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I. Introduction 

Recently, there has developed considerable interest in the 
use of the spectroscopic and magnetic properties of lanthan
ide ions as probes of biomolecular structure and function, 
particularly for those systems which bind calcium. For ex
ample, Birnbaum and Darnall2-5 have suggested that the 
visible absorption spectra of lanthanide ions provide a sensi
tive probe of electrostatic binding sites in proteins and en
zymes, and Morallee et al.6 have emphasized the potential 
of lanthanide cations as nuclear magnetic resonance probes 
of biological systems. Additionally, Luk7 has demonstrated 
the utility of lanthanide ion emission spectra for character
izing the metal binding sites of a protein (transferrin). 
More recently, the metal binding sites of several protein 
structures have been studied by the relatively new spectro
scopic emission technique, circularly polarized lumines
cence (CPL). Gafni and Steinberg8 have reported the CPL 
spectra of Tb 3 + bound to transferrin and to conalbumin, 
and the CPL of Tb 3 + bound in a Ca 2 + site of a carp muscle 
parvalbumin has been examined in our laboratory.9 

To better characterize the nature of the lanthanide-li-
gand linkages in biomolecular systems, a number of recent 
studies have focused on the structural characteristics of 
complexes formed by hydroxy- and amino-substituted car-
boxylic acids with lanthanide ions in aqueous solution. 
Since it is likely that the lanthanide binding sites of most 
proteins present -OH, - N H 2 , or - C O O - as ligating groups, 
it might be expected that carboxylic and amino acid com
plexes can provide appropriate model systems for studying 
Ln3+-protein interactions. Katzin and coworkers '0 - '2 have 
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carried out extensive studies on the circular dichroic proper
ties of Pr3 + and Eu3 + complexes of a-amino acids and of 
many hydroxy-substituted carboxylic acids. The circular di-
chroism (CD) spectra of these systems are highly struc
tured in the region of the metal ion f ** f transitions and are 
comprised of many more components or bands than the cor
responding absorption spectra, reflecting the low-symmetry 
environment of the metal ion in these complexes. Katzin's 
studies also revealed that the CD spectra are extraordinari
ly sensitive to pH changes, suggesting that CD provides a 
sensitive measure of ligand binding modes in cases where 
the ligands have several potential donor groups with differ
ent pAVs in aqueous solution. More recently, Martin and 
coworkers13 have examined the titration and CD behavior 
of 12 trivalent lanthanide ions and 15 amino acid ligands in 
aqueous solution. They noted that although the amino acids 
form only weak complexes with Ln3 + ions, the CD signa
tures associated with f *• f transitions are very sensitive to 
the detailed chemical nature of the ligand environment. 
Furthermore, they concluded from their titration studies 
that in basic solution the complexes tend to form polynu-
clear species making the interpretation of the CD data in 
terms of specific spectra-structure relationships somewhat 
difficult. Polynuclear complex formation and the simulta
neous occurrence of several complex species are problems 
commonly encountered in solution studies of Ln3 + com
plexes. 

Birnbaum and Darnall14 used difference absorption spec
troscopy to study the interaction of Nd 3 + with acetate, ala
nine, histidine, benzoate, and anthranilate ligands in aque-
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ous solutions under various pH conditions. They found this 
technique useful in detecting coordination of functional 
groups of polyfunctional ligands as a function of solution 
pH. However, they also found that the shapes of the differ
ence spectra are very similar for the Nd3+ complexes which 
have single carboxyl ligands, carboxyl and amino ligands, 
carboxyl and imidazole ligands, or carboxyl, amino, and im
idazole ligands. This suggests that difference absorption 
spectroscopy may be of limited value for determining the 
chemical identity or structural details of the binding sites in 
proteins. 

In the study reported here, the structural features of 
Tb3+ and Eu3+ complexes of various carboxylic acids were 
investigated using steady-state luminescence techniques. 
Both CPL and total luminescence measurements were made 
under a variety of physical conditions. In addition to vary
ing solution pH and ligand-metal concentration ratios, ex
periments were carried out in which both Eu3+ and Tb3+ 

were present. In these experiments the efficiency of energy 
transfer between Tb3+ and Eu3+ was examined. As a work
ing hypothesis, it was assumed that the efficiency of Tb3+ 

—* Eu3+ energy transfer is directly related to the formation 
of dinuclear or polynuclear complexes in which the two ions 
may exist in close and rigid contact. Although the central 
focus of this study is on the structural nature of lanthanide 
ion-carboxylic acid complexes in aqueous solution, the cir
cularly polarized luminescence data are of some additional 
and general interest due to the relative novelty of CPL spec
troscopy as a molecular structure probe. 

II. Circularly Polarized Luminescence (CPL) 

In the past 7 years several accounts of CPL experiments 
and theory have appeared in the literature. Oosterhoff and 
coworkers15-17 have reported CPL studies on trans-|S-hy-
drindanone, trans-/3-thiohydrindanone, and (ED)3Cr(III)-
(C104)3 in solution (ED is ethylenediamine). Steinberg and 
coworkers8'18-21 have reported the CPL spectra of a num
ber of molecules ranging in complexity from l,l'-bianthra-
cene-2,2'-dicarboxylic acid to several enzyme and metal-
loenzyme systems. The CPL spectra of camphorquinone 
and of several Tb3+ complexes have been reported recently 
from our laboratory.2223 Furthermore, Snir and Schell-
man24 have considered the theory of CPL from molecular 
systems, giving special attention to how photoselection pro
cesses and rotary Brownian motion might be expected to in
fluence the CPL observables. 

In the basic CPL experiment, the sample is irradiated 
with unpolarized light and the radiation emitted by the 
sample is collected and analyzed for circular polarization as 
a function of wavelength. In principle, CPL should provide 
structural information about the emitting states of mole
cules analogous to that obtained on molecular ground states 
from CD spectra. For a collection of dissymmetric mole
cules of random orientation, the sign and intensity of the 
CD associated with an electronic transition a —- b are de
termined by the rotatory strength, R3^b, of the transition: 

R*-b = ImWMh)-(IhMh) (1) 

where £ and m are the electric dipole and magnetic dipole 
operators, respectively. The absorption intensity of this 
transition is determined in large part by the magnitude of 
the dipole strength, Z)3^b, defined as: 

A ^ b = I Wa|£|^b>|2 (2) 
The dissymmetry factor associated with the a —• b absorp
tive transition can be defined in terms of the theoretical 
quantities, /?a-»b and £>a-»b, as follows: 

G(a — b) = 4/?a-.b/£>a-b (3) 

This quantity is related to the experimental observables, Ae 
and e, by the expression: 

<7(a — b) = f Ae(i>)v-]dv/e(v)v-ldp (4) 
»/a—•b 

where the integrations are taken over all frequencies 
spanned by the vibronic manifold of the a —• b electronic 
transition, Ae = «L — CR, e = (eL + «R) /2 , and t\_ and «R are 
respectively the molar extinction coefficients for left- and 
right-circularly polarized light. It is also useful to provide 
an operational definition of the absorption dissymmetry 
factor which is applicable at any given spectral frequency, 

g(abs) = Ae/e (5) 

Within the Born-Oppenheimer and Franck-Condon ap
proximations of molecular electronic structure and transi
tions, the wave functions appearing in the matrix elements 
of eq. 1 and 2 are determined by the structural or stereo
chemical characteristics of the molecular ground state. 
That is, the nuclear configuration of state \pb is assumed to 
be identical with the equilibrium nuclear configuration of 
state i/v In writing eq. 1 and 2 we take ^3 and \pb to be ei-
genfunctions of the electronic Schrodinger equation, 

H(r,Qa°)h = Eih (6) 

where the nuclei are assumed to be frozen in the equilibri
um geometry of the molecular ground state a, represented 
by the collection of nuclear coordinates Qa°. The symbol r 
denotes the collection of electron coordinates. 

If the transition a -— b displays spontaneous emission, 
then CPL observations are possible. The sign and intensity 
of the CPL associated with this transition are gauged by the 
rotatory strength,17 

R^b = ImWMM-WbWa) (7) 

and the intensity of the total luminescence is governed to a 
good approximation by the dipole strength, 

A ^ b = | < \ M ^ b ' ) | 2 (8) 

The wave functions appearing in eq. 7 and 8 are taken as ei-
genfunctions of the electronic Schrodinger equation: 

H{r,Qb'W = E!W (9) 

where the nuclei are assumed to be frozen in the geometri
cal configuration of the molecular excited state b at the in
stant of spontaneous emission. If the molecular geometries 
of the ground state a and the emitting state b are identical 
at the times of absorption and emission, respectively (i.e., if 
IGa0I = ICbI). then R^b = /?a-b and Z>a^b = Oa^b . 

The dissymmetry factor associated with the a — b emis
sion process may be defined by, 

C(a — b) = 4R^b/D^b (10) 

and is related to the observables A/ and / according to, 

<7(a — b)= f M(v)v-*dv/ C l{v)v~*dv (M) 

where the integrations are over all frequencies spanned by 
the vibronic manifold of the a *— b electronic transition. As 
in the case of absorption, it is useful to introduce an opera
tional definition of the luminescence dissymmetry factor 
which is applicable at specific spectral frequencies: 

IT(lum) = A/// (12) 

The quantities g(abs) and g(lum) have no theoretical sig
nificance in the absence of a detailed model of CD and CPL 
band shapes. Such a model for CPL requires explicit con-
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Figure 1. Energy level diagram for Tb(III) and Eu(III) in their free ion 
forms. 

sideration of vibrational-electronic interactions, Franck-
Condon overlap factors, solute-solvent interactions, and 
competitive processes involving electronic and vibrational 
relaxation from Franck-Condon excited states. 

The preceding discussion regarding the rotatory strength 
of luminescent molecular transitions applies rigorously only 
in those cases where the emitting molecules are randomly 
oriented and the equilibration time for rotary molecular 
motion is short compared to the radiative lifetime of the 
emitting states. If these latter conditions are not fulfilled, 
then the expressions for rotatory strength and dissymmetry 
factors must be modified to reflect any macroscopic anisot-
ropy in the emitting sample.24 

As is apparent from eq 1, 6, 7, and 9, CPL provides a 
spectroscopic probe of molecular emitting states which is 
analogous to the CD probe utilized with extraordinary suc
cess in studying the stereochemical and electronic structural 
features of dissymmetric molecules in their ground states. 

In the present application of CPL to the study of lanthan-
ide ion complexes in solution, we measure the emission as
sociated with metal ion f *• f transitions. It is generally as
sumed that the f electrons in these systems interact only 
weakly with the ligand and solvent environment and that 
the structural (i.e., stereochemical) properties of the f-f ex
cited states should not differ significantly from those of the 
electronic ground state. Comparisons of g(abs) and g(lum) 
at a number of frequencies in the region of the 7F6 ** 5D4 
Tb3+ transition in several Tb3+-carboxylic acid complexes 
suggest that G(7F6 —

 5D4) ~ G(7F6 —
 5D4) for these sys

tems.22 In this case, CD and CPL may yield similar and 
possibly redundant information. However, CPL has signifi
cant advantages over CD in the study of systems whose 
transitions are very weak (such as the f ** f transitions of 
lanthanide ions) or which have low-lying electronic excited 
states inaccessible to conventional absorption techniques 
(such as the various multiplet components split out of the 
ground configurational states of many lanthanide ions). 
Whereas the absorption and CD intensities of the lanthan
ide f ** f transitions generally require operating near the 
sensitivity limits of most absorption/CD spectrophotome
ters, the emission and CPL intensities generally are easily 
detectable even when small concentrations of the lumines
cent molecules are required or desired. Additionally, the 
multiplet components, split out of the ground configuration
al states of ion such as Tb3+ and Eu3+, are connected to the 
excited configurational states of these systems by radiative 

Table I. Transition Energy Assignments for Eu3+(5D0) <+
 7Fj and 

Tb3+(5D4) ** 7Fj Transitions" 

State 

'F0 
'F1 
7F2 
'F3 
'F4 
'Fs 
'F6 

'F0 
'F1 
'F2 
'F3 
'F4 7F5 
'F6 

AE, cm-1* 

Eu3+(5D0) ** 
17267 
16887 
16222 
15385 
14390 
13358 
12289 

Tb3+(5D4) «• 
14754 
14982 
15430 
16106 
17098 
18350 
20369 

'Fj 

'FJ 

Af1Cm
-"' 

17277 
16917 
16257 
15390 
14412 
13369 
12297 

14800 
15060 
15462 
16100 
17144 
18400 
20500 

" See ref 25. b Determined in crystalline LaCl3.
 c Determined in 

dilute (0.2 M) HClO4 solution at 25°C. 

transitions which are readily observed in the visible and 
near ir luminescence and CPL spectra. 

III. Energy Levels and Electronic States of Tb(In) and 
Eu(III) 

Energy level diagrams for Tb(III) and Eu(III) in their 
free ion forms are shown in Figure 1. Transition energy as
signments for transitions between the lowest lying level of 
the first excited-term multiplet (5D) and the various levels 
of the ground-term multiplet (7F) in both Tb3+ and Eu3+ 

are listed in Table I. In aqueous solution, the 5Do level of 
Eu3+ lies approximately 3220 cm -1 below the 5D4 level of 
Tb3+. Thus, in a mixed solution containing both Eu3+ and 
Tb3+ ions, it is possible that the energy transfer process, 

Tb3+(5D4) + Eu3+(7Fj) — Tb3+(7Fj) + Eu3+(5D0) 

may occur. If Tb3+(5D4) is an emitting species in the ab
sence of Eu3+ ions, it is likely that its emission will be par
tially quenched in the presence of Eu3+ ions due to competi
tion between the radiative process (emission) and the Tb3+ 

-»• Eu3+ energy transfer process. 
The rotatory strengths associated with the transitions 5Dj 

-» 7Fj in Eu3+ and Tb3+ depend upon the magnitudes and 
relative orientations of the corresponding electric and mag
netic transition dipoles. Nonvanishing rotatory strengths 
arise only when the electric and magnetic transition dipoles 
are nonorthogonal. The degree to which these transition di
poles are nonorthogonal is determined entirely by those 
components of the ligand field potential which are dissym
metric (i.e., lacking an alternating rotation-reflection axis 
of any order). The magnitudes of the transition dipoles (in
dependent of their orientations) will also be influenced by 
these low-symmetry Iigand-field components, but generally 
the spherical symmetry of the free ion and the high-symme
try components of the ligand field will dominate the selec
tion rules and determine the magnitudes of the transition 
dipoles. For the 5Dj -» 7Fj transitions of Eu3+ and Tb3+, 
the dominant selection rule for magnetic dipole processes is 
A7 = 0, ± 1, except fpr J = 0 -»• J = 0. Ligand-field mixing 
or vibronically induced mixing of J states may produce 
weak magnetic dipole transitions with AJ > 2, but the AJ = 
0, ±1 rule is generally satisfied. 

The only restriction on AJ governing electric dipole tran
sitions between different J states is AJ < 6, although transi
tions from J = even to J = odd states are usually weak in 
ions with an even number of electrons in the f shell (as in 
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Eu3 + , f6, and in Tb 3 + , f8). This statement assumes, of 
course, that an effective mechanism exists for mixing states 
of opposite parities or scrambling the f orbitals with orbitals 
which are ungerade with respect to inversion. Ungerade li
gand field components or vibronic coupling via ungerade vi
brational modes provides such a mechanism. Dissymmetric 
complexes will always possess ligand fields which have both 
gerade and ungerade components. 

In light of the selection rules discussed above, we may ex
pect that the 5Do -* 7Fi transition will be the most optically 
active (largest rotatory strength) among the 5Do - * 7Fj 
transitions of Eu3 + . Among the 5D4 —• 7Fj transitions of 
Tb 3 + , we may expect the 5 D 4 -* 7Fs, 7 F 4 , and 7F3 transi
tions to exhibit the largest rotatory strengths. These predic
tions are based on magnetic dipole selection rules only, and 
completely neglect considerations of relative electric dipole 
strengths and electric dipole-magnetic dipole orientation 
factors. 

IV. Experimental Section 

A. Spectroscopic Measurements. The luminescence experiments 
were carried out using a high-sensitivity emission spectrophotome
ter in which emission is detected in a direction 90° to the direction 
of excitation. The light source was a 750 W high-pressure Hg-Xe 
arc lamp. Both the excitation and emission monochromators were 
Spex Model 1670 grating instruments fitted with gratings blazed 
at 5000 A. The scattered light level of these monochromators is 
<0.05%. In all the experiments reported here an excitation band
width of 100 A and an emission bandwidth of 10 A were used. The 
excitation beam was mechanically chopped at a frequency of 13 
Hz and the emission beam was passed through an optical phase 
modulator (modulation frequency 50 kHz) immediately following 
its exit from the sample cell. The phase modulator (manufactured 
by Morvue, Tigard, Oregon) in conjunction with a linear polariz
ing element serves as an analyzer for the circularly polarized com
ponents of the emitted radiation. The 50-kHz component of the ac 
optical signal arriving at the detector is alternately proportional to 
the intensities of the left and right circularly polarized components 
of the sample luminescence. 

The detector was a Centronics Q42835 photomultiplier of the 
trialkali extended-red type, housed in a photomultiplier cooler 
(Model TE104TS, Products for Research, Inc.) to minimize dark 
current. The electrical signal at the detector consists of a large ac 
component of frequency 13 Hz which is proportional to total emis
sion intensity (independent of state of polarization), plus a smaller 
ac component of frequency 50 kHz whose magnitude and phase 
carry the CPL intensity and sign variables. This signal is processed 
by two lock-in amplifiers operating in parallel and tuned at 13 Hz 
and 50 kHz, respectively. The total emission (luminescence) and 
CPL spectra are recorded simultaneously by a two-pen strip-chart 
recorder (Speedomax XL Recorder, Leeds and Northrup). 

Two quantities are measured directly in our luminescence exper
iments, total emission intensity (/) and the difference in intensities 
of the left and right circularly polarized components of the emitted 
radiation (A/ = /L — IR). We do not measure absolute emission in
tensities, so / and A/ are given in relative quantal units and the 
ratio (A///) = g(lum) is the only quantity for which we obtain ab
solute values. Calibration of our instrumentation to obtain absolute 
values (signs and magnitudes) of g(lum) was carried out using a 
procedure previously described by Steinberg and Gafni.19 

The CD spectra reported here were obtained with a Durrum-
Jasco JlOB CD/MCD spectrophotometer interfaced with a Spex 
Model 1400 II 3/4 meter grating double monochromator. The uv-
vis absorption spectra were obtained on a Cary 14R spectropho
tometer. 

AU the spectroscopic measurements were performed at room 
temperature. In the emission experiments, an existing wavelength 
of 3650 A (AXexc = 100 A) was used when exciting Tb3+ ions, and 
3910 A (AXexc = 100 A) was used for exciting Eu3+ ions. 

B. Samples. The ligands employed in this study were: ( I )L-
malic acid (L-MaI); (2) L-aspartic acid (L-Asp); (3) L-glutamic 
acid (L-GIu); (4) L-serine (L-Ser); (5) L-alanine (L-AIa); and, (6) 
L-lactic acid (L-Lac). All experiments were performed on samples 

i 

AI 0 

I x 2 

O 4 1 x 2 5 

560 555 550 545 540 535 505 500 495 490 485 460 475 

X tnm) 

Figure 2. CD (upper solid curve), CPL (lower solid curve), and total 
luminescence (lower dashed curve) spectra for 1:5 Tb3+-L-malic acid 
in solution at pH 8.54. (Note different A/ and / scales for the two tran
sition regions, 7F5 —

 5D4 and 7F6 —
 5D4.) s(lum) = 0.080(A///). 

A l O " * 

Figure 3. CD (upper solid curve), CPL (lower solid curve), and total 
luminescence (lower dashed curve) spectra for 1:5 Tb3+-L-aspartic 
acid in solution at pH 8.54. (Note different A/ scales for the two tran
sition regions, 7Fs ••— 5D4 and 7F6 —

 5D4.) g(lum) = 0.200(A///). 

/~\ 
L-ASPARTlC ACID 

L-MALIC ACID / ' 

1 

0 AI 

635 630 625 620 615 595 590 585 580 

Figure 4. CPL (solid curves) and total luminescence (dashed curves) 
spectra of 1:5 Tb3+-L-malic acid and Tb3+-L-aspartic acid in solution 
at pH 8.54. g(lum) = 0.040 (A///). 

prepared by mixing aqueous solutions of these carboxylic acid 
compounds with aqueous solutions of TbCb, EuCl3, or TbC^ + 
EuCh. The LnC^ solutions were prepared by dissolving 99.9% 
pure metal oxides (EU2O3, Tb2C"3) in HCl. Adjustments of sample 
pH were done with 6 M NaOH or 9 M NH3. Ligand-metal con
centration ratios ([L]/[M]) were varied from experiment to exper
iment and are noted along with the spectral results which are pre
sented. 
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Figure 5. CD, CPL, and total luminescence spectra for 1:5 Eu3+-L-
malic acid in solution at pH 8.64. g(lum) = 0.001(A///). 

A l 

A l 

A I x 2 

A I x 2 

A l X 2 0 

. 

0 

0 

0 

0 

O 

J 1 PH 

^^ \/ hv 

M pH 

\ / 

/ N A PH 

\ / V 
pH 

""V 
PH 

\ / 
pH 

I I I 1 . J 

9 7 

8.1 

7.1 

6 8 

4.3 

1.1 

, 
560 585 550 545 540 535 530 

\(nm) 

Figure 6. CPL spectra of 1:5 Tb3+-L-malic acid in the region of the 
Tb3+(7Fs) *- 5D4 transition for various values of solution pH. g(lum) 
= 0.160 (A///), where / can be obtained directly from Figure 7. 

V. Results 
The CD, CPL, and total luminescence spectra associated 

with the 7F6 ** 5D4 and 7Fs •*- 5D4 transitions of Tb3+ in a 
5:1 L-MaI-Tb3+ solution at pH 8.54 are displayed in Figure 
2. A similar set of spectra for a 5:1 L-Asp-Tb3+ solution at 
pH 8.54 are shown in Figure 3. In Figure 4 are displayed 
the CPL and total luminescence spectra arising from the 
7F4 •—

 5D4 and 7F3 —
 5D4 transitions OfTb3+ in 5:1 L-MaI-

Tb3+ and 5:1 L-Asp-Tb3+ solutions at pH 8.54. 
The g(lum) = A/// and g(abs) = Ae/e values in the 7F6 

-*-* 5D4 region for both the L-MaI and L-Asp complexes of 
Tb3+ have the same signs and nearly the same magnitudes, 
indicating similar ground state and emitting state geome
tries. Among the 7F6,5,4,3 *- 5D4 transitions OfTb3+ (in so
lution with L-MaI and with L-Asp), the g(lum) values 
throughout the 7Fs1

7F3 <—
 5D4 transition regions are about 

an order of magnitude larger than the g(lum) values ob
served in the 7F6,7F4 -<—

 5D4 transition regions (see Table I 
of ref 22). The g(lum) values at frequencies corresponding 
to extrema in the CPL spectra of the 7F6,5,4,3 *- 5D4 Tb3+ 

transitions range from ~10 - 1 to ~10~3 for solutions which 
are 5:1 in ligand (L-MaI or L-Asp)-Tb3+ molar concentra
tion ratios and are at pH 8.54. 

L-MaI and L-Asp differ only with respect to substitution 
at the a carbon. L-MaI has a hydroxyl group and L-Asp has 
an amino group attached to the a carbon. At pH 8.54, both 
carboxyl moieties of L-MaI and of L-Asp are deprotonated 
and presumably provide strong donor groups for coordina
tion to Tb3+. Structural differences between Tb3+-L-MaI 
and Tb3+-L-Asp can be attributed, therefore, to differences 
between the -OH and -NH2 moieties as potential donor 
groups (thus making the ligands terdentate rather than bi-
dentate or promoting dinuclear or polynuclear complex for
mation) or as vicinal perturbing groups which can indirectly 
influence the structural details of the inner coordination 
sphere (donor atoms bound directly to the metal ion). CD 
and CPL are expected to be quite sensitive to such structur
al features and the spectra shown in Figures 2, 3, and 4 
strongly suggest considerable structural differences between 
the Tb3+-L-MaI and Tb3+-L-Asp complexes existing in 
aqueous solution at pH 8.54. 

The CPL and total luminescence spectra of Tb3+-L-GIu 
at pH 8.54 are similar to those reported here for Tb3+-L-
Asp. The CPL intensities for the Tb3+-L-GIu complex are 
slightly less (~20%) than those observed for the Tb3+-L-
Asp complex; L-GIu differs from L-Asp by just one >CH2 
unit in the hydrocarbon chain so that one would not expect 
much difference in their coordination properties unless che
late ring size is a critical factor. L-GIu will form eight-mem-
bered chelate rings if it is bidentate through its -COO -

groups, whereas L-Asp will form seven-membered chelate 
rings if it is bidentate through its -COO - groups. 

The CPL and total luminescence spectra associated with 
the 7F0,

 7F,, 7F2 —
 5D0 transitions of Eu3+ in a 5:1 L-MaI-

Eu3+ solution at pH 8.64 are shown in Figure 5. Also dis
played in Figure 5 is the CD spectrum of this 5:1 L-MaI-
Eu3+ system in the 610-580 nm spectral region. A«max (X = 
589 nm) = 2.8 X 10-4/mol of Eu3+ and ^589 (abs) = 2.4 X 
10 -3 for this complex, and the observed g(lum) values at se
lected wavelengths are: 

*., nm 

592 
597 
616 
624 

g(lum) X l O 3 

2.4 
2.6 

-1 .7 
1.0 

7 F 1 - 5 D 
7 F 1 
7 F 2 7F 2 

Note that the dissymmetry factors in the region of the mag
netic dipole allowed 7Fi *- 5Do transition are larger than 
those in the region of the magnetic dipole forbidden 7F2 «— 
5Do transition. These selection rules are not expected to be 
particularly strong in complexes of the type considered here 
since the ligand-field symmetries are quite low (as evi
denced by the easily observable splittings within multiplet 
sublevels) and ligand-field induced ./-level mixings are ex
pected to be substantial. 

The pH dependence of Tb3+ emission (CPL and total lu
minescence) in the 7Fs •*— 5D4 transition region is demon
strated by the spectra shown in Figures 6-10. In the case of 
Tb3+-L-MaI, not only do CPL intensities (that is, peak in
tensities, not net or total intensities) increase as pH is in
creased, but the qualitative shape and sign pattern of the 
CPL signature changes as pH is varied. This provides 
strong evidence of significant structural alterations in the 
complex species as pH is varied. The pH dependence of the 
band shapes and intensities observed in the total lumines
cence spectra of Tb3-L-Mal lead to similar conclusions. 

The CPL of Tb3+-L-Ser over the pH range 3.0-7.5 
changes in intensity but not in sign pattern (see Figure 8). 
Between pH 7.5 and 10.0 the CPL sign pattern changes, 
but not in any drastic way. The shape of the total lumines
cence band for the 7Fs — 5D4 transition in this system ap-
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560 555 550 545 540 535 '530 

X ( n m ) 

Figure 7. Total luminescence spectra of 1:5 Tb3+-L-malic acid in the 
region of the Tb3+(7F5) «- 5D4 transition for various values of solution 
pH. 

AIx2 ° 

560 555 550 545 540 535 530 
X(nm) 

Figure 8. CPL (solid curves) and total luminescence (dashed curves) 
spectra of 1:5 Tb 3+-L-serine in the region of the Tb3+(7F5) *- 5D4 

transition for various pH values, g(lum) = 0.105(A///). 

pears to be independent of pH, although its intensity does 
increase with increasing pH. Tb3+-L-AIa exhibits no CPL 
below pH ~6.5. CPL intensity increases with increasing pH 
over the range of 6.5-9.0, but the sign pattern changes only 
slightly (see Figure 9). 

The CPL and luminescence of Tb3+-L-LaC were mea
sured at just two pH values, 1.12 and 0.46 (see Figure 10). 
In this case we used a [L]/[M] ratio of 10:1. Precipitation 
occurs at pH >1.2. We also attempted to get 2-methylpen-
tanoic acid (the simplest optically active aliphatic carboxyl-
ic acid) into solution with aqueous TbCb and EuC^, but in 
each case the metal hydroxide compound precipitated out 
when base was added. 

The ratios of total luminescence intensities for Tb3+-L-
MaI, L-Ser, and L-AIa complexes vs. Tb3+ (the pure TbCh) 
in solution are plotted as functions of pH in Figures 11, 12, 
and 13. The Tb3+ emission from pure TbC^ in aqueous so
lution is nearly constant over the pH range in which Tb3+ 

stays in solution. In constructing the plots shown in Figures 
11-13, Tb3+ emission intensity was taken to be that ob
served at low pH. It enters as a constant in the ratios ap
pearing in these figures. The Tb3+-ligand solutions were 
0.1 M in Tb3+ and 0.5 M in ligand. The TbCb solution was 
0.1 M inTb3+. 

Also shown in Figures 11, 12, and 13 is the extent to 
which Eu3+ ions quench the 7F5 -—

 5D4 Tb3+ emission when 
present in equimolar amounts in an aqueous solution of 
Tb3+-ligand-Eu3+. The quenching data presented in Fig
ures 11, 12, and 13 were obtained on solutions which were 
0.1 M in Eu3+, 0.1 M in Tb3+, and 0.5 M in ligand (L-MaI, 
L-Ser, or L-AIa). Significantly, quenching OfTb3+ emission 
in the Tb3+-ligand-Eu3+ solutions is accompanied by a 
proportionate enhancement of Eu3+ emission. This observa
tion strongly suggests that the quenching of Tb3+ emission 
results from energy transfer to Eu3+ ions (followed by Eu3+ 

emission) rather than from displacement of Tb3+ ions by 
Eu3+ ions from ligand binding sites. Furthermore, excita
tion of Tb3+ in aqueous solution which is 0.05 M in both 
Tb3+ and Eu3+ does not lead to observable Tb3+ emission 
quenching-Eu3+ emission enhancement over the pH range 
1.5-5.0. 

AI 0 

Figure 9. CPL (solid curves) and total luminescence (dashed curves) 
spectra of 1:5 Tb3+-L-alanine in the region of the Tb3+(7F5) *- 5D4 

transition for various pH levels, g(lum) = 0.133(A///). 

In Figure 14, A//[Tb3+], measured at 5441.5 A, is plot
ted as a function of [Eu3+]/[Tb3+] for aqueous solutions of 
Tb3+-L-MaI-Eu3+ at two different pH values, g(lum) at 
5441.5 A for Tb3+-L-MaI-Eu3+ is constant with respect to 
[Eu3+]/[Tb3+]. Furthermore, the qualitative features (sign 
patterns and relative band intensities) of the Tb3+ CPL 
spectrum in Tb3+-L-MaI-Eu3+ remain invariant to [Eu3+]/ 
[Tb3+] in the pH range 1.1-8.5. The Tb3+ CPL spectrum 
in Tb3+-L-AIa-Eu3+ is also invariant (except, of course, for 
intensity reduction) to [Eu3+]/[Tb3+] at pH 7.6, but is not 
invariant at pH 8.3. In the latter case, nonnegligible alter
ations occur in the Tb3+ CPL signature in the 7F5 —- 5D4 
region (see Figure 15). 

Variations in [L-Mal]/[Tb3+] from 20:1 to 4:1 do not re
sult in any qualitative (and only very slight quantitative) 
changes in the CPL spectrum of Tb3+ at pH 8.2 and 4.4. 
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Figure 10. CPL (solid curves) and total luminescence (dashed curves) 
spectra of 1:10 Tb 3 + -L- lac t ic acid in the region of the T b 3 + ( 7 F 5 ) « -
5 D 4 transition at two pH values, g( lum) = 0 .021(A// / ) . 
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Figure 11. pH dependence of Tb3+-L-malic acid emission intensity/ 
Tb3 + (TbCl3 in solution at low pH) emission intensity (O) and of % 
Tb 3 + luminescence quenched by Eu3+ in a solution of 1:5:1 Tb3+-L-
malic acid-Eu3+ (X). The intensities used in determining these data 
were total integrated intensities (band areas not peak heights) observed 
for Tb3+(7F5) -— 5D4 emission. 
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Figure 13. pH dependence of Tb 3 + -L-a lan ine emission in tens i ty /Tb 3 + 

(TbCl 3 in solution at low pH) emission intensity (O) and of % O f T b 3 + 

luminescence quenched by E u 3 + in a solution of 1:5:1 Tb 3 + -L -a l an ine -
E u 3 + (X). The intensities used in determining these data were total in
tegrated intensities (band areas) observed for T b 3 + ( 7 F 5 ) * - 5 D 4 emis
sion. 
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Figure 14. A//[Tb3+] vs. [Eu3+]/[Tb3+] for Tb3+-L-malic acid-Eu3+ 

in solution at pH 8.52 and at pH 4.55. A/ was monitored at X 5441.5, a 
wavelength at which the CPL of Tb3+-L-malic acid exhibits an extre-
mum. 
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Figure 12. pH dependence of Tb3+-L-serine emission intensity/Tb3+ 

(TbCl3 in solution at low pH) emission intensity (O) and of % Tb3 + lu
minescence quenched by Eu3+ in a solution of 1:5:1 Tb3+-L-serine-
Eu3+ (X). Total integrated intensities (band areas not peak heights) of 
the 7F5 *—

 5D4(Tb3+) emission were used to obtain these data. 

VI. Discussion 
The spectra shown in Figures 2-4, 6, and 8-10 demon

strate the sensitivity of Tb3+ CPL to the detailed nature of 
ligand environment. Changes in ligand type and in donor 
atom availability (through changes in pH conditions) lead 

to easily discernible alterations in the sign patterns and in
tensity patterns of the CPL spectra. The total luminescence 
spectra are less sensitive to structural alterations in the li
gand environment OfTb3+. Additionally, the extensive split
ting of the various 7Fj multiplet levels due to the low-sym
metry ligand fields present in the complexes studied here is 
readily apparent in the CPL signatures, whereas these split
tings generally are not detected in the total luminescence 
spectra. 

The pH dependence of Tb3+-L-MaI luminescence is il
lustrated by the data shown in Figures 6, 7, and 11. These 
data were obtained from emission measurements in the re
gion of the 7Fs *— 5D4 transition of Tb3+. Emission data ob
tained in the 7F6, 7F4, 7F3 *- 5D4 transition regions of 
Tb3+-L-MaI exhibit a similar pH dependence. The sign 
pattern of the CPL does not change significantly between 
pH ~1.0 and pH ~6.8. However, the sign pattern is com
pletely altered in the region pH 6.8-7.0, and then remains 
unchanged throughout the region pH 7.0-9.5. Around pH 
9.6, the CPL sign pattern again changes, but only slightly, 
and then remains unchanged until the onset of precipitation 
( p H ~ 10.5-11.0). Between pH~1.0 and pH~4.0 L-MaI is 
presumably unidentate (-COO - donor group); between pH 
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~4.0 and pH ~6.5 , L-MaI may be bidentate through two 
ionized - C O O "groups and possibly terdentate if the neu
tral -OH group can also bind; at pH >6.5 L-MaI is most 
likely terdentate with two - C O O - donor groups and one 
- O H (or - O - ) donor group. It is tempting to attribute the 
rather small changes in the CPL of Tb3 +-L-MaI over the 
pH range 1.0-6.8 to structural changes in the complex aris
ing from the relative unidentate vs. bidentate proclivities of 
L-MaI under these pH conditions, and to relate the rather 
large and abrupt change in CPL near pH 6.8 to the possibly 
terdentate nature of L-MaI at pH > 6.5. In the unidentate 
binding mode, only "vicinal effects:;6 originating with the 
asymmetric center in L-MaI may contribute to the observed 
chiroptical properties (in this case, A/). In the bidentate 
binding mode, both "vicinal effects" and chelate ring "con
formational dissymmetry" may contribute.26 In the terden
tate binding mode, each bound ligand can contribute "con-
figurational" dissymmetry as well as ring conformation dis
symmetry and asymmetric vicinal groups.26 It is reasonable 
to expect then that a change from unidentate or bidentate 
binding to terdentate binding will result in a substantial 
change in chiroptical observables (intensities and/or sign 
patterns). This interpretation of the CPL shown in Figure 6 
must be offered with some reservation, however, since the 
extent of Ln3 + hydrolysis at pH > 6.5 and the influence of 
this hydrolysis on the Ln3 + spectral properties have not 
been fully characterized. It is certain that Ln3 + hydrolysis 
begins in the neutral pH range and it seems likely that the 
spectral properties will be somewhat sensitive to the re
placement of H 2 O by O H - in the coordination sphere (see 
ref 13). 

The pH dependence of Tb3 +-L-Ser luminescence is illus
trated by the data displayed in Figures 8 and 12. These data 
were obtained from measurements in the region of 7Fs •«-
5 D 4 Tb 3 + emission. The pH dependence of Tb 3 + lumines
cence in the regions of the transitions, 7F6, 7F 4 , 7 F 3 * - 5D4 , 
is similar to that found in the 7Fs •«- 5 D 4 region. We note 
that the sign pattern in the Tb3 +-L-Ser CPL signature re
mains essentially unchanged over the pH range 3.4-9.7, al
though relative band intensities, band splittings, and 
frequencies of band maxima change in this pH region. Fur
thermore, we note that the g(lum) values at several of the 
wavelengths corresponding to A/ extrema are constant over 
the pH range 3.4-9.7. These findings are unlike those noted 
previously for the Tb3 +-L-MaI system under similar condi
tions. 

The j>otential donor groups of L-Ser are - C O O - , - O H 
(or - O - ) , and - N H 2 . Amino groups are very weak ligands 
for lanthanide ions and generally will not bind when oxygen 
donor atoms are available. There is a conspicious absence of 
L n 3 + - N type complexes which have been prepared in aque
ous solution owing to the inability of most N donors to com
pete with H2O for the Ln3 + ions. Complexation of a weakly 
basic N donor could occur only by displacement of strongly 
bound water molecules. The calculated enthalpy of hydra
tion ( - 8 0 0 to - 9 0 0 kcal/mol)27 is indicative of the strength 
of the L n 3 + - O H 2 interaction. Additionally, the large excess 
of solvent molecules makes it even more difficult for the rel
atively small number of N donors to compete effectively. 
Strongly basic N donors, which might otherwise be expect
ed to form strong Ln 3 + -N bonds, generate a sufficient con
centration of hydroxide ion by interaction with water to 
precipitate the highly insoluble lanthanide hydroxides. 

In view of the relatively weak affinity of Ln3 + ions for N 
donors, especially in aqueous solution, it seems unlikely that 
L-Ser will be terdentate through - C O O - , - O H , and - N H 2 

to Ln3 + in solution. It is quite probable, however, that L-Ser 
will be bidentate through the carboxylate and hydroxyl 
groups. The data shown in Figures 8 and 12 can be inter-

AIxIO o 

\ [Eu3Iz[Tb31J=OS 

AI o 

\ [Eu3V[Tb3']-O 

Figure 15. CPL (solid curves) and total luminescence (dashed curves) 
spectra of 1:5 Tb3+-L-alanine (lower spectra) and of 2:10:1 Tb3+-L-
alanine-Eu3+ (upper spectra) in solution at pH 8.3. £(lum) = 
0.133(A///). 

preted in terms of unidentate L-Ser binding between pH ~ 1 
and pH ~ 6 and bidentate L-Ser binding at pH >6.0. Again 
it must be noted that Ln3 + hydrolysis beginning in the neu
tral pH region is expected and that this may also influence 
the spectroscopic observables, A/ and / . The g(lum) values 
observed at various AI and / extrema are of similar magni
tudes in the emission spectra of Tb3 +-L-MaI and Tb 3 + -L-
Ser. However, between pH ~ 3.5 and ~ 1 0 the values of 
both / and |A7) (at extrema in the total luminescence and 
CPL spectra) are about three times greater for Tb3 +-L-MaI 
than for Tb3 +-L-Ser. 

The pH dependence OfTb3+-L-AIa luminescence is illus
trated by the data given in Figures 9 and 13. The sign pat
tern of A/ vs. X remains unchanged throughout the pH re
gion 6.5-8.0, but changes slightly at pH >8.0. The CPL 
signal for Tb3+-L-AIa in solution at pH <6.0 is very weak 
and g(lum) < 1O-5 (for the 7 F 5 — 5 D 4 transition) in this 
pH region. Over the pH range 6.5-8.0, the values of / and 
|A/| (at extrema in the total luminescence and CPL spec
tra) for Tb3+-L-AIa are only about half as large as those 
observed for Tb3 +-L-Ser and only about a sixth as large as 
these observed for Tb3 +-L-MaI. According to arguments 
given earlier in this discussion, L-AIa should be unidentate 
throughout the pH region in which Tb3+-L-AIa remains in 
solution. However, the Tb3+-L-AIa emission/Tb3+ emis
sion data displayed in Figure 13, the rather abrupt appear
ance of observable CPL at pH ~ 6 - 7 (CPL is nil below pH 
6), and the additional changes in the CPL at pH ~ 8 - 9 are 
difficult to explain without invoking chelate formation 
through the carboxylate group and the a-amino group. 

Up to this point we have discussed the emission proper
ties of the Tb 3 + complexes in terms of structural features 
characteristic of discrete, mononuclear species. As has been 
pointed out previously,13 it is quite possible that under alka
line pH conditions Ln 3 + ions and carboxylic acids in aque
ous solution will tend to form dinuclear or polynuclear type 
complexes in which either the carboxylate anions or hydrox
yl ions (or both) act as bridging groups. If in fact dinuclear 
and polynuclear species do form in solution and if both 
Eu3 + and Tb 3 + ions are present, then "mixed" complexes 
containing both Eu3 + and Tb 3 + should result. For example, 
under pH conditions in which both carboxyl groups of 

Luk, Richardson / Carboxylic Acid Complexes of Eu(III) and Tb(IlI) in Solutu 



6674 
L-MaI are deprotonated it is possible that the species [Eu-
0OCCH(OH)CH2COO-Tb]4+ could exist. Another possi
bility is that L-MaI could be terdentate with two of the 
donor groups attached to Tb3+(Eu3+) and one attached to 
Eu3+(Tb3+). For ligands such as L-AIa it is possible that 
"mixed" dinuclear species could be formed by bridging 
Tb3+ and Eu3+ through the -COO - group of the ligand 
and a OH - ion from the solution. Generally, in these 
"mixed" complexes the Eu3+ and Tb3+ ions will be held in 
relatively close juxtaposition for relatively long periods of 
time (that is, long compared with typical lifetimes for "col
lision complexes" formed between weakly interacting solute 
species). Under these conditions one might expect signifi
cant enhancement of energy transfer processes involving 
Eu3+-Tb3+ pairs. 

The energy transfer process, Tb3+(5D,t) + Eu3+(7Fo) ~* 
Tb3+(7Fs) + Eu3+(5Di), purportedly proceeds by an elec
trostatic dipole-quadrupole mechanism with an approxi
mate "critical transfer distance" of 6.9 A (in organic glass 
hosts).28 In liquid solution (as opposed to solid solution, as a 
glass), the "critical transfer distance" might be expected to 
be smaller due to the generally larger number of donor-sol
vent quenching channels available in liquid solution. Elec
trostatic dipole-quadrupole interactions are inversely pro
portional to the eighth power of donor ion-acceptor ion dis
tance. Assuming that enhancement of Tb3+ —• Eu3+ energy 
transfer is directly related to Eu3+-Tb3+ "mixed" complex 
formation, the quenching data plotted in Figures 11-13 can 
be used to follow dinuclear or polynuclear complex forma
tion as a function of pH. The quenching data for Tb3+-L-
MaI-Eu3+ suggest that L-MaI may be able to bind both 
Tb3+ and Eu3+' simultaneously, in a pH region where pre
sumably only one carboxyl group is deprotonated. This is 
possible if both -OH and -COO - can function as donor 
groups at pH <3. Recall that the concentration ratios used 
in the quenching experiments were [Tb3+]/[L-MaI]/ 
[Eu3+] = 1:5:1, so that one would not expect multiple site 
binding on a single ligand at low pH in the absence of some 
fairly substantial driving force. 

The quenching data for Tb3+-L-Ser-Eu3+ suggests weak 
(or little) multiple site binding (or "mixed" complex forma
tion) in the pH range 2.0-6.5, and strong (or extensive) 
multiple site binding or "mixed" complex formation at pH 
> 7.0. In the pH range 2.0-6.5 it is unlikely that dinuclear 
or polynuclear species could form through OH - bridging 
groups; rather, two-site binding (through the -OH and 
-COO - moieties of L-Ser) is more likely. At pH >7.0, how
ever, it is possible that Eu3+ and Tb3+ may be linked 
through combinations of O H - and L-Ser bridging groups. 
There is no evidence of Tb3+ - • Eu3+ energy transfer in the 
Tb3+-L-AIa-Eu3+ system until the neutral pH region 
(where Ln3+ hydrolysis begins) is reached and the forma
tion of "mixed" complexes becomes possible via OH - + 
L-AIa links between Tb3+ and Eu3+. Assuming that the 
a-NHj group is not an effective donor to Ln3+ ions in aque
ous solution, then L-AIa cannot form "mixed" complexes 
through multiple site binding. 

Unfortunately the quenching data presented in Figures 
11-13 do not provide conclusive evidence for the formation 
of "mixed" complexes, or polynuclear, species, as solution 
pH is increased. It is possible that as solution pH is raised 
the solvation sphere of Tb3+ is altered in such a way that 
Tb3+ —* Eu3+ energy transfer can take place efficiently 
through the formation of short-lived and weak collision 
"complexes". The Tb3+-L-MaI-Eu3+ quenching data 
would be difficult to explain on this basis, however. Spec
tra-structure relationships in chiroptical spectroscopy are 
not sufficiently developed (especially for the f-f transitions 
of lanthanon complexes) to permit the direct use of the 

CPL vs. pH data for resolving the questions of mononuclear 
vs. di- or polynuclear complex formation, multiple ion bind
ing vs. chelate formation, and OH - bridged di- or polynu
clear complex formation at neutral and/or alkaline pH lev
els. The CPL reflects rather substantial structural changes 
taking place as solution pH is changed, but it is not possible 
to ascertain precisely what these structural changes are. 

The data presented in Figures 14 and 15 show that Eu3+ 

ions added to Tb3+-ligand solution quench Tb3+ CPL in
tensity and alter the sign pattern of the CPL spectrum in a 
small, but easily discernible, way. The latter observation 
suggests that in Tb3+-ligand-Eu3+ complexes the chiral 
nature of the Tb3+ binding sites is altered. This could arise 
from a change in chelation, conformational changes in the 
ligands, direct interactions between Eu3+ and Tb3+ ions, or 
the formation of entirely new coordination systems in the 
presence of both Tb3+ and Eu3+ ions. 

CPL spectroscopy promises to be a very sensitive probe of 
molecular stereochemistry and electronic structure. From 
the present study, it is clear that CPL signatures are much 
more sensitive to very small or subtle structural alterations 
than are total emission spectra. Additionally, for chromo-
phores such as the Tb3+ and Eu3+ ions examined here, CPL 
is a somewhat more sensitive technique than is CD (with re
spect to the minimum concentrations of chromophore re
quired to achieve acceptable signal/noise ratios in measur
ing A/ or A«). The structural chemistry of Ln3+-carboxylic 
acid complexes in aqueous solution is exceedingly complex. 
The methods of study and data presented here do not pro
vide definitive structural characterizations of these systems, 
but rather contribute information which should be useful in 
future structural studies of these complex species. 
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I. Introduction 

The thermally induced phase transitions in phospholipid 
bilayers are known to involve a change in the state of the 
hydrocarbon chains in the interior of the bilayer. As the 
temperature is raised, the bilayer is transformed from a 
highly ordered "solid" state with the chains in all-trans con
formations to a more disordered "fluid" state with some 
gauche rotations in the chain bonds.48 

In dilute, aqueous, lamellar dispersions of highly purified 
phospholipids, the phase transitions occur at well-defined 
temperatures which depend on the kind of headgroup and 
the length and degree of saturation of the hydrocarbon 
chains.2,3 In lamellar dispersions of lipid mixtures, the tran
sition occurs over a wider temperature range and is accom
panied by the separation of fluid and solid phases of differ
ent composition within the bilayer.4-6 Such transitions have 
also been observed in cell membranes, where they have a 
profound effect on Cell growth rates.7 Evidence is accumu
lating which implicates these transitions in a wide variety of 
biological control systems, including hormone receptor-en
zyme interactions,8 signal transmission in nerves,9 enzyme 
regulation and active transport,10 and biological clocks." 
The medical importance of the physical states of mem
branes and other lipid assemblies has been discussed in sev
eral recent articles.I2~16 

Information about the details of the molecular disor
dering associated with bilayer phase transitions has been 
provided by recent thermal, spectroscopic, and diffraction 
studies. In this paper, we use the results of these studies to 
guide the development of a class of statistical thermody
namic models which describe some aspects of bilayer phase 
transitions and phase separations. The essential element in 
these models is the temperature-dependent balance between 
the energetically preferred solid state, in which the tightly 
packed all-trans hydrocarbon chains enjoy large van der 
Waals stabilization, and the high entropy of the fluid state, 
in which the more loosely packed chains enjoy greater con
formational freedom. 

In explicitly building experimentally derived structural 
ideas into our models, we depart from the path of previous 
theoretical work.17 2I We sacrifice the elegance of ab initio 

terscience, New York, N.Y., 1971, Chapter 5. 
(27) H. F. Halliwell and S. C. Nybrug, Trans. Faraday Soc, 59, 1126 (1963). 
(28) E. Nakazawa and S. Shionoya, J. Chem. Phys., 47, 3211 (1967). 

construction in favor of an approach which should be acces
sible to a wide audience because of its simplicity and which 
may be easily modified to encompass a broader range of 
phenomena. Such statistical thermodynamic models may 
make possible the practical analysis of data within a simple 
conceptual scheme, much as helix-coil models have done in 
the field of protein chemistry. 

Although our work is based on well-established bilayer 
properties where possible, we have had to resort occasional
ly to rather drastic assumptions where the experimental pic
ture remains cloudy or where cumbersome theoretical re
finements seemed premature. These arbitrary elements in 
this work, which will be discussed later in the paper, should 
for the most part yield to straightforward corrections with 
further progress in experiment and theory. 

II. Review of Some Experiments 

We begin by reviewing briefly some experimental find
ings, which leads to the simple structural picture upon 
which our work is based. 

A. Unsonicated Lecithin Bilayers. We consider the case 
of unsonicated lecithin bilayers in which all the hydrocar
bon chains are saturated and of a single length. Prolonged 
sonication produces small vesicles with altered properties22 

which do not necessarily exhibit the phase transition with 
which we are concerned.3 Hence, we shall focus almost ex
clusively on lamellar dispersions in what follows. 

Below the phase transition temperatures Tm of such bi
layers, X-ray diffraction studies show that the hydrocarbon 
chains are all-trans and organized in a two-dimensional 
hexagonal array. The X-ray diffraction pattern indicates 
that the distance between neighboring chains is 4.8 A.23 

Proton N M R of these bilayers shows no high-resolution 
features arising from the hydrocarbon chains.22 The two 
chains of a given molecule may not be entirely equivalent; 
X-ray diffraction studies of the related phosphatidyl etha-
nolamines show that one chain penetrates more deeply into 
the bilayer than the other.24 

As the temperature is raised, calorimetric and volumetric 
studies show that a broad "pretransition" occurs before the 
main transition temperature Tm is attained.3-25 X-Ray dif-
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