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Abstract: Circularly polarized emission (CPE) spectra of achiral europium(III) /3-diketonate complexes dissolved in an opti
cally active solvent are reported. The solvent-induced CPE intensities and the magnitudes of the observed emission anisotropy 
factors (gem) suggest strong chelate:solvent interactions which are highly specific and chiral. CPE spectra for optically active 
europium(III) 0-diketonate complexes dissolved in pure DMSO solvent and in 2:1 a-phenylethylamine (optically active): 
DMSO solvent mixtures are also reported. The latter data suggest stereospecificity and chiral discrimination in the interac
tions between the chiral chelate systems and the optically active solvent molecules. This is the first reported study of solvent-
induced CPE and the results demonstrate the sensitivity of the technique for monitoring solute-solvent interactions in solution 
media. 

I. Introduction 
It is well known that optical activity may be induced in 

achiral compounds or in racemic mixtures of chiral compounds 
by dissolution in an optically active solvent. In the former in
stance optical activity in the achiral solute molecules is gen
erated by chiral perturbations upon the solute chromophoric 
group by the solvent molecules. The effects of these pertur
bations may be: (1) to chirally distort the nuclear configuration 
of the solute molecule making it inherently optically active; (2) 
to induce optical activity in chromophoric transitions of the 
solute molecule through direct (chiral) electrostatic interac
tions between the solute molecules and the electronic charge 
distributions on the inherently achiral chromophoric group of 
the solute molecule; or (3) a combination of the above. The 
induction of optical activity in achiral solute molecules by 
chiral solvent environments has been the subject of a number 
of recent experimental and theoretical studies.1-9 

The optical activity observed for racemic mixtures of chiral 
solute molecules dissolved in an optically active solvent is 
presumed to arise from differential ^(solute)-rf(solvent) and 
/(solute)-rf(solvent) interactions (in the case where a dextro
rotatory solvent is used) which produce an equilibrium mixture 
of nonenantiomeric solute-solvent pairs. The net chirality 
generated in the formation of these nonenantiomeric solute-
solvent pairs can lead to observable optical activity in transi
tions of the solute molecules.10 

Induced optical activity arising from solute-solvent inter
actions in solution media is a potentially valuable source of 
information on the nature of solute-solvent interactions and 
on the structures of solute-solvent "complexes" formed under 
various physical and chemical conditions. Unlike solvent-
induced frequency shifts and intensity changes in ordinary 
absorption spectra, induction of optical activity requires that 
a rather specific set of structural and interactive conditions be 
met by the solute-solvent pairs (or clusters). 

The purpose of the present communication is to report the 
observation of circularly polarized emission (CPE) from 
achiral europium(III) /3-diketonate complexes dissolved in an 
optically active solvent and the observation of changes in the 
CPE chiral europium(III) /3-diketonate complexes dissolved 
in an optically active solvent. In the present study the optically 
active solvent was a-phenylethylamine. Lanthanide chelate 
systems are known to form specific adducts with solvent mol
ecules which have nucleophilic functional moieties and it is 
presumed in the present case that the induced CPE arises from 
a specific and direct interaction between an optically active 

a-phenylethylamine molecule and the Eu3+ ion of the che
late. 

Andersen and co-workers" have previously reported the 
observation of circular dichroism (CD) in the f-f transitions 
of tris(2,2-dimethyl-6,6,7,7,8,8,8-heptafluoro-3,5-octanedi-
onato)europium(III), or Eu(fod)3, codissolved in CCU (or 
CHCI3) with optically active compounds containing a nu
cleophilic functional group. In these cases the induced CD 
(ICD) is presumed to arise from the formation of chelate: 
substrate adducts involving the optically active compounds. 
Dillon and Nakanishi12 have similarly observed induced CD 
in the transitions of tris(dipivalomethanato)praseodymi-
um(III), or Pr(dpm)3, when codissolved in achiral solvents with 
a series of chiral compounds known to form adducts with the 
chelate. In these studies the induced CD was used to probe the 
absolute configuration of the substrate molecules involved in 
adduct formation. 

A wide variety of Eu3+ /3-diketonate complexes are known 
to emit in solution when irradiated with near ultraviolet light.'3 

The intensity of emission (and, to a lesser extent, the frequency 
maxima of the emission bands) depends quite sensitively on 
the solvent environment of the chelate systems and on the de
tails of chelate:solvent coordination.14 Recently, Cotton, Hart, 
and Moss15 have reported an emission study of the lanthanide 
shift reagent, Eu(dpm)3, and several of its adducts in solution 
at both room temperature and low temperatures. In this lab
oratory emission titration methods have been employed in 
studying the formation characteristics and structural features 
of various Eu(fod)3:substrate adducts in CCI4 solution.16 

Additionally, total (unpolarized) emission and circularly po
larized emission spectra have been measured and reported17 

for the chiral lanthanide shift reagent, tris(3-trifluoroacetyl-
rf-camphorato)europium(III), or Eu(facam)3, in a variety of 
neat and mixed solvent (achiral) systems. The latter study'7 

demonstrated the extreme sensitivity of circularly polarized 
emission to the nature of chelate:solvent interactions and the 
structural details of chelate:solvent molecule adducts. 

Solvent-induced CPE from achiral luminescent species has 
not heretofore been reported in the literature. However, owing 
to the known propensity of lanthanide /3-diketonate chelates 
for interacting strongly with solvent molecules containing a 
nucleophilic functional group, the induction of CPE in achiral 
Eu3+ chelates by chiral a-phenylethylamine solvent molecules 
is not a surprising result. However, the magnitudes of the in
duced CPE effects reported in the present communication are 
quite remarkable and suggest that the chelate:solvent adducts 
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Figure 1. Structural formulas for 0-diketonate ligands. 

(S) ISOMER 

Figure 2. TE(/) and CPE(A/) for Eu(dpm)3 in neat a-phenylethylamine 
solvent in the 5Do - • 7F0 and 7F] regions. 

that are formed are highly chiral and involve a very strong 
coordinative interaction between the achiral chelate system 
and the chiral molecule(s). 

II. Experimental Section 
(A) Chelates and Solvents. Tris(3-trifluoroacetyl-d-camphorato)-

europium(III), Eu(facam)3, and tris(heptafluoropropylhydroxy-
methylene-rf-camphorato)europium(III), Eu(hfc)j, were purchased 
from Aldrich and were used without further purification. Tris(dipi-
valomethanato)europium(III), Eu(dpm)3, and tris(2,2-dimethyl-
6,6,7,7,8,8,8-heptafluoro3,5-octanedionato)europium(III), Eu(fod)3, 
were obtained from Willow Brook Laboratories and were also used 
without further purification. Tris(l-benzoylmethanato)europium(III), 
Eu(bzac)3, and tris(dibenzoylmethanato)europium(III), Eu(dbm)3, 
were prepared according to the method of Charles18 and subsequently 
dehydrated by heating at 70 0 C in a vacuum desiccator. 

Structural formulas for the various ligands employed in this study 
are depicted in Figure 1. 

In all experiments involving the achiral chelates, Eu(dpm)3, 
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Figure 3. TE(/) and CPE(A/) for Eu(dpm)3 in neat a-phenylethylamine 
solvent in the 5Do -*• 7F2 region. 
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Figure 4. TE(Z) and CPE(A/) for Eu(fod)3 in neat (/^-a-phenylethyla
mine solvent in the 5Do -*• 7F0 and 7Fi regions. 

Eu(fod)3, Eu(bzac)3, and Eu(dbm)3, a-phenylethylamine was em
ployed as a neat solvent. Both the R and S isomers of a-phenyleth
ylamine were obtained from Norse Laboratories. In the experiments 
involving the chiral chelates, Eu(facam)3 and Eu(hfc)3, a mixed sol
vent of 2:1 a-phenylethylamine:dimethyl sulfoxide (DMSO) com
position was used as well as neat a-phenylethylamine. All solutions 
were prepared by dissolving a weighed amount of chelate in 2.0 ml of 
a-phenylethylamine directly in the fluorescence cuvette. For the two 
chiral chelates, 1.0 ml of DMSO was subsequently pipetted into the 
cell and the spectral measurements were rerun. Chelate concentrations 
were in the range of 0.007 to 0.009 M in all the experiments performed 
in this study. 

(B) Emission Measurements. All total emission (TE) and circularly 
polarized emission (CPE) spectra were measured at 0° ("head-on") 
using instrumentation constructed in this laboratory.19'20 TE and CPE 
were measured at room temperature, with a spectral bandpass of 2 
nm. The excitation source was the 367-nm output of a 1000-W mer
cury-xenon arc lamp selected by a Spex "minimate" monochromator 
and appropriate filters. The spectral bandwidth of the exciting light 
was ~10 nm. 

Both TE and CPE are reported in arbitrary units. We denote TE 
intensity by / = / L + /R and CPE intensity by A/ = I\_ — /R (where 
I\_ and /R are respectively the observed intensities of left and right 
circularly polarized emission). Although / and A/ were measured in 
relative intensity units, absolute values of the ratio A//( / /2) (=g c m 

or emission anisotropy factor)2]-22 were measured. 

III . Results 

All the E u 3 + chelates examined in this study showed strong 
red luminescence, extending from 580 to 730 nm. The emission 
centered near 580 nm is assigned to the 5Do - * 7Fo E u 3 + 

transit ion, bands in the 585-600-nm region are assigned to 
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Figure 5. TE(/) and CPE(A/) for Eu(fod)3 in neat («)-a-phenylethyla-
mine solvent in the 5D0 — 7F2 region. 

Figure 6. TE(/) for Eu(bzac)3 and Eu(dbm)3 in a-phenylethylamine 
solvent in the 5Do -» 7FQ and 7Fi regions. 

components of the 5Do - * 7 F ( Eu 3 + transition, and emission 
in the 605-625-nm region is assigned to the 5Do —* 7F2 Eu3 + 

transition. These assignments agree with those made pre
viously 13-14 for a variety of Eu 3 + /3-diketonate complexes and 
appear to be secure. The splittings and multiple components 
observed in the regions Of5D0 - • 7Fi and 5 D 0 -» 7 F 2 emission 
arise from crystal-field induced splittings of the 7Fi and 7 F 2 

free-ion states in the presence of the /?-diketonate ligands. The 
detailed nature of these splittings depends upon the geometries 
(symmetries) of the tris-chelate species and upon the strength 
of the Eu3+-ligand interactions. The geometries of Ln3 + /3-
diketonate complexes in solution have not been well-charac
terized and we do not attempt to deduce such information in 
the present paper. For this reason we shall avoid assigning 
specific emission features to transitions connecting specific 
crystal-field components of the emitting and final states. In
stead, we shall label the various emission bands (and their 
components) according to their free-ion parentage with the 
tacit understanding that J becomes a "weak quantum number 
in the presence of the low-symmetry crystal fields encountered 
in the chelate systems studied here. 

We shall present results only for the emission spectra asso
ciated with the 5Do - 7Fn, 7F, , and 7 F 2 Eu3 + transitions. The 
additional emission observed at 645-660 nm (5Do - * 7F3) and 
at 690-725 nm (5Do —*• 7 F ^ will not be discussed here due to 
the complex splitting patterns and very weak CPE intensities 
(low emission anisotropy values) exhibited by these bands. 

The TE and induced CPE spectra measured for Eu(dpm)3 
in neat (R)- and (S)-a-phenylethylamine solvent are displayed 
in Figures 2 and 3. The TE and induced CPE spectra measured 
for Eu(fod)3 in neat (/J)-a-phenylethylamine are shown in 
Figures 4 and 5. The sign patterns of the induced CPE in 
Eu(dpm)3 and Eu(fod)3 are similar (for a given enantiomeric 
form of a-phenylethylamine) throughout the spectral region 
spanned by the Eu3 + 5D0 —

 7Fi and 5 D 0 - * 7 F 2 transitions, 

Figure 7. TE(/) for Eu(bzac)3 and Eu(dbm)3 in a-phenylethylamine 
solvent in the 5Do -*• 7F2 region. 

Table I. Emission Anisotropy Factors for Achiral Chelates in (R)-
a-Phenylethylamine 

Chelate Transition0 X, nm 
gem = 

A//(//2) 

Eu(dpm)3 

Eu(fod)3 

Eu(dbm)3 

Eu(bzac)3 

0-1 
0-1 
0-1 
0-2 
0-2 
0-2 
0-1 
0-1 
0-1 
0-2 
0-2 
0-2 
0-1 
0-1 
0-1 
0-2 
0-2 
0-1 
0-1 
0-2 
0-2 

587 
594 
597 
614 
622 
624 
590 
592 
596 
602 
613 
620 
587 
595 
596 
614 
622 
590 
594 
613 
620 

-0.50 
0.14 
0.032 

-0.015 
-0.028 
-0.032 
-0.086 
0.034 

0.0074 
-0.0048 

-0.024 

0.012 

" 0-1 refers to a component of the 5Do -* 7Fi Eu3+ transition. 0-2 
refers to a component of the 5DQ -» 7F2 Eu3+ transition. 

and no induced CPE is observed for the 5Do —* 7Fo transition 
(~579 nm) in either Eu(dpm)3 or Eu(fod)3. The splitting of 
the 5Do -» 7 Fi transition (585-600 nm), as observed in the TE 
spectra, is somewhat different for these two chelates although 
the apparent number of components (3) is the same in each 
case. 

TE spectra for Eu(dbm)3 and Eu(bzac)3 in neat a-phen
ylethylamine solvent are shown in Figures 6 and 7. The induced 
CPE for these systems is very weak and is observable in only 
one component of the 5 D 0 -* 7Fi transition. CPE spectra for 
these systems are not shown, but the emission anisotropy fac
tors measured for the 594-nm component of the 0-1 transition 
are given in Table I. Emission anisotropy factors measured at 
emission extrema for Eu(dpm)3 and Eu(fod)3 are also pre
sented in Table I. 

Relative emission intensities (TE) associated with the 5Do 
~- 7 F 2 transition (including all components) for all the chelates 
examined in this study are listed in Table II. These data are 
for measurements done in neat a-phenylethylamine solvent. 
The order of decreasing Eu3 + 5Do -»• 7 F 2 emission intensity is 
seen to be /(fod) > /(dbm) > /(bzac) > /(dpm) among the 
achiral chelates. 
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Table II. Relative Intensities (TE) of the 5Do -* 7F2 Transition for 
Chelates Dissolved in a-Phenylethylamine Solvent 

Chelate Relative intensity (TE) 

Eu(fod)3 

Eu(dbm)3 
Eu(bzac)3 

Eu(dpm)3 
Eu(facam)3 

Eu(hfc)3 

1.00 
0.86 
0.35 
0.16 
0.022 
0.020 

Al O 

I xJ / V. 

1x15/ \ _ 
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^ - ' A l K 2 \ 
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\ 2H/PEA 
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580 585 590 
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595 600 

Figure 8. TE(/) and CPE(A/) for Eu(facam)3 in mixed 2:1 (Z?)-a-phen-
ylethylamine/DMSO solvent in the 5Do -* 7Fo and 7F; regions. TE(/) for 
Eu(facam)3 in pure a-phenylethylamine solvent. PEA = a-phenyleth-
ylamine. 

610 615 620 
X(nm) 

625 630 

Figure 9. TE(/) and CPE(A/) for Eu(facam)3 in mixed 2:1 (Z?)-a-phen-
ylethylamine/DMSO solvent in the 5D0 -»

 7F2 region. TE(/) for Eu(fa-
cam)3 in pure a-phenylethylamine solvent. PEA = a-phenylethylam
ine. 

No CPE was observed for either of the chiral chelates, Eu-
(facam)3 or Eu(hfc)3, dissolved in neat a-phenylethylamine 
(R or S). The data in Table II show that the total emission 
intensity of both Eu(facam)3 and Eu(hfc)3 in a-phenyleth
ylamine is much less than that observed for the achiral chelate 
systems. Previous studies in this laboratory17 showed that 
strong CPE could be observed for Eu(facam)3 if DMSO was 
added to the solution of chelate plus solvent and that the in
tensity of the CPE was directly related to the coordinative 
strength of the solvent relative to that of DMSO. A strongly 
coordinating solvent tended to quench CPE, whereas a weakly 
coordinating solvent (such as CCl4) tended to enhance CPE. 
TE and CPE spectra measured for Eu(facam)3 in 2:1 (R)-
a-phenylethylamine/DMSO mixed solvent are shown in 
Figures 8 and 9, and analogous spectra for Eu(hfc)3 in mixed 

Al 0 

575 580 585 590 
X(nm) 

595 600 

Figure 10. TE(Z) and CPE(A/) for Eu(hfc)3 in mixed 2:1 (R)-a-phen-
ylethylamine/DMSO solvent in the 5D0 -»

 7F0 and 7Fi regions. TE(Z) for 
Eu(hfc)3 in pure a-phenylethylamine solvent. PEA = a-phenylethylam
ine. 

A l 0 

2:1 PEA/DMSO 

605 

Figure 11. TE(Z) and CPE(AZ) for Eu(hfc)3 in mixed 2:1 (ZJ)-a-phen-
ylethylamine/DMSO solvent in the 5D0 - • 7F2 region. TE(Z) for Eu(hfc)3 
in pure a-phenylethylamine solvent. PEA = a-phenylethylamine. 

solvent are presented in Figures 10 and 11. TE spectra for 
Eu(facam)3 and Eu(hfc)3 in neat a-phenylethylamine are also 
given in Figures 8-11. 

The TE and CPE spectra observed for Eu(facam)3 in the 
mixed 2:1 a-phenylethylamine/DMSO solvent are qualita
tively the same as those reported previously17 for Eu(facam)3 
in pure DMSO. However, the TE and CPE spectra observed 
for Eu(hfc)3 in the mixed vs. pure DMSO solvent are both 
qualitatively and quantitatively different. The TE and CPE 
of Eu(hfc)3 in pure DMSO are shown in Figures 12 and 13. 
The gem values measured at various emission extrema for 
Eu(facam)3 and Eu(hfc)3 in both pure DMSO and mixed 2:1 
a-phenylethylamine/DMSO are listed in Table HI. The data 
of Table III clearly demonstrate chiral discrimination between 
the two enantiomeric forms of a-phenylethylamine by the 
chiral chelates. 

IV. Discussion 

The TE and CPE data reported in this study suggest that 
these properties are sensitive probes of chelate-solvent inter
actions and of adduct formation involving tris(^-diketonate)-
europium(II) complexes in solution. The magnitude of the 
induced CPE observed for the Eu(dpm)3 and Eu(fod)3 chelates 
in optically active a-phenylethylamine solvent suggest che
late-solvent interactions which are both strong and geomet
rically specific. The two most likely mechanisms for the in
duced CPE in these chelates are: (1) formation of stable che-
late:solvent adducts in which the asymmetric center of the 
solvent molecule is held rigidly and close to the Eu3+ ion (i.e., 
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Table III. Emission Anistropy Factors for Chiral Chelates in 2:1 a-Phenylethylamine/DMSO Mixed Solvent and in Pure DMSO 

Chelate 

Eu(facam) 

Eu(hfc) 

Transition0 

0-1 
0-1 
0-2 
0-1 
0-1 
0-1 
0-2 

X, nm 

586 
595 
613 
586 
592 
595 
613 

Rb isomer 

-0.60 
-1.7 

0.16 
0.094 

-0.078 
0.11 

-0.0064 

^em 

Sc isomer 

-0.72 
-1.8 

0.18 
0.13 

-0.092 
0.14 

-0.0058 

Pure DMSO 

-0.84 
-1.98 

0.38 
0.32 

0.38 
-0.052 

" 0-1 and 0-2 refer respectively to components of the 5D0 —• 7Fi and 5Do -» 7F2 Eu3+ transitions. ' 2:1 (/?)-a-phenylethylamine/DMSO. 
2:1 (S)-a-phenylethylamine/DMSO. 

Al 0 

Figure 12. TE(/) and CPE(A/) for Eu(hfc)3 in pure DMSO in the 5D0 -
7Fo and 7Fi regions. 

inside the inner coordination sphere) and the chirality sensed 
by the chromophoric f electrons originates directly from the 
asymmetric center of the solvent molecule; (2) solvent-induced 
resolution of the chelate systems into a nonracemic mixture 
of enantiomeric configurational isomers. The latter mechanism 
generates an equilibrium mixture of inherently optically active 
chelate structures enriched in a specific enantiomeric form. 
In this case, the f-f transitions acquire optical activity due to 
the inherent chirality of the chelate structure and the solvent's 
role is indirect (it serves as a resolving agent). This mechanism 
is analogous to the Pfeiffer effect observed for racemic mix
tures of (usually) labile transition metal coordination com
pounds.10 

A third, but less likely, mechanism for the solvent induced 
CPE observed in Eu(dpm)3 and Eu(fod)3 involves chiral dis
persive interactions between the achiral chelates and the op
tically active molecules in the bulk solvent. Given the magni
tude of induced CPE and the known propensity of tris(/3-di-
ketonate)lanthanide(III) complexes for interacting strongly 
and specifically with solvent molecules having a nucleophilic 
functional group, it seems unlikely that a mechanism based on 
weak dispersive interactions is dominant. 

The very weak induced CPE observed for Eu(dbm)3 and 
Eu(bzac)3 in optically active a-phenylethylamine suggest that 
these chelates interact weakly with the solvent molecules and 
that if significant adduct formation occurs the asymmetric 
center of the solvent molecule does not assume a rigid or close 
position with respect to the Eu3 + chromophoric site. 

It is not clear why DMSO is required to generate an ob
servable CPE in the inherently chiral chelates, Eu(facam)3 and 
Eu(hfc)3. In pure DMSO, the observed gem (595 nm) value 
for Eu(facam)3 approaches the limiting value of 2 (complete 
circular polarization). It is expected that DMSO will interact 
with (and solvate or bind to) the chelate more strongly than 
a-phenylethylamine, and in the mixed 2:1 a-phenylethylam-
ine/DMSO solvent it is expected that DMSO will entirely 
occupy the available solvation sites within the inner coordi-

Figure 13. TE(/) and CPE(A/) for Eu(hfc)3 in pure DMSO in the 5D0 — 
7F2 region. 

nation sphere of the chelate. However, the data of Table III 
demonstrate that the chirality of the a-phenylethylamine 
solvent molecules does influence the CPE of the Eu3 + f-f 
transitions and that there are apparent differences between 
chelate (7?)-a-phenylethylamine and chelate (5")-a-phen-
ylethylamine interactions. The mechanism most likely oper
ative in this case involves a solvent-induced change in the 
equilibrium mixture of tris-chelate configurational (optical) 
isomers. The chirality due to the asymmetric sites on the facam 
and hfc ligands cannot be altered by the presence of an opti
cally active solvent. However, chirality due to configurational 
(optical) isomerism within the labile tris-chelate system can 
be influenced by the chirality of the solvent. 

We note that the signs of the respective CPE bands observed 
for Eu(facam)3 and Eu(hfc)3 in the 5D0 -»• 7Fi and 7 F 2 tran
sitions are opposite (see Table III). Since the facam and hfc 
ligands each possess the same absolute configuration at the 
asymmetric carbon atom of the camphorato moiety, this result 
leads to the rather remarkable conclusion that the dominant 
configurational (optical) isomeric forms perferred by the two 
tris chelates are different. That is, the configurational dis
symmetry generated by the relative dispositions of the three 
chelate rings about the metal ion is different in Eu(facam)3 

and Eu(hfc)3. This observation also suggests that the optical 
activity of the f-f transitions in these chelate systems is de
termined primarily by configurational dissymmetry rather 
than by so-called vicinal interactions between asymmetric 
centers on the ligand and the chromophoric electrons of the 
metal ion. 

The relatively low symmetries of the systems examined in 
this study lead to extensive "crystal-field" splittings of the 5D0 

—• 7Fi and 7 F 2 Eu3 + free-ion transitions. However, in no in
stance is the 5 D 0 -»• 7Fi transition split into more than three 
components and in each case the 5D0 -*• 7 F 0 transition yields 
a single, symmetrical emission band. These latter observations 
strongly suggest the absence of dimeric or oligomeric chelate 
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species in solution at the low chelate concentrations used here 
(0.007 to 0.009 M). 

A detailed analysis of the CPE results reported in this study 
must await further theoretical development of f-f optical ac
tivity in dissymmetric lanthanide complexes. Almost nothing 
is known about the mechanisms whereby lanthanide ion f-f 
transitions acquire optical activity in a chiral ligand environ
ment nor about the influence of specific chelate-solvent in
teractions on optical activity in metal complexes in general. 
It seems clear that both TE and CPE are very sensitive probes 
for investigating chelate-solvent interactions and that they can 
provide a great deal of qualitative (and, in some cases, semi
quantitative) structural information not readily obtainable by 
other techniques. However, the development of detailed and 
specific spectra-structure relationships must await further 
experimental and theoretical study. 

Acknowledgments. This work was supported by the National 
Science Foundation, the donors of the Petroleum Research 
Fund, administered by the American Chemical Society, and 
the Camille and Henry Dreyfus Foundation (through a 
Teacher-Scholar Award to F.R.). 

References and Notes 
(1) D. P. Craig, E. A. Power, and T. Thirunamachandran, Chem. Phys. Lett., 27, 

149(1974). 

Nuclear magnetic resonance has been extensively used 
in the study of adenine nucleotides and their metal complexes.2 

Concerning the complexes of adenosine 5'-triphosphate (1) and 

OH OH 

1 
divalent metal ions, the main results may be summarized as 
follows. The paramagnetic ions (Mn2+, Co2+, Ni2+) bind si
multaneously to the three (a, /3, 7) phosphates and to the ad
enine ring.3-8 The binding to the ring is not direct but via a 
water molecule which is coordinated to the metal ion and hy
drogen bonded to N7 of the adenine ring.9,10 In addition, the 

(2) (a) B. Bosnich, J. Am. Chem. Soc, 98, 6143 (1976); (b) B. Bosnich, 
"Fundamental Aspects and Recent Developments in Optical Rotatory 
Dispersion and Circular Dichroism," F. Ciardelli and P. Salvadori, Ed., 
Heyden and Son Ltd., 1973, Chapter 3.8. 

(3) L. D. Hayward and R. N. Totty, Can. J. Chem., 49, 623 (1971). 
(4) S. Claesson and L. D. Hayward, Chem. Phys. Lett., 20, 85 (1973). 
(5) P. E. Schipper, lnorg. Chim. Acta, 14, 161 (1975). 
(6) P. E. Schipper, Chem. Phys. Lett., 30, 323 (1975). 
(7) L. D. Hayward and S. Claesson, Chem. Scr., 9, 21 (1976). 
(8) S. F. Mason, Chem. Phys. Lett., 32, 201 (1975). 
(9) P. E. Schipper, MoI. Phys., 29, 1705 (1975). 

(10) P. E. Schipper, lnorg. Chim. Acta, 12, 199 (1975). 
(11) N. H. Andersen, B. J. Bottino, A. Moore, and J. R. Shaw, J. Am. Chem. Soc, 

96,603(1974). 
(12) J. Dillon and K. Nakanishi, J. Am. Chem. Soc, 96, 4057 (1974); 97, 5417 

(1975). 
(13) See, for example, A. B. P. Sinha, Spectrosc lnorg. Chem., 2, 255 

(1971). 
(14) See, for example: (a) F. Halverson, J. S. Brinen, and J. R. Leto, J. Chem. 

Phys., 41, 157 (1964); (b) ibid., 41, 2752 (1964); (C) H. Samelson, C. 
Brecher, and A. Lempicke, J. MoI. Spectrosc, 19, 349 (1966). 

(15) G. A. Cotton, F. A. Hart, and G. P. Moss, J. Chem. Soc, Dalton Trans., 221 
(1975). 

(16) H. G. Brittain and F. S. Richardson, J. Chem. Soc, Dalton Trans., in 
press. 

(17) H. G. Brittain and F. S. Richardson, J. Am. Chem. Soc, 98, 5858 
(1976). 

(18) R. G. Charles, lnorg. Synth., 9, 37 (1967). 
(19) C. K. Luk and F. S. Richardson, J. Am. Chem. Soc, 96, 2006 (1974). 
(20) C. K. Luk and F. S. Richardson, J. Am. Chem. Soc, 97, 6666 (1975). 
(21) For a discussion of the emission anisotropy factor, gem, see: I. Steinberg, 

"Concepts in Biochemical Fluorescence", Vol. I, R. F. Chen and H. Edel-
hock, Ed., Marcel Dekker, New York, N.Y., 1975, Chapter 3. 

(22) J. P. Riehl and F. S. Richardson, J. Chem. Phys., 65, 1011 (1976). 

metal complex contains another two water molecules in the 
inner sphere of coordination.9" A more recent 13C NMR 
study of the Mn2+ complex of ATP indicated however a direct 
binding of the manganese ion to the N7 ring nitrogen.'3 At high 
total ATP concentration it was found that 1:2 metal-ligand 
complexes are formed.12,14 The diamagnetic ions (Mg2+, 
Ca2+) were found not to interact with the adenine ring6'15 and 
their binding is to the /3 and 7 phosphates6 or to the /3 phosphate 
alone.16 

ATP has two major ionization sites: the phosphate moiety 
and the adenine ring. The three primary phosphate hydrogens 
were estimated to have pK ;S 2,17 and the final hydrogen was 
found to have pK ~ 7.18~23 Hence the major part of ATP will 
be fully ionized (ATP4-) at pH > 8. At a lower pH both 
ATP4- and ATP3 - will be present, and at pH < 5 the major 
part will be ATP3-. 31P NMR studies3-6'16 revealed almost no 
difference in the metal-phosphate interaction in the pH range 
5.5-8.5. In the present work we show that the same is true also 
regarding the metal-ring interaction. This metal-ring inter
action, however, may be expected to depend on the ionization 
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