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Temperature and Pressure Dependence of Excitation Spectra as a Probe of the Solution
Structure and Equilibrium Thermodynamics of a Eu(lll) Complex Containing a Modified
dota Ligand
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The temperature and pressure dependence offthe> 5Dy and ’F; — ®Dg excitation spectra for aqueous
solutions of Eu(lll) with racemic-tetratcarboxyethyl)DOTA have been measured. Individual excitation and
emission peaks have been assigned to square antiprism (SAP) and twisted square antiprism (TSAP) isomers
of the complex, and the variation of relative peak areas as a function of temperature and pressure have been
used to estimate the enthalpy and volume change associated with the isomer equilibrium. The effects of
temperature on the initial state populations have been treated explicitly, although for the data presented, these
effects are within the uncertainty of the measurement. The results show that the SAP isomer of Eu(ceDOTA)
is the more compact, more ordered, and lower enthalpy structure, consistent with previous NMR experiments
on the differences in the observed rate of water exchange for the isomeric species.

1. Introduction specific probes of chiral structure and structural change. CPL
has been a particularly useful technique for the study of the
Interest in the solution structure, solution dynamics, and strycture and dynamics of complexes of Eu(lll) and Th(lll),
excited-state energetics of aqueous lanthanide complexes igyecause many complexes of these ions are luminescent, and
increasing due to the development of important lanthanide-basedsg|ected intraconfigurational<> f electronic transitions, that

spin and luminescence probes of biological systérdduch obey magnetic dipole selection rules, often show large net
of this recent work has been concerned with lanthanide(lll) ircular polarizatiorf.

complexes with macrocyclic ligands, because these types of
systems often possess large stability constants while allowing
one some control of subtle, but important structural details. For
example, Gd(lll)-based MRI contrast agents require effective
complexation of the metal ion, yet must allow solvent water

The work described here is concerned with the solution
equilibrium between solution isomers of the complex formed
between Eu(lll) and RRRR/SSSS-tetrtefarboxyethyl)DOTA.

molecules to penetrate the first or second coordination sgHere. 0 0" OH, R

The importance of structural isomerism on the rate of water R\Z/ 0
exchange in macrocyclic complexes with potential as MRI \N/k{
contrast agents has also been studied recéntlit has been ( ™~ /__\———O
shown, for example, that the rate of water exchange for the OL'—'('T/ N )
major solution isomer (square antiprism SAP) of lanth- )YN j"
anide(lll) complexes with modified dota ligands is much slower 0 IR
than that measured for the minor twisted square antiprism isomer R y

(TSAP)? A direct correlation between the proportion of ©
TSAP isomer and the water exchange rate has also been Eu(ceDOTA)

observed.

Of special interest to us is the explicit consideration of
chirality in the design of lanthanide-based biological probes. A water of hydration at the “cap” position is also illustrated
Chiral lanthanide complexes have also been the topic of a recentn this drawing. The structure, NMR, and optical spectroscopy
review? Not only does the use of chiral lanthanide complexes  of this particular complex and related isomers have been studied
offer the possibility of increased selectivity toward chiral previously? In particular, it has been shown that when the
biological systems, but also it allows for the exploitation of pendant arms attached to the ring nitrogensate.-substituted,
chiroptical spectroscopic measurements such as circular dichro—,m rotation can lead to interconversion of TSAP and SAP
ism (CD) and circularly polarized luminescence (CPL) as isomers as well as a change in absolute configuratior(

A).% However, for the complex studied here, and for other
* Author to whom correspondence should be addressed. .
t University of Minnesota Duluth. structurally related complexes, the only process that effectively
* University of Durham. interconverts these two isomers at ambient temperatures is
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cyclen ring inversion. This process is illustrated schematically

below.
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In the work presented here, we present a number of
wavelength selective excitation and emission measurements
which are analyzed in terms of the structure and thermodynamics
of the two isomers. Temperature and pressure dependence of
the excitation spectra are presented and described, and com- ‘ "
parison of the results reported here with previous work is given. 5775 5785 5795 5805

Wavelength (nm)
2. Experimental Section Figure 1. 7F, — 5Dy excitation spectra for a 0.01M aqueous solution

Eu(lll) complexes with 1,4,7,10-tetrakis{carboxyethyl)- of Eus(gsDOT_A)-ghe luminescence was monitored at 589.5 nm in (A)
1,4,7,10-tetraazacyclododecane [Eu(ceDOTA)] were synthesizeda n nmin (8).
as previously describedSubstitution of the pendant arms of
the dota ligand yields four chiral centers. The results presented
here are for the complexes in which the chirality of all four
chiral centers are the same (RRRR) or (SSSS). A 0.01 M
solution of [Eu(ceDOTA)] was prepared by dissolving weighed
amounts of the solid compound in deuterated water, and the
pD was adjusted to approximately 6 through the addition of
NaOH/D,O. All measurements were performed in quartz
fluorescence cuvettes with a path length of 0.4 cm.

Excitation and emission measurements for the Eu(lll) com-
plex were accomplished by using a Coherent-599 tunable dye
laser (0.03 nm resolution) with a Coherent Innova-70 argon ion  As indicated above, an aqueous solution of Eu(ceDOTA) has
laser as a pump source. The laser dye used in all measurementseen shown by NMR techniques to contain SAP and TSAP
was rhodamine 6G dissolved in ethylene glycol. Calibration of structures in approximately a 1:4 ratioEvidence for the
the emission monochromator (and subsequently the dye lasempresence of two species in solution may also be obtained from
wavelength) was accomplished by passing scattered light from high-resolution luminescence methods. In Figure 1 we show
a low-power He-Ne laser through the detection system. The two excitation spectra for a Eu(ceDOTA) solution; in (A) the
error in the dye-laser wavelength is assumed to equal theemission was monitored at 589.5 nm while the dye laser was
resolution of the emission monochromator (0.1 nm). The optical scanned through the region of tH& — 5Dy absorption, and in
detection system consisted of a focusing lens, long pass filter, (B) the emission was monitored at 587.0 nm. It is clear that
and 0.22 m monochromator. The emitted light was detected by these different emission peaks are associated with excitations
a cooled EMI-9558B photomultiplier tube operating in photon- associated with different solution species. This can also be seen
counting mode. Verification that the solution prepared from this in the data presented in Figure 2 where the luminescence of
ligand was indeed a racemic mixture was made by measuringEu(ceDOTA) is measured following excitation of the two
the circularly polarized luminescence following circularly observed’F, — 5Dg absorptions at 579.4 nm (A) and 579 nm
polarized excitation using an instrument described previddsly. (B). The two spectral regions shown correspond to°be—
Variation of the excitation polarization from right to left circular  “F; (left) and>Do — F4 (right) transitions. Comparison of these
polarization produced an oppositely signed CPL result of equal results with the luminescence and NMR spectra recorded for
magnitude as expected for a racemic mixture. For temperature-related complexes allows one to associate the different peaks
dependent experiments, the temperature of the sample wasn the excitation and luminescence spectrum with the individual
controlled by placing a 1.0 cm cuvette inside an anodized isomers. The spectra labeled (A) in Figures 1 and 2 correspond
aluminum cell jacket which was connected to a NESLAB RTE- to the twisted square anti-prism structure (TSAP), and (B)
101 circulating temperature bath, and monitored by placing the denotes the square anti-prism (SAP) isomer. The difference
temperature probe (Fisher calibrated to 0C) in the sample between the two excitation peaks (0.4 nm) is somewhat larger
compartment before and after each measurement. The circulatiorthan that seen for isomers of several Eu(lll) complexes with
fluid was water. The connections from the circulator to the tetraamide-DOTA ligands (0.12-0.25 nm)!! and only slightly
aluminum cuvette jacket were insulated to help maintain less than has been ascribed to a simple hydration equilibrium
consistent temperatures. Measurements of excitation spectra af0.5 nm)*2
greater than atmospheric pressure were accomplished in a These two isomers both possess approxinGatsymmetry.
custom-made stainless NOVA-SWISS high-pressure liquid cell In C; symmetry the] = 1 state transforms as A E; however,
with three sapphire windows. The sample capsule consisted ofallowing for distortions away fromC,, there should be a
a modified 10 mm cylindrical glass tube fitted with an aluminum maximum of 3 crystal field levels. It is, in fact, possible to fit

piston with two O-rings. The solution sample is placed into the
capsule, which is then placed inside the high-pressure cell block
already filled with water, which acts as the hydraulic fluid. The
high-pressure cell is then pressurized to a fixed static pressure
and monitored using a Enerpac hydraulic hand pump and gauge.
Before and after each excitation scan, the laser intensity was
recorded in order to correct for any incident intensity fluctua-
tions.

3. Results
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Figure 2. Luminescence spectra for a 0.01 M aqueous solution of
Eu(ceDOTA). Excitation was accomplished at 579.4 nm in (A) and
579 nm in (B). The spectral regions shown correspond to'Fae—

5Dy (left) and’F4 < 5Dy (right) transitions of Eu(lll).
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Figure 3. A portions of the approximate Eu(lll) energy level diagrams
for the SAP and TSAP isomers of Eu(ceDOTA).

the Do — ’F; excitation spectra to a sum of three pure
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ature range available in agueous solutions. Due to the low-lying
’F, crystal field states for the Eu(ceDOTA) isomers, we
undertook an analysis in which the explicit temperature depen-
dence of the initial states was taken into account.

We consider the equilibrium depicted in eq 1 between the
two structural isomers of Eu(ceDOTA). We rewrite this equi-
librium as follows:

SAP — Eu(ceDOTA)< TSAP— Eu(ceDOTA) (2)
For a particular absorption(excitation) transitior-ne, we can
relate the total concentratio, of each species to the area,
Are of the peak associated with the transition as follows:

Cond rS]AP(T) = k'%Xe n;S Craadf 'T'SAP(T) = @gﬁ ng/ip ©))

wherek™¢is a proportionality factor, antl’ denotes the fraction
of molecules in the initial state n at temperatufe The
equilibrium constantkKeq, may then be expressed as

n—e ¢n

_ [TSAP — Eu(ceDOTA)] _ krsa

TSAP' SAP (4)
®  [SAP—Eu(ceDOTA)]  KIeAl &0
and it follows that
kn—'e n—e n
In Kgq=IN—2¢ + In— 22 — In— (5)
SAP AP SAP

We assume here the energy levels given in Figure 3. Assuming
a simple Boltzmann distribution, we can write the following
expressions for the fractional populations:

B =t f0=-1 6

[Fal Tsne Zepp P Zrsap ©)

(F - exp(EsydKT) 1, _ exp(-ErsyKT)
1 SAP ZSAP TSAP ZTSAP

(7)

where 1a denotes a particular crystal field state, and the partition
functions are given as

3 3

Zspp= Z) exXp(-EsadKT)  Zrgap= Z exp(~ErsadkT) (8)

The sum runs over all four of tH&, and’F; states. The enthalpy
associated with the equilibrium depicted in eq 1 may be related
to the temperature dependence of the equilibrium constant as

Lorentzian line-shapes and to determine the approximate follows:

location of the various energy levels. The peak positions derived
from the curve-fitting are presented in Figure 3. It should be

noted that the lowestF;-derived crystal field level (denoted
1a) of the SAP isomer is unusually low in energy (235 ém

AH
R

(aln Keq) B 9
M Jo ®)

when compared to other Eu(lll) species. This state is signifi- We assume here that the proportionality constakfsare
cantly populated (32%) at room temperature; the lowest crystal independent of temperature, so that 65 — °Do excitation

field level of the TSAP isomer (290 cr) is 25% populated at
room temperature.

There have been several reports in which the temperature

dependence of thdé, — 5Dy excitation spectra have been used

to probe the solution equilibrium thermodynamics of several
Eu(lll) complexes:3-16 In these previous studies, it was assumed

that the relative populations of th&, states did not change
significantly with temperature in the relatively narrow temper-

measurements
d1n Keq= 9 [In Alsap _Hn(ZTSAP)
a(1m  a(m)| | AL Zspp
RO
=T@m rﬁ)n (10)
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Figure 4. "Fo — °Dg excitation spectra for a 0.01 M aqueous solution of Eu(ceDOTA) at different temperatures. The emission was monitored at
614 nm. The dashed lines are the result of curve fitting the spectra to a sum of two Lorentzian peaks.

and for’Fi4 — 5Dg excitation measurements 0.76 <
~
9InKgq 9 Atsap | exp(ErsadKT)/Zrsap 0.68 1 o AN AH = +7.5 kdimole
= —1In
oM BT ] ey exXpEgag/kT)/Zspp 0.60
! 1 1 =)
_ 9 Arsap Zrsap| | Ersar — Ecap S 052 4
=_——In +1n + z v
o@m)| \A2 2 o kT b
) 0.44 -
_RTm )
(LM 0.36 -
Therefore a plot oR*9(T) or R*"9(T), as defined in egs 10 0.28 , ; : , <
and 11, allows one to estimate the enthalpy from a linear least- 288 2.96 3.04 3.12 3.20 3.28 3.36

squares determination of the slope. -3 -1
qIn Figure 4 we plot severaWFop—> 5Dy excitation spectra 1/Temperature (107 K™')
measured at different temperatures. For these measurements;igure 5. Plot of R™"(T) versus inverse temperature. (See eq 10 and
the luminescence was monitored at 6815 nm, corresponding 20 o <0G R REERE 18 TR e ined whan the
to the Strong emission associated .Wlth ?D@—.’ 7F2 transitions difgfjerential'temperature dependence of the initial state population is
for the two isomers. The dashed lines in this figure correspond neglected.
to curve fits accomplished using Jandel Peak Fit. The peaks
were assumed to be pure Lorentzian in shape, so only the peakplot several’F; — 5Dy excitation spectra covering a range of
position and Lorentzian width were varied. As can be seen, temperatures. The areas of the fairly well-separated Lorentzian
although the excitation peaks corresponding to the two isomerspeaks at 587.0 nm (SAP) and 589.5 nm (TSAP) were deter-
are not resolvable, it is clear that the equilibrium shifts toward mined, and a plot of the quantity in brackets in eq 11 versus
the TSAP isomer as temperature increases. In Figure 5 we plotinverse temperature is given in Figure 7. Again, the dashed line
the quantity in brackets in eq 10 versus inverse temperature inin this figure corresponds to the neglect of the temperature
order to determinéH for this equilibrium. The dashed line in  dependence of the initial state population. From least-squares
this figure shows the results obtained when the differential fitting of these results we obtain a value $6.9 kJ/mol. The
temperature-dependent population effects are neglecteddie., effect of the full temperature-dependent analysis is more
= zrsap)- As can be seen in this plot, inclusion of the variation important for excitations originating from this thermally excited
of initial state thermal population with temperature in this state, but the overall result is within the error associated with
analysis has only a small effect on the slope. Substitution of the curve fitting procedure0.5 kJ/mol).

the slope from this graph into eq 9 yields a valuetof.5 + It is interesting to note that the effect of temperature-
0.5 kJ/mol forAH. dependent initial state populations on the analysis presented here
Because we are able to identify specific peaks in"the— is opposite for the two excitation spectra. Since the energy

5Dy excitation spectrum with individual isomers, it is also difference between the lowest-lying crystal field state ) of
possible to perform an analysis similar to that described above,the SAP isomer is less than for the TSAP isomer, increasing
using peak areas from curve fits of these peaks. In Figure 6 wetemperature will decrease the population of tirg state of
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Figure 6. 7F; — 5Dg excitation spectra for a 0.01 M aqueous solution
614 nm.

0.26

AH = +6.9 kJ/mole
0.10

-0.06 -

RO—)1a(T)

-0.22 -

-0.38 -

-0.54 T T T
280 288 296 3.04

312 320 328 336 3.44

1/Temperature (10'3 K'1)

Figure 7. Plot of R9(T) versus inverse temperature. (See eq 11 and
text.) The solid line represents the result of a linear least-squares
regression, and the dashed line is the result obtained when the
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of Eu(ceDOTA) at different temperatures. The emission was monitored at

TABLE 1: Summary of Thermodynamic Results for SAP <
TSAP Equilibrium

Eu(ceDOTA} Eu(DOTMAM)P
Keg ~4 3.3+0.1
AH (kd/mol) +7.54+ 0.5 (0— 0) —3.7+1
+6.94 0.5 (1la—0)
AS(I/mol/K) +33+2 —2.6+3
AV (cm?/mol) +254+0.1 +1.74+6

aThis work (see text)? Ref 6 using NMR techniques.

constant to the peak areas as follows:

Kl _[o nA?QXP _ AV a3
P P\ AT RT

so thatAV may be determined from a plot of the logarithm of
peak area ratios versus pressure. In Figure 8 we plot several
"Fo — 5Dy excitation spectra at different pressures. The dashed

differential temperature dependence of the initial state population is lines in these spectra are the results of curve fits to Lorentzian

neglected.

line-shapes. As seen in these results, increasing pressure results
in a small shift of the equilibrium in favor of the presumably
more compact SAP isomer. In Figure 9 we plot the results of a

the SAP isomer more than the TSAP isomer, and Correspond'series of curve fits in order to determideV/ using eq 13. A

ingly increase the population of thE;, state of the SAP isomer

linear least-squares fit to these data results in a value2ob

more than TSAP isomer. This effect can be seen in the slopescng/mol. A summary of the numerical results including error

of the least-squares lines in Figures 5 and 7.

estimates are given in Table 1.

Useful information concerning structural differences between

the two isomers in equilibrium can also be obtained from
examination of the pressure dependence of the excitatio
spectrd®1” The pressure dependence of the equilibrium
constant is related to the difference in molar volum#, by
the following relationship:

(3 In Keq) _
=

P
As shown previously? under the assumption that the propor-

AV
RT

(12)

n4. Discussion

The results presented above show that for the Eu(ceDOTA)
complex, the SAP isomer is the more compac¥/ (= Vrsap —
Vsap > 0), and has the lower enthalpyAli > 0). The
equilibrium constant for eq 1 has been estimated from NMR
studies to be approximately’4jsing this value and the enthalpy
result, one can calculate a value-683 J/K/mol for AS. One
concludes, therefore, that the SAP isomer is also the more
ordered of the two structures. Although appropriate care must

tionality constants given in eq 3 are independent of pressure,be taken in interpreting these equilibrium results in terms of a
one can relate the pressure dependence of the equilibriumkinetic process, these data are consistent with the experimental
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Figure 8. "Fo — 5Dy excitation spectra for a 0.01 M aqueous solution of Eu(ceDOTA) under conditions of different solution pressures. The
emission was monitored at 614 nm. The dashed lines are the result of curve fitting the spectra to a sum of two Lorentzian peaks.

0.44 sponding changes seen in NMR experiments for Eu(DOT-
s MAM), leading to values with much less uncertainty.
AV =+2.5 cm“/mole
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Figure 9. Plot of In(Arsar/Asap) versus pressure (see eq 13 and text).

) ' ; As discussed above, inclusion of the temperature dependence
The dashed line represents a linar least-squares fit to the data. ' P P

of the initial state populations did not significantly alter the value
for enthalpy determined for Eu(ceDOTA), because the major
uncertainty in the data and analysis presented here is the error
associated with the curve fitting. Depending on the different
t Circumstances, however, this effect can be significant. If one
'was interested and able to calculate the equilibrium constant
from these optical absorption or excitation measurements for
Eu(ceDOTA), for example, the error in ignoring the Boltzmann
distribution would be approximately 6% at room temperature
it using the”Fy — 5Dy transition, and 20% if using thé~; —

5Dy spectra. At 80°C the errors would be 8% and 30%,
respectively. Obviously, for equilibria involving species in which
the crystal field levels are not that different, the effects would
be much smaller, and it would also be more difficult to resolve
and associate peaks with the different structures.

observation that the TSAP complex of Eu(ceDOTA) exchanges
water approximately 50 times more rapidly than the SAP
isomer? It makes sense that the less ordered, less compac
slightly higher energy structure is able to exchange water
molecules more easily.

These results should be compared with previous NMR
measurements at various temperatures and pressures on a relat
Eu(lll) complex with theo-substituted tetraamide dota derivative
(DOTMAM) given below. For this species, Dunand ef atport
the values that are also listed in Table 1. Although the
equilibrium constants for the two species listed in Table 1 are
approximately the same, the equilibrium thermodynamic quanti-
ties are quite different in sign and magnitude. Particularly
noticeable is the large difference ASbetween the two systems.
This is not surprising since the pendant arms on the Eu-
(ceDOTA) complex have a significantly larger number of
available conformations in a slightly disordered complex. It is
certainly the case that the changes in optical spectra seen fo
the Eu(ceDOTA) complex, are more evident than the corre- (1) Parker, D.Coord. Chem. Re 200Q 205, 109.

Acknowledgment is made to EPSRC (D.P.) and the Uni-
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