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Luminescence and energy-transfer reactions in double complex crystals of [Co(en);][Tb(dpa);] (en = ethylenedi-
amine, dpa = 2,6-pyridinedicarboxylate) were investigated and compared to single crystals of rac-[Co(en)s]-rac-
[Tb(dpa)s] (double complexes salt of racemic [Co(en);]** and racemic [Tb(dpa);]*~) and A-[Co(en)s]-rac-[Tb(dpa)s]
(chiral [Co(en);]** and racemic [Tb(dpa);]*~ salt). The energy-transfer rate constants from Tb** to Co’* complexes
were determined from the time profile of emission intensity of photo-excited Tb™ ion in the double complex crystals.
The emission decay profiles of rac-[Co(en)s]-rac-[Tb(dpa);] were analyzed with single exponential curves. On the other
hand, the profiles of A-[Co(en)s;]-rac-[Tb(dpa)s;] show double-exponential curves. From the X-ray analysis of crystal
structures, it was found that there is only one site for [Tb(dpa);]*~ in rac-[Co(en);]-rac-[Tb(dpa)s] crystal, and there
are two sites in the A-[Co(en)s]-rac-[Tb(dpa)s] crystal, i.e., A-[Tb(dpa);]*~ and A-[Tb(dpa);]>~ are put in different
sites in the crystal. The two rate constants obtained from the double-exponential curve of A-[Co(en)s]-rac-[Tb(dpa);]
are assigned to energy-transfer rates from A-[Tb(dpa);]3~ and A-[Tb(dpa);]*~ in the crystal. A distance dependence was
determined from the obtained energy-transfer rate constants and the Tb—Co distances in the crystals according to a
Dexter type electron-exchange mechanism of energy-transfer model. The energy-transfer rate constants in the crystals
are comparable in magnitude with energy-transfer rates in quenching experiments in the [Tb(dpa);]>~—[Co(en);]** aque-
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ous solution.

The electronic energy-transfer reactions between metal
complexes are very important in the fields of solar energy,
practical luminescence, and basic research of molecular inter-
actions in condensed phase.!~> They depend on spectral over-
lap, distance, and relative orientation between donors and ac-
ceptors. To know the exact details of the energy transfer in
the condensed phase would be of great benefit to not only
the field of energy transfer but also that of electron-transfer
reactions or other chemical reactions in the media.

Energy-transfer reactions from photo-excited [Tb(dpa)s;]>~
(dpa = 2,6-pyridinedicarboxylate) to Co™ complexes are very
interesting, because the reaction rate constants are very sensi-
tive to small change in the relative position (distance and/or
orientation) between Tb™! jon and Co™ ion in the reaction
systems. For the energy-transfer reaction of [Tb(dpa);]3~ to
[Co(en);]** (en = ethylenediamine), Metcalf et al. have re-
ported the enantio-selective quenching process in solution.*
The circularly polarized luminescence reflects the differ-
ence in the energy-transfer rate from A-[Tb(dpa);]*~ to A-
[Co(en);]** and A-[Tb(dpa);]*~ to A-[Co(en);]*T. It indicates
that distance, and/or relative orientation between [Tb(dpa)3]3‘
and [Co(en);]** are different between encounter complexes of
homo (A—A) and hetero (A—A) pairs in solution. More recent-
ly, we have reported the specific ion effects on energy-transfer
reactions between metal complexes in aqueous solutions.”®
For example, rate constants of energy-transfer reaction of [Td-
(dpa);]*~ to [Co(bpy);I** (bpy = bipyridine) and [Co(en)s]**
in aqueous solutions are affected by coexisting anions in the

order of Cl0,~ > Br~ & ClI~ for [Tb(dpa);]>~—[Co(en);]**.3
In these studies, it has been concluded that coexisting ion
dependence of the energy-transfer rates are due to the variation
of the distances between the donors and acceptors in encounter
complexes induced by the coexisting ions.

However, the distances or relative orientations between the
reactants in the encounter complexes in solution has not been
discussed in these papers. Thus, it is very significant to com-
pare the energy-transfer rate in aqueous solutions and in me-
dia, where distances between donor and acceptor molecules
can be determined. We can see the exact distance and orienta-
tion between donor and acceptor from X-ray analysis of single
crystals. Observations and studies of direct energy-transfer re-
actions from donor species to neighboring acceptors in single
crystals have been performed for crystals of double metal com-
plexes, which are composite of energy donor and acceptor
complexes with their X-ray crystal analysis.!*~!! For example,
Otsuka et al. have reported the studies concerning energy-
transfer reactions in double crystals of polypyridine [Ru-
(N-N);1>* (N-N = bpy, phenanthroline) and [Cr(CN)¢]>~.°
They have shown that there is a dependence of the energy-
transfer reaction on the relative orientation between donor
and acceptor. Brayshaw et al. have studied double crystals of
[RE(dpa);]*~ (RE = Tb, Eu, and Gd) and Cr™™ and Co™ com-
plexes.!! They have assigned the energy-transfer reaction
from [RE(dpa);]*~ to Cr'! complexes and their rate constants.
They have reported a crystal structure of [Co(sar)][Eu(dpa)s]
(sar = sarcophagine), but not of [M(en);][RE(dpa);].
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In present study, energy transfer from [Tb(dpa);]*~ to
[Co(en);]** in single crystals composite from these complexes
were investigated. Single crystals of double complex salts
of chiral and racemic [Co(en);]** and [Tb(dpa);]*~, A-
[Co(en)s]-rac-[Tb(dpa)s], rac-[Co(en)s]-rac-[Tb(dpa)s] were
synthesized, and their crystal structures are reported. Energy
transfers in A-[Co(en)s]-rac-[Tb(dpa);] and rac-[Co(en)s]-
rac-[Tb(dpa)s], of which the emission and absorption spectra
are quite identical, are compared. The energy-transfer rate con-
stants were estimated from these samples as a function of
accurate inter-atomic distance between Tb—Co taken from
the X-ray crystal structures of these double complex crystals
according to electron-exchange energy-transfer mechanism.
The values of energy-transfer rates are comparable with Tb—
Co energy-transfer rates in aqueous solution determined previ-
ously. Thus, the distance between donor and acceptor in the
encounter complexes in solutions were estimated from ob-
tained distance dependence of the energy-transfer reaction in
[Co(en);][Tb(dpa)s] crystals.

Experiment

Preparation of Double Complex Crystals. Preparation of
K;[Tb(dpa);] has been described elsewhere.® A-[Co(en);]Cl-
L-tart (tart = tartaric acid) and rac-[Co(en);]Cl; were prepared
by method in literatures.'?

Large single crystals of [Co(en);][Tb(dpa)s;] were not obtained
by simple evaporation of solvents of solution due to their low sol-
ubility. Therefore, following method was used. A concentrated
aqueous solution of K3[Tb(dpa);] was poured into one side of
U-shaped glass tube, which is half filled with agar in a 1:20 ratio
with water, and a concentrated aqueous solution of A-[Co(en)s]-
Cl.L-tart was added to the other side. After about one week, plate
shaped orange crystals of A-[Co(en)s]-rac-[Tb(dpa);] about 1
mm in size were generated in the agar.

Single crystals of rac-[Co(en)s]-rac-[Tb(dpa);] were also ob-
tained by the above method by using rac-[Co(en);]Cls instead
of A-[Co(en);]Cl.L-tart.

Measurements. Luminescence spectra were measured with
excitation of a N laser (337 nm, Spectra-Physics 337) using a
computer-controlled spectroscopic system based on a Spex 1401
double monochromator and SR400 photon counter. Luminescence
decay at 546 nm of [Tb(dpa)3]3_ was measured following repeat-
ed short excitation pulses with the N, laser. The time profile of the
emission was recorded with a TDS550 digital oscilloscope. The
time resolution for this system was ca. 10ns, which was checked
by measuring well known samples, e.g., [Ru(bpy);]** aqueous
solution. The temperature of the samples was controlled with an
Air Products closed cycle He Cryostat.

Solid samples were held by binding to quartz cover glass plates.
In the temperature-dependence measurements, samples were held
on the copper plate with paste. The racemic crystal rac-[Co(en)s]
rac-[Tb(dpa);] was immersed in water in binding quartz cover
glass plates during measurements because the single crystal crum-
bles into powder in air at room temperature by losing solvent
molecules, but it is stable if it is immersed in water.

Crystal Structural Determination.  Single crystals of A-
[Co(en)s]-rac-[Tb(dpa);] are stable in the atmosphere at room
temperature. Therefore, we can obtain the accurate crystal struc-
ture by conventional method. On the other hand, single crystals
of rac-[Co(en)s]-rac-[Tb(dpa);] were not stable and crumbled in-
to powder in air at room temperature, but they were stable if they
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were immersed in water at room temperature or cooled to under
0°C. Crystal structure of rac-[Tb(dpa)s]-rac-[Co(en);] was ob-
tained by blowing 77 K N, gas. Data collection was performed
using AFC-5S diffractometer (Rigaku) for the crystal of A-
[Co(en)s3]-rac-[Tb(dpa);], and Saturn 70 CCD System (Rigaku)
for rac-[Co(en)s]-rac-[Tb(dpa);]. The structures were solved by
using direct methods (SIR-92 programs, Rigaku). The data were
corrected with the Crystal Structure 3.6.0. (Rigaku) software.
Crystallographic data have been deposited with Cambridge Crys-
tallographic Data Centre: Deposition number CCDC-262808
and CCDC-262809 for rac-[Co(en)s]-rac-[Tb(dpa);] and A-
[Co(en)s]-rac-[Tb(dpa);], respectively. Copies of the data can
be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44
1223 336033; e-mail: deposit@ccdc.cam.ac.uk.

Results and Discussion

Emission Spectrum. Crystals of Kj;[Tb(dpa)s;], rac-
[Co(en)s]-rac-[Tb(dpa);], and A-[Co(en)s]-rac-[Tb(dpa)s]
showed green light emissions by excitation of 337 nm of N la-
ser. In the emission spectrum, K;[Tb(dpa);] showed character-
istic sharp peaks assigned to Dy — 'F; (J =0,1,...,6) of
Tb** via energy transfer from the ligands, which are excited
by the UV right. Figure 1 shows emission spectrum of single
crystals of rac-[Co(en)s]-rac-[Tb(dpa);] and A-[Co(en)s]-
rac-[Tb(dpa)s;]. The spectra of rac-[Co(en)s]-rac-[Tb(dpa);]
and A-[Co(en)s]-rac-[Tb(dpa);] were almost the same as
that of K;[Tb(dpa);]. Therefore, the emission peaks of the
[Co(en)s]-[Tb(dpa)s] salts were assigned to transition "Dy —
F; (J=0,1,...,6) of Tb'" ion. However, their intensities
were much weaker than that of K;[Tb(dpa);] powder, which
means the emission of Tb™ ion is quenched by the Co™
complex. Metcalf et al. proposed that the mechanism of the
quenching in the [Tb(dpa)3]3_ to [Co(en);]*+ system is the
energy transfer from Tb>* ion to Co** ion (Tb—Co ET), be-
cause the emission spectra of the f—f transition is overlapped
by an absorption spectrum of the d—d transition of [Co(en); Pt
(Flg 1).4,8,10,11

Time-Resolved Emission Intensity. Emission decay rate
constants of [Co(en);][Tb(dpa);] crystals were about 1-3 x
10°s~! (See below), which are much higher than intrinsic
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Fig. 1. Absorption spectrum of [Co(en);]** in aqueous so-
Iution (black dashed line) and emission spectra of A-
[Co(en)s]-rac-[Tb(dpa);] (blue dotted line) A-[Co(en)s]-
rac-[Tb(dpa)s] (red solid line) crystals at room tempera-
ture. Excitation wavelength is 337 nm (N, laser).
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Fig. 2. Time-resolved emission intensity of rac-[Tb-
(dpa);]-rac-[Co(en);] crystal. Excitation wavelength is
337nm (N, laser) and monitored at 546 nm at room tem-
perature.

decay rate of [Tb(dpa)3]3‘ luminescence. The decay rate of
K3[Tb(dpa)s]-3H,0 powder is 7.2 x 103s~! at room temper-
ature. The much higher decay rate of the emission of Tb3*
ion means that the main relaxation path from excited Tb>* is
energy transfer to the Co™ complex, as shown in Scheme 1.

Tb—Co ET dominates the kinetics of excited Tb** in the
crystals. Figure 2 shows the time profile of emission intensity
monitored at 18300 cm™! for single crystal of rac-[Co(en)s].
rac-[Tb(dpa);], which was immersed in water. In the 0-100
us region, the profile could be fitted with a single-exponential
curve, which indicates that there is one emitting species in
the crystal. Rate constant of Tb—Co ET in the crystal was
determined to be 1.6 x 10°s~!. Single-exponential emission
decay constants of well dried powder of rac-[Tb(dpa);]-rac-
[Co(en)3] was 2.3 x 10°s~!, which is larger than that of the
sample immersed in water.

In contrast to the rac-[Co(en)s]-rac-[Tb(dpa)s;] crystal,
emission time profile of A-[Co(en)s]-rac-[Tb(dpa);] were
found to be a double-exponential decay curve. Figure 3 shows
the time profile of emission intensity of single crystals of A-
[Co(en)s]-rac-[Tb(dpa);] monitored at 18300 cm~!. The de-
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Fig. 3. Time-resolved emission intensity of rac-[Tb-
(dpa);]-A-[Co(en)s] crystal. Excitation wavelength is
337nm (N, laser) and monitored at 546 nm at 10 K.

Table 1. Decay Rate Constants of the Photo-Excited
Crystals¥
Decay rate (Intensity)
Sample /10557! (au.)
K;[Tb(dpa)s] 0.00072

1.2 (13600)»
2.8 (14700)”

A-[Co(en)s]-rac-[Tb(dpa)s]

rac-[Co(en)s]-rac-[Tb(dpa)s]

(wet) 1.6
rac-[Co(en)s]-rac-[Tb(dpa)s]
(dry) 2.3

a) All samples were excited with a N, laser (337 nm) and
monitored at 546 nm. b) The values in parentheses are the am-
plitudes for the two components of the non-exponential decay.

cay curves obtained form A-[Co(en)s]-rac-[Tb(dpa);] emis-
sion were fitted with following double-exponential equation:

I(t) = I, exp(—k;t) + I exp(—kt), (D)

where I(¢) denotes the emission intensity as a function of time
(1). I and I are initial value of the emission intensity for each
component. From the fitting, almost the same value for I; and
I, were obtained, (relative intensity of 7, and I, (/; /1) is 0.92)
and the values of k; and k, were 1.2 x 10°s~! and 2.8 x 10°
s71, respectively. Obtaining two decay constants indicates that
there are two emission species in the crystal, and the identical
pre-exponential factors indicate initial populations of the two
excited species are identical. The obtained decay rate constants
are summarized in Table 1.

As a conclusion of this section, aspects of Tb—Co ET kinet-
ics of Tb>* in rac-[Co(en)s]- rac-[Tb(dpa)s] and A-[Co(en)s]-
rac-[Tb(dpa);] single crystals were different from each other,
though emission and absorption spectra were the same. It must
be due to the difference in their crystal structure, because Tb—
Co ET rate constant depends on interatomic distances between
Tb and Co in the crystals. Thus, we discuss the results of X-ray
crystal structure analysis of rac-[Co(en)s]-rac-[Tb(dpa);] and
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Fig. 4. ORTEP view of the asymmetric unit of rac-
[Co(en)s] - rac-[Tb(dpa)s;]. Solvent molecules and H atoms
are omitted for clarify.

Table 2. Crystallographic Data

rac-[Co(en)s]+rac- A-[Co(en);]-rac-

[Tb(dpa)s] [Tb(dpa)s]
Mol. wt 1028.58 1994.93
Formula C27H33CON9019‘5Tb C54H66C02N18037Tb2
Space group C2/c P2,
z 8 2
Cell length
a/A 33.05(3) 10.543(2)
b/A 10.482(8) 21.435(3)
c/A 23.01(2) 16.914(1)
Cell angle
o/° 90 90
B/° 108.518(2) 95.877(9)
y/° 90 90
V/A3 7559.5(99) 3802.3(7)
No. of indep 8502 11926
reflens
Max 6 27.5 14.9
R 0.0280 0.0513
Ry 0.0620 0.1107
T/K 93.1 296.2
A/A 0.7107 0.7107

A-[Co(en)s]-rac-[Tb(dpa);] in the next section. Two site of
[Tb(dpa)3]3’ in A-[Co(en)s]-rac-[Tb(dpa)s] in the crystal will
be shown from the view point of the Tb—Co distance.
Crystal Structures of rac-[Co(en)s;]-rac-[Tb(dpa);] and
A-[Co(en)s]-rac-[Tb(dpa);]. rac-[Co(en)s]-rac-[Tb(dpa)s]:
The crystal structure of rac-[Co(en)s]-rac-[Tb(dpa);] was de-
termined from single-crystal X-ray analysis at 93.1 K to pre-
vent from loss of water of crystallization. An ORTEP view
of asymmetric unit is shown in Fig. 4. It had seven water
molecules, whose hydrogen atoms could not be determined.
Crystallographic data is summarized in Table 2. Since it crys-
tallized in the monoclinic space group C2/c¢, which has an
inversion center, the asymmetric unit contained one A/A-
[Tb(dpa);]*~ and one A/A-[Co(en);]** ion. [Tb(dpa);]*~
was coordinated by three tridentate dpa ligands with C3 sym-
metry. The Tb—O bond lengths ranged from 2.401(2) to
2.430(2)1&, and the Tb-N bond length from 2.487(2) to
2.518(2) A1l As expected in the emission decay measure-
ments, all chemical environments around Tb center of [Tb-
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Table 3. Tb—Co Distance in [Co(en)s;][Tb(dpa);] Crystal

Tb—-Co distance in rac-
[Tb(dpa)s]-rac-[Co(en)s]

Tb—Co distance in
(rac)[Tb(dpa);]-A[Co(en)s]

/pm /pm
A-[Tb(dpa);]*~ A-[Tb(dpa);]*~

R 685 564 610
R, 686 584 617
R; 733 801 796
Ry 749 940 969
Rs 1063 1022 1000
Re 1112 1040 1033
R; 1192 1171 1053
Rg 1205 1178 1149
Ry 1266 1232 1230
Rio 1276 1311 1278
Ry 1304 1333 1392

Fig. 5. ORTEP view of asymmetric unit of A-[Co(en)s]-
rac-[Tb(dpa);]. Solvent molecules and H atoms are
omitted.

(dpa)3]*~ in the crystal were identical. The atomic distances
between Tb—Co metal centers in A-[Tb(dpa);]*~ and A-
[Tb(dpa)3]3‘, which are also identical in rac-[Tb(dpa)s]-rac-
[Co(en)s] crystal, are summarized in Table 3 from nearest
one to the eleventh one. Nearest interatomic Tb—Co distance
are not so different between homo pairs (e.g., A-[Tb(dpa);]>~—
A-[Co(en);]**) and hetero pairs (e.g., A-[Tb(dpa);]*~—A-
[Co(en)s]*™).

A-[Co(en)s]-rac-[Tb(dpa)sz]: The crystal structure of A-
[Co(en)s]-rac-[Tb(dpa)s;] was determined from single-crystal
X-ray analysis at 296 K. Figure 5 shows a view of molecular
coordination of A-[Tb(dpa);]*~, A-[Tb(dpa);]*~, and A-
[Co(en)s;]*T in the crystal structure. It contained twelve water
molecules, of which the hydrogen atoms could not be deter-
mined. It crystallized in the monoclinic space group P2,
which has no inversion center. The absolute configuration
was determined by Flack parameter. Since each asymmetric
unit includes one A-[Tb(dpa)3]3_, A-[Tb(dpa)3]3_, and two
A-[Co(en);]*" ions, there are two kinds of chemical environ-
ments around [Tb(dpa);]*~ in the crystal, i.e., A-[Tb(dpa);]*~
and A-[Tb(dpa);]*~ are in different chemical environments
from each other. The coordination sphere in each unit is sim-
ilar to that in rac-[Co(en)s]-rac-[Tb(dpa)s;] though the bond
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Fig. 6. Structures view of most close [Tb(dpa);]*~ and
[Co(en)s]*+ pairs in crystal of A-[Co(en)s]-rac-[Tb(dpa)s]
estimated from single-crystal X-ray analysis. A: A-
[Tb(dpa);]-A-[Co(en)s], B: A-[Tb(dpa);]-A-[Co(en)s].

lengths between Tb ion and each donor atom are slightly long-
er. Distances between Tb*>* and Co’* are different between
A/A-[Tb(dpa);]*~. Figures 6A and 6B show views of relative
positions of most close Tb—Co pairs in the crystal. Values of
the closest distance from Tb to Co metal centers were 685
pm for A-[Tb(dpa);] (Fig. 6A), and 564 pm for A-[Tb(dpa)s]
(Fig. 6B). The atomic distances between Tb—Co metal centers
in A-[Co(en)s;]-rac-[Tb(dpa);] crystal are summarized in
Table 3 for A- and A-[Tb(dpa);]>~. All Co atoms are in al-
most identical chemical environments from the viewpoint of
Tb—Co atomic distance.

Brayshaw et al. have reported the splitting of ’F; level of
Eu*t in the crystals [MNg][Eu(dpa);] ([MNg] = [Cr(en)s],
[Co(en)s], and [Co(NH),sar]).!! They have pointed out the
probability of the presence of two site of Eu** in [Co(en)s]-
[Eu(dpa);] from the splitting of SDy—'F; transition (large
fwhm of 2.5 cm™"). Actually, in present case, there are two site
in the crystal of A-[Co(en)s;]-rac-[Tb(dpa)s], and is only one
site in rac-[Co(en)s]- rac-[Tb(dpa)s]. Thus, splitting of SDy—
"Fy transition induced by diastereoisomeric difference in
[Co(en)s][Eu(dpa)s] can be detected by comparison of energy
levels of rac- and A-[Co(en)s]-rac-[Eu(dpa);], though there
are still doubt for identity between crystal structures of
[Co(en);][Tb(dpa)s] and [Co(en);][Eu(dpa)s;].!* A difference
in the °D4—'F, transition between rac- and A-[Co(en)s]-rac-
[Tb(dpa)s;] was not found, indicating that diastereoisomeric
difference did not induce the splitting of the transition of Tb>*.

Tb to Co Energy Transfer in Chiral Complex Crystals

Observation of the Kinetic Process. Intrinsic decay rate
of excited Tb?>* can be affected by coordination water, but en-
ergy transfer to Co is drastically faster than it (more than 103
times). Therefore, observed excited decay rates of Tb3* in
[Co(en)s][Tb(dpa)s] crystals are only determined by the Tb—
Co ET process. However, there may be other factors which af-
fect the excited state of Tb*.

Brayshaw et al. have reported that excited Tb®* in A-
[Cr(en);][Tb(dpa);] decays with single-exponential curve. It
is expected that crystal structure of A-[Cr(en);][Tb(dpa)s] is
different from that of A-[Co(en)s]-rac-[Tb(dpa)s],'" although
it is ambiguous because there is no report of crystal structure
of A-[Cr(en);][Tb(dpa);]. Another reason for this is an effect
of the population of the excited Cr’* ion, because lifetime
of 2E of [Cr(en);]** are long enough at low temperature. How-
ever, in present case of A-[Co(en)s]-rac-[Tb(dpa)s], excited
[Co(en);]** are quickly decayed to ground state thermally,
because emission from [Co(en);]** were not detected. Thus,
excited state of [Co(en);]** does not affect the excited dynam-
ics of [Th(dpa);]>~.

In rigid media, energy migrations often affect the dynamics
of the excited states. In this case, one must examine the effects
of energy transfer between Tb—Tb. However, Tb—Tb interac-
tion in [Co(en)s;][Tb(dpa);] double metal complexes crystal
are expected to be so small that the energy migration is negli-
gible in the time scale of microsecond the order, because Th—
Tb distances (about 10 A) in the complexes are longer than
Tb—Co distance (about 61&). Furthermore, it is known that
emission of Dy — "Fg of Tb** metal complex crystals are
stoichiometric phosphors, i.e. its decay rate does not depend
on concentration of Tb** in a crystal.'> Energy migration is
ruled out if the excited kinetics in neat crystals and doped crys-
tals are identical.’ To estimate the Tb-Tb interaction in the
crystal, time-resolved emission of doped samples of double
metal complexes crystals [Tb,Gd;_.(dpa);]-[Co(en);] (x =
0.01-0.1) were performed. However, kinetic constants could
not be determined because of their weak emission intensities.

It is concluded that the observed emission dynamics of the
excited Tb** is dominated by the Tb—Co ET.

Temperature Dependence of Th—Co ET Rate. Some of
energy-transfer rate constants in double complex salts depend
on the temperature. However, temperature dependences of the
Tb—Co ET rates are small, indicating that the energy-transfer
processes are a direct resonance energy transfer from Tb to
Co. Figure 7 shows temperature dependence of k; and k, of
A-[Co(en)s]-rac-[Tb(dpa)s] in the temperature region of 10—
300K. The activation energies for k; and k, obtained from
the Arrhenius plots are less than 15Jmol~!. Temperature
dependence of energy-transfer rate in the rac-[Co(en);]-rac-
[Tb(dpa);] cannot be obtained because single crystal of rac-
[Co(en)s]-rac-[Tb(dpa)s;] decompose in vacuum.

Distance and Relative Orientation Dependence. Now, it
was concluded that the observed decay kinetic constants are
due to direct energy-transfer rate constants from excited Tb
to Co atom, and differences among three Tb—Co ET rate con-
stants obtained from rac-[Co(en)s]-rac-[Tb(dpa);] and A-
[Co(en)s] - rac-[Tb(dpa);] are due to differences in their crystal
structures, particularly Tb—Co distance and orientation. Previ-
ously, it has been reported that relative orientation of donor
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Fig. 7. Temperature dependence of energy-transfer rate
constants in the crystal of [Tb(dpa)s]+ A-[Co(en)s]. Cross
marker denotes ki, and circle marker k,. E, was estimated
from the slops of the Arrhenius plots. E,(k;) = 12.7
Jmol™!, E,(k,) = 13.1Jmol~".

and acceptor drastically affects the Tb—Co ET rate between
3SMLCT state of [Ru(N-N);]*>* and 2Eg [Cr(CN)s]>~ in double
complex crystals.9 However, in this case, it is assumed that rel-
ative orientation dependence on the reaction is negligibly
small for the energy-transfer reaction in [Co(en);][Tb(dpa);]
crystals to simplify the analysis. Orientation of nearest Tb—
Co are not so different in A-[Tb(dpa);]>~—[Co(en);]** and
A—[Tb(dpa)3]3_—[C0(en)3]3+ in the crystal of [Tb(dpa);]-rac-
[Co(en)s]. Both nearest Co** ions from A/A-[Tb(dpa);]*~
have an angle of less than 15° from C; axis in A- or A-
[Tb(dpa); >~

Energy-Transfer Mechanism. Thus, we determined the
Tb—Co ET rate constants as a function of distance between
Tb—Co according to known mechanisms of the energy-transfer
reaction. There are two well-known mechanisms for the ener-
gy-transfer reaction: an electron-exchange interaction and a
multi pole interaction. The equation for the electron-exchange
mechanism is represented by Dexter as follows:'*

ken = Ko eXp( ) / Jo()fa(V)db. @)

Ky is pre-exponential factor that depends on the orbital inter-
actions of reaction systems. R is distance between donor and
acceptor. L is average of effective van der Waals radii of donor
and acceptor species. fp(V) is the normalized emission spec-
trum of donor, and fp(V) is the normalized absorption of
acceptor.

On the other hand, energy-transfer rate constant of dipole—
dipole interaction mechanism is represented by the Forster
equation as following:15

ke = k= /fD(v)fA(V) = 3)

The term k is a fundamental constant. k. is kinetic constant
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of radiative transition, and k is parameter of orientation. In
each mechanism, energy-transfer rate strongly depends on
the distance between the donor and acceptor. A mechanism
of energy-transfer reaction involving rare-earth ions is often
represented by dipole—dipole or dipole—quadrupole mecha-
nism.'® Furthermore, Hauser’s group, who have studied energy
transfer in double complex salts of [M(bpy);]**/3>* M =
Ru?t, Os?*, and Cr*t) and [Cr(ox);]°T,'° have indicated that
both super exchange mechanism and dipole—dipole mechanism
are important for the energy-transfer reactions. However, in
the present case, we analyzed the results of the Tb—Co ET rate
constants according to the electron-exchange mechanism be-
cause of the three following reasons. First, the distances be-
tween donor and acceptor are very small (about 5 108). Tanaka
and Ishibashi have reported that Dexter mechanism by domi-
nated in energy transfer between rare-earth ions with very
close D-A distance (around 5 ;A).” Second, as Metcalf et al.
have described previously, the dipole moment of the d—d tran-
sition of Co* is very small, and the energy-transfer mecha-
nism of electron exchange is more reasonable than the di-
pole—dipole interaction mechanism for the Tb—Co ET.* Third,
the best fit to the data for the Tb—Co ET rate constants as a
function of Tb—Co distance was achieved on the basis of the
Dexter equation, than the Forster equation. The details of the
fitting analysis is shown in the next section.

Analysis of Energy-Transfer Rate Constants as a Func-
tion of Distance. It is assumed that difference of rate
constants between k., for A-[Tb(dpa);]’>~ (ka) and for A-
[Tb(dpa)3]>~ (k,) originate from the difference in Tb—Co dis-
tances in the crystals. Therefore, the values of k; and k, corre-
spond to those of kx and k, calculated as follows:

A

2R o
i3 )/fMl(V)SMz(V)dV

kenAm =Ko exp<_

=K. exp( ) 4)
kena™ = Ko exp( ) SH(DEM(D)AD
RA
=K. exp( m) )

M—M—Z@ KZ ( ) (6)
ky = ky _Zke,m =K. Zexp( ) (7)

where R,, is distance Tb** and Co** numbered by m from
nearest one to farer one as m increase. As mentioned above,
R,, is more different between R,,*, atomic distance between
A-[Tb(dpa);]*~—A-[Co(en); >+, and R,*, between A-[Tb-
(dpa)3]>~—A-[Co(en);]**. The R,, value of R; is much smaller
for R;™ than R;2. Therefore, the slower k, is assigned to Tb—
Co ET from A-[Tb(dpa);]*~ to A-[Co(en);]**, and the faster
ko is to A-[Tb(dpa)3]3‘—A-[C0(en)3]3+, because R; contrib-
utes more to the sum of the exponential functions than other
R,,.. From the closest Co’* to the eleventh separated one,
sum of energy-transfer rate constants were evaluated, and for
more than twelfth separated species. It was using the concen-
tration of Co atoms in the crystals as follows:
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> —2R,, < —2R,,
K. E exp( 7 >%Ke E exp( 7 >
m=1 m=1

/‘ o0 <—2R> )
+ 47tCK. exp| — |R°dR, (8)
w L
where C is the concentration of Co atom in the crystal obtained
from X-ray analysis. tw means the distance between Tb and
twelfth separated Co atom. From Eq. 8 and values of ki, k;
for A-[Co(en);]-rac-[Tb(dpa);], we obtained the pre-exponen-
tial factor K. (8.9 x 108 s™!) and effective van der Waals radi-
us L (1.76 A). Using these parameters, percentages of energy
transfer to the nearest pair of Co ions to the sum of energy-
transfer rates were calculated to be 94.2% for A-[Tb(dpa);]*~
and 63.2% for A-[Tb(dpa);]>~. The ratio of excited energy
transfer from Tb3* to the four [Co(en);]** ions put in R, to
R4 is 99%, which indicates that after the 11th term in the inte-
gral in Eq. 8 is ignorable.

Now, for rac-[Co(en)s]-rac-[Tb(dpa)s], values of R, were
also obtained from X-ray crystal structure (Table 2). The cal-
culated value of k., for rac-[Co(en)s]-rac-[Tb(dpa)s;] from
Eq. 2 obtained using K., L, and R,, was 1.8 x 10%s~!, which
is close to measured value of 1.6 x 10°s~!.

The ratio between k; and k, for A-[Co(en)3]-rac-[Tb(dpa)s]
was not consistant with that of energy-transfer rates calculated
from the Forster equation (Eq. 3) with the distances obtained
from the result of X-ray analysis. In fact, ratio between k
and k, was more than 20% different from that calculated from
the Forster’s equation.

Estimation of Inter-Atomic Distance between Th—Co in
Aqueous Solutions. Previously, we have reported that the
energy-transfer reactions between [Tb(dpa);]*~ and Co™ com-
plexes depend on the coexisting ions.® In other words, transfer
rate constants of [Tb(dpa)s;]>~—[Co(en);]** can be changed by
choosing coexisting anions. For example, the energy-transfer
rate constants of [Tb(dpa)3]3’—[C0(en)3]3+ in encounter com-
plexes were evaluated to be 1.60 x 10%s~! in a 1.0 mol dm™3
NaCl aqueous solution and 2.7 x 107 s~! in NaClOy. It has
been proposed that distance between donor and acceptor in en-
counter complexes is affected by coexisting ions due to ion as-
sociation properties of [Co(en);]**.!8 The results of coexisting
salts effects for energy-transfer reactions had been reported,”$
and many intermolecular chemical reactions in electrolyte are
affected by such a salt effect mechanism. Thus, to estimate the
distance change induced by coexisting ions in aqueous solution
is very important. Thus, we tried to estimate the distances be-
tween [Tb(dpa)3]3_—[C0(en)3]3+ in the encounter complex in
aqueous solutions for in the presence of Cl~ and ClO4~ from
the distance dependence of energy-transfer rate in this study. It
must be noted that the value of the energy-transfer rates in the
crystals of [Tb(dpa)3]3’—[C0(en)3]3+ are comparable to the es-
timated values of the energy-transfer rate constants in encoun-
ter complexes in solution (ke, &~ 1.6-2.7 x 10°s~! in solution,
ken A 1.2-2.8 x 10°s~! in crystal).

The distance between Tb and Co in encounter complexes of
[Tb(dpa);]*~—[Co(en)s]** in aqueous solutions were estimated
from Dexter’s equation using the values of K. and L consider-
ing the distance dependence of diffusion step as follows:!%-?
6.20 A in a NaCl solution and 5.96 A in a NaClO, solution.

Tb to Co Energy Transfer in Chiral Complex Crystals

They are close to distance between Tb—Co in the crystals.

By assuming the relative orientation dependence was negli-
gible, ke, as a function of R for [Tb(dpa);]>~—[Co(en);]** was
obtained according to electron-exchange mechanism as fol-
lowing simple equation:

—2R
ken = KeXP T 5 (9)

where K = 8.9 x 108s~! and L = 1.76 A, in the case of ener-
gy transfer from [Tb(dpa);]>~ to [Co(en);]**.

Conclusion

Three rate constants of energy-transfer reactions from
Tb** to Co* in crystals of double complex salts were evalu-
ated on the basis of the X-ray crystal structures of A-
[Tb(dpa)s]*"~A-[Co(en); ]**, A-[Tb(dpa);]*"~A-[Co(en)s]*",
and rac-[Tb(dpa)s;]>~—rac-[Co(en)s]**, of which absorption
and emission spectral terms were quite similar. The two decay
rate constants of A-[Co(en)s;]-rac-[Tb(dpa)s;] were assigned
to emission from A-[Tb(dpa);]*~ (slower one) and A-
[Tb(dpa)3]3‘ (faster one). It is surprising that the energy-trans-
fer rates between Tb—Co could be evaluated from simple equa-
tion such as Eq. 9 in spite of complicated aspects of other en-
ergy-transfer systems in double metal complex crystals. From
Eq. 9, the distance between Tb—Co in various media, e.g., in
aqueous solution, can be determined by measuring the ener-
gy-transfer rate. However, relative orientations may have a
strong effect.® Furthermore, the analysis was performed by on-
ly using the electron-exchange mechanism; however, a dipole
interaction mechanism may affect the energy-transfer reac-
tions.!® Thus, more information and experimental data is need-
ed for Tb—Co ET reactions between the Tb—Co metal com-
plexes in a rigid phase.

The values of energy-transfer rate constants are comparable
with those in fluid systems, and distances in solution were
evaluated from the distance dependence obtained from the
crystals. It is noted that such a small change in distance
<024, considerably affects the energy-transfer reaction in
the electron-exchange mechanism.

The authors express to Prof. T. Tsubomura at Seikei Univer-
sity for X-ray analysis and kind discussion.
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