect arises from the fact that the ground statéFsand the an application of perturbation theory and the WignEckhardt
excited state i$D,, unlike in E#* where the ground state is  theorem. The theoretical calculations match the experimentally
"Fo and the excited state ¥©,. The large number ah, J states measured values quite well. A better agreement could be
in the "Fs and®D4 manifolds has the effect of creating a large obtained through a more rigorous application of further pertur-
number of absorption dipole moments. Similarly, the final bative terms in the potential. It had been hoped that upon the
transition can be through a large number of emission dipole addition of the carbostyril antenna, which is a more usable form,
moments as well. The extensive number of such differently Eu—DTPA—cs124 would have some lines (especially tRg)
oriented dipole moments leads to an anisotropy near zero.  that would still have a high anisotropy. If, for example, the

Figure 9 shows the anisotropy of FDTPA—cs124; once line still had a high anisotropy upon the addition of the antenna,
again the anisotropies are essentially zero. However, theit could be used as a probe to study slow (i.e., on the order of
anisotropy increases slightly with the addition of the antenna, a millisecond) rotational motion of biological molecules.
especially at 625 nm. This result at first seems unexpected However, our results show that the anisotropy of- 2T PA—
because the addition of the antenna in—BI'PA tends to cs124 is significantly reduced upon the addition of the antenna
decrease the anisotropies. However, in the case of europiumand therefore cannot be used as a rotational probe. However,
the addition of the antenna only changes the orientation of the the theory suggests that the angle between the chelate and the
absorption dipole moment, increasing the angle between theantenna can be changed such that the high anisotropy-ef Eu
absorption and emission dipole moments and thus decreasinddTPA’s “F line is retained upon the addition of the antenna.
the anisotropy. In the case of terbium, excitation through the Such probes would be useful for studying rotational motion on
antenna reduces the number of absorption dipole moments fromthe millisecond time scale.
all the "Fs — 5D4 mJtransitions to just one absorption moment
of the carbostyril antenna. Furthermore, due to the orientation ~Acknowledgment. This work was supported by NIH Grant
of the antenna with respect to FIDTPA, probably only a few AR44420, NSF Grant 9984841, NSF Grant PHY00-98353, and
of the 5D, states are excited by the antenna, thus decreasingby the U.S. Department of Energy, Division of Materials
the number of emission dipole moments and hence increasingSciences under Award No. DEFG02-91ER45439, through the
in anisotropy. This effect is only slight for FFEDTPA—cs124, Frederick Seitz Materials Research Laboratory at the University
but is more significant in the case of FATHA—cs124, to of lllinois at Urbana-Champaign.
which we turn later.
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