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The structural properties of the Eucomplexes of three lower-rim functionalized calix[4]arenes have been
investigated by means of molecular dynamics (MD) and free energy perturbation Monte Carlo (FEP-MC)
simulations in OPLS acetonitrile. Ligarid having four 2,2bipyridine-5-methyl groups on the lower rim,
complexes E% tightly with all four bipy (2,2-bipyridine) moieties as bidentate ligands. Additionally strong
support is raised for the binding of one counterion (nitrate) in the first coordination shelPof Eigand?2,

having four 2,2bipyridine-6-methyl groups on the lower rim, shows less strong binding &f.Ein fact,

only three of the four bipy moieties are coordinated to th& Eahich are likely to be in dynamic equilibrium.

It is predicted that two nitrate ions are also coordinated and maybe one acetonitrile. These calculations
support the explanation that this complex has a lower quantum yield of sensitized emission compared to
system1-EW*" due to the fact that the bipy ligands interact less strongly with th& Bad therefore will

have a reduced “antenna” effect. The interaction between the bipy ligands and*thdefermines, among
others, the quantum yield of energy transfer. A factor also relevant to the quantum yield is the symmetry of
the crystal field, which can be assessed by simulations but is not easily quantified. Calculations on the
complex of3, having three 2,2bipyridine-5-methyl groups on the lower rim, with Eushowed an artifact

of the MD protocol, which was revealed by FEP-MC calculations and confirmed by some additional MD
calculations. The structure 8fEL*™ most likely has one monodentate and one bidentate nitrate coordinated
to the Ed" besides the three tightly bound bipy moieties. This study shows that in general long MD simulations
are needed.

Introduction CHART 1

The luminescent properties of lanthanides, especial§ Eu
and TB*, attract a lot of interest due to their potential
applications as fluoroimmunoassady<age-type multidentate
ligands are intensively studied, for they are in principle able to
form kinetically stable complexes, in addition to shielding the ‘ O
lanthanide from the environment (most often water or methanol).
The shielding from OH-containing ligands is important because
the OH oscillator is a very efficient quencher of the excited
lanthanide iorf. Among others, cryptandspislariat crown =N N
ethers! podands,and calix[4]arenes-derived multidentate ligéhds 1,R1=R2= W R3=tBu
have been studied. One characteristic of the 4f transitions in —
trivalent lanthanide ions is their low extinction coefficient, which
makes them intrinsically inefficient as luminescent probes. To =N N
overcome this disadvantage, “light harvesting” (organic) chro- 2RI=R2= 4
mophores, with large extinction coefficients, can be attached —
to the complex, which should transfer energy to the lanthanide N N
ion (the antenna effect). Sometimes 2,2bipyridines (bipy) or 3R __<i>__<:\>_/ R2=n-Pr
phenanthrolines are used, which act both as bidentate and as ' N — R3=t-Bu
light harvesters.

The calix[4]arene-based cagks8 (Chart 1) have been studied
in a collaboration of the groups of Sabbatini, Ungaro, and
ZiesseB Although this is not the place to give an extensive
exposeof their results, a few remarks are made that are relevant
for the discussion. Contrary tband3® no solid complexes of

OR2 OR1

R3=H

2 could be isolated, indicating that the connection of the four
bipy (2,2-bipyridine) moities via the 6-position is less favorable.
It was, however, shown that 1:1 complexes wit#Eand Ti5+
were formed in acetonitrile. Despite the fact that the complex
2-Eu®" has a large extinction coefficienén(ax = 50 000 M1
cmY), a very low quantum yield was obtained 1%). This
"Tel +31 53 4892987 fax +31 53 489464S; e-mail F.C.J Mvanveggel@ V@S explained by a smaller Eu-bipy interaction compared
ct.utwent.nl. to the other systems studied. Some comments will be made
® Abstract published ifAdvance ACS Abstractddarch 15, 1997. about this explanation. The best result were obtained-feu,
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having a quantum vyield of 15%. All complexes were studied
as their nitrate salts in dry acetonitrile.

Although modern simulation techniques, like molecular
mechanics (MM) and dynamics (MD) and Monte Carlo (MC),
are matur® now, not many studies have appeared in which
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1028 OPLS CHCNSs. In simulations with one nitrate it was
placed at 10 A from the Bt along the long axis of the complex;
if a second and a third nitrate were included, they were placed
along an axis orthogonal to the long axis of the complex with
the origin placed at the B, also at 10 A distance. The system

trivalent lanthanide complexes are dealt with!® Calix[4]- of EW" and three nitrates was treated accordingly. Solvent
arene-derived cages for Ehions have been studied by Wipff  molecules that overlap with the complexes and nitrates were
and co-worker® and this authd? and showed that information  removed (based on heavy atom interatomic distam@8 A).
can be extracted from these simulations that make interpretationThis in general resulted in removal of one acetonitrile per three
of the experimental results easier and that occasionally predic-non-hydrogen atoms of the systems under study. Full periodic
tions can be made. A complication of the theoretical study in boundary conditions were imposed. This was done by making
this article is the fact that the behavior of the counterions 26 images in thetx, +y, and+z directions. Before running
(nitrates) is not entirely known. The counterions are normally the MD simulations the system was minimized by steepest
discarded in theoretical studies, but they have been studied todescent, in order to remove the worst contacts, until the rms on
some extent by this authidrand otherd? They will be dealt the energy gradient was1.0 kcatmol~1-A~1 or a maximum
with in detail and where possible a confrontation with experi- of 1000 steps was reached. During the simulation the non-
mental observations will be made. An issue that is beyond doubt bonded list was updated every 20 time steps with a cutoff of
the most difficult is how the electrostatic interactions should 12 A. Unless otherwise stated, the van der Waals interactions
be treated. It is well documented that the way they are treatedwere treated with a switch function between 10 and 11 A,
can have a large effect on the outcome of the simulafiéns. whereas the shift function was applied to the electrostatic
Unfortunately, polarization effects are not included in most interactions (cutoff 11 A). See the Results and Discussion
current force fields. section for different treatments of the nonbonded interactions.
In this paper a systematic study is presented on the role of A constant dielectric constant and aof 1 were applied. The
the counterions, and the following points will be addressed. system was heated to 300 K in 5 ps, followed by 10 ps
Firstly, the representation of the Euion will be described.  equilibration with scaling of the velocities within a temperature
Secondly, the shielding of Bt by the ligandsl—3 will be window of 1¢°. After equilibration no scaling of the velocities
presented, without counterions and with bound counterions. was applied. The production phase consisted of 510 ps,
Thirdly, simulations will be described in which the counterions and coordinates were saved every 200 time steps (NVE
are initially not bound but free to diffuse to the Euwcomplex. ensemble; no systematic deviation from 300 K was observed).
These calculations showed that certainly one nitrate is coordi- The verlet/leapfrog algorithm was used for the numerical
nated to the Et. They also provide a possible explanation intergration. The SHAKE algorith# on bonds involving
why Ilgand2 behaves so poorly. Forthly, the effect of di:fferent hydrogen was app”ed, a||owing a time step of 1 fs.
Clﬁ'tOffS IS d_|scussed fpr ligantl From the MD calculations, Free energy perturbation Monte Carlo (FEP-MC) simulations
with .eXp“(.:'t solvent, it also became_ apparent that the act_ual were performed with the BOSS program. Details are as
species might not b‘? _observed, evenin quite lengthy SI"_1LJI"J‘t'c’r'sfollows. The appropiate-matrices were constructed from the
(400-500 ps). A critical assessment of this drawback is made minimized structure o8-EW#++2NO;~, having the two nitrates

vi_a_ free energy pe_rturbation MC c_alcylations a_m_d some ad- as monodentate, and from a snapshot from the MD simulation
ditional MD simulations of E&(NO;")s in acetonitrile. of 3-Ew¥™-2N(Os~, having one nitrate as monodentate along the
long axis of the complex and the other nitrate as bidentate. The
nitrate coordinated from the side was perturbed into an aceto-
Initial structures as well as visualizations were carried out Nitrile. A bond shrinkage to 0.5 A between the initial nitrogen
with Quanta/CHARMm 3.35 The MM and MD calculations ~ and the “disappearing” oxygen atom was applied in order to
were run with CHARMm 23.0 Parameters were taken from avoid a singularity! A linear coupling parameter is used
Quanta 3.3, and point charges were calculated with the chargewithout decoupling of the van der Waals and electrostatic
template option in Quanta/CHARMm. The ligands were forces?? All methyl and methylene groups were treated as
charged to 0, with a small “excess” charge smoothed to nonpolarunited atoms. The point charges were the same as in the MD
carbons and hydrogens. The europium cation was represente@gimulations, but the charges on the hydrogens of the methyl

Experimental Section

as a calcium ion with a point charge &f3. The Lennard-
Jones parameters of &a(Rnin = 3.488 A ande = —0.060
kcal/mol, as implemented in Quanta/CHARMmM %)3in
combination with thet3 point charge have been applied (see

and methylene groups were added to the parent carbon atom.
The Lennard-Jones parameters were taken from the BOSS
parameters file in order to be consistent with the combining
rules. The Lennard-Jones parameters fot'Buere the same

Results and Discussion Section). The nitrate ion was chargedas above. The complexes were placed along the long axis of a
to —1, resulting ingo = —0.598 andjy = 0.79417 The starting rectangular box of 28.% 28.9 x 43.3 A, initially filled with
structures were minimized by ABNR (adopted basis set newton- 400 OPLS CHCNs. Based on the worst interaction energies
raphson) until the rms (root mean square) on the energy gradient40 molecules of acetonitrile were removed at the start of the

was <0.01 kcaimol-2:A-1, No cutoff on the nonbonded
interactions was applied. A constant dielectric constant with
ane of 1 was used.

Details of the MD simulations were as follows. The
minimized complexes, without counterions or with coordinated
counterions, were placed in a cubic acetonitrile box of ap-
proximately 29 A dimensions, filled with 267 OPLS @ENs18
The simulation of E&" in acetonitrile was treated accordingly.
Simulations of minimized complexes without coordinated
counterions but with “free” counterions were run in cubic
acetonitrile boxes of approximately 45 A dimensions, filled with

simulations. A cutoff of 11 A was used for the nonbonded
interactions, which were quadratically smoothed to zero between
the cutoff and the cutof-0.5 A. The ligand3, the Ed*, and

the two nitrate ions were sampled independently. Translational
and rotational sampling was not applied to the ligand, but 12
dihedrals were sampled {8C—0O—CH,, C—O—CH,—C=, and
O—CH,—C=C for the three bipy bearing phenyl rings and
C=C—0—CHj,, C—O—CH;—CHj, and O-CH,—CH,—CHs for

the remaining phenyl ring of the calix[4]arene; all with a
sampling range of 15 resulting in an acceptance ratio of about
15%). The translational sampling range ofEwas only 0.03
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A, which gave an acceptance ratio of about 15%. The
translational and rotational ranges for the two nitrates were
automatically adjusted to give an acceptance range of abeut 40
50%. The perturbations were carried out in five double-wide
windows or in 10 double-wide windows. All calculation were
equilibrated for 1 million configurations, followed by averaging
over 2 million configurations in the NPT ensemble at 1 atm
and 298 K. Full periodic boundary conditions were imposed.
This was done by making 26 images in th&, +y, and +z
directions. The perturbation of nitrate into acetonitrile was done
similarly, in a cubic box of OPLS C¥N of 28.9 A dimensions.
As a lower bound estimation of the error, the deviation from
the average of 2 times 1 million is taken.

Results and Discussion

This section is divided into the following subjects. Firstly,
the parameters for the Euion are described. Secondly, the
behavior of the complexes without nitrates and initially coor-
dinated nitrates is presented. Thirdly, the effect of initially
unbound nitrate(s) is discussed. The large influence of the way
the nonbonded interactions are treated is also included. The
results given in this section raise the question for com@ex
whether one or two counterions are bound to thé"EuTo
address this point, free energy perturbation monte Carlo (FEP-
MC) simulations have been performed, which indicated different
structures. Some additional calculations have been carried out
to confirm the predictions based on the FEP-MC results.

The Parameters of Ef*. The interactions of trivalent
lanthanide ions with ligands are essentially non-directional
electrostatic bond® The Lennard-Jones parameteRyf, =
3.488 A ande = —0.060 kcal/mol) in combination with &3
point charge give a correct solvation shell of3Eun OPLS
methanolt® The calculated radial distribution function
(Ewdt---MeOH(O)) from a 50 ps MD simulation shows the first
coordination peak at approximately 2.3 A. This peak integrates
to 7.5 oxygen atoms, which corresponds well with the experi-
mental value of 7.1+ 0.5 determined by Horrocks and

co-workers?* More details can be found in ref 13.

Complexes without Counterions and with Initially Bound
Counterions. Tetrakis(bipy)-calix[4]arenél. The minimized
structure of the Ef complex of the tetrakis(bipy)-calix[4]arene
1is shown in Figure 1a and shows the four bipy moieties to be
coordinated in the expected bidentate fashion®{EeNy, =
2.39-2.48 A). The interaction energy between the ligand and
the EJ" is very favorable {864.3 kcal/mol) and is clearly
dominated by the electrostatics (Table 1).

Visual inspection of the van der Waals representation
indicates that the europium ion is well shielded from the

FANS

e

Figure 1. (a, top) Minimized structure ofl-Ew*. The Ed" is
represented as a black circle, and the pyridine nitrogens are in gray.
Hydrogens are omitted for clarity. (b, bottom) Snapshot from the MD
of 1-EW** in acetonitrile. The E¥ and the weakly coordinated GEIN

are in black, and the pyridine nitrogens are in gray. Hydrogens are
omitted for clarity.

A). This slightly different coordination environment is also
reflected in the interaction energy between the ligand and the
Euwt (—821.8 vs—864.3 kcal/mol in1-Eu?t, Table 2). This

environment, but it has recently been shown that this may be small loss is, however, more than compensated by the interaction

very misleading due to the fact that no competition with solvent
molecules is preseft. Therefore, the complex was dissolved
in a cubic box of OPLS acetonitrif§,and an MD simulation

of 50 ps was calculated. A snapshot from this simulation is
shown in Figure 1b. One molecule of acetonitrile is approaching
the ion with the cyano group first at a relatively long distance
(Ewt--:NCCHs = 4—5 A). Apparently the interaction between
the europium ion and the acetonitrile is too weak to induce a

conformational change such that it can enter the first coordina-

tion shell. This simulation suggests that a counter ion (i.e.

between the Eli and the nitrate{315.4 kcal/mol). The MD
simulation (50 ps) of this complex in acetonitrile did not show
any major conformational changes due to interactions with the
solvent (Figure 2). Although this simulation indicates that one
nitrate is likely to be coordinated to the Euit might however

be purely coincidental. The release of the bound nitrate might
be not observed due to a too high barrier or due to the small
length of the calculation. This point will be addressed further
below. The observed nine coordination of3Eus generally
observed for ligands offering eight or nine donérs.

nitrate) might induce a conformational change because the Tetrakis(bipy)-calix[4]arene2. The Ed" complex of the

(electrostatic) interaction with the europium ion is much

tetrakis(bipy)-calix[4]arene2 was minimizedin vacuo and

stronger. Therefore, a nitrate was placed at the position of the shows (see Figure 3) the four bipy moieties coordinated to the

acetonitrile molecule, followed by minimizatiom wvacua
Besides the bidentate coordination of the four bipy moieties
(Eu3t---Npy, = 2.42-2.78), the nitrate is coordinated as a
monodentate in the first coordination shell fEu-NOs;™ = 2.23

EW* ion (EW*++:Npy = 2.36-2.60 A (4x), 3.09 A, and 3.15

A), in a propellar-shaped arrangement. These distances are
certainly longer than fot-Ew®* and indicate that the connection

of the bipy moities via the 6-positions is less optimal for a tight
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TABLE 1: (Interaction) Energies of the Gas-Phase

Minimized Structures (kcal/mol)

Esum = Evaw
1-Ew* Etotal —733.66 —850.06 48.42
Enost 130.65 63.06 —0.40
Einteractiod —864.31 —913.12 48.82
1-Ew"NO;s~ Etotal —930.26 —1047.80 43.84
Enost 108.95 45.17 —2.25
Einteractio® —821.84 —855.62 33.79
Einteraction —315.40 —323.97 8.58
2-Ewt Etotal —537.30 —696.98 49.17
Enost 59.85 —28.04 13.40
Einteractiona _63315 _66894 3577
3-Eudt Etotal —645.32 —756.12 50.38
Enos: 47.30 963 -22.76 Figure 3. Minimized structure oR2-Ew*". The Ed" is represented as
_ Einteracion —692.62 —765.75 73.14 a black circle, and the pyridine nitrogens are in gray. Hydrogens are
3-EL¥":NO3 Etotal —706.52 —948.01 48.96 omitted for clarity.
Enost 186.66 0.05 1.24
Einteractiot —665.85 —703.89 38.04
Einteractio —338.25 —340.95 2.69
3-EU¥T2NOs~ Etotal —760.92 —1023.39 100.99
Enost 287.10 110.51 29.45
Einteractiod —553.26 —623.26 70.0
Einteraction —570.45 —572.28 1.83

aBetween the ligand and the £uP Between the Etf and the

nitrate(s).

TABLE 2: Coordination Distances of Gas-Phase Minimized

Structures (A)

EWtNp EW*NOs (0) Ewt--NOs; ()
1-Ew* 2.39-2.48
1-EWNOs~  2.40-2.76 2.23
2B 2.36-3.15
3Ewt 2.31-2.32
3EWNO;  2.35-2.51 2.55/2.55
3EWH2NOs  2.35-251 2.61 2.54
2.61

van Veggel

22.36-2.60 (6x), 3.09, 3.15.

Figure 2. Snapshot from the MD df-Ew**-NO;™ in acetonitrile. The
Ew* and the coordinated NQare in black, and the pyridine nitrogens

. N P Lo
are in gray. Hydrogens are omitted for clarity. Figure 4. (a, top) Minimized structure of3-Ew?*. The Ed* is

represented as a black circle, and the pyridine nitrogens are in gray.

I L I . . Hydrogens are omitted for clarity. (b, bottom) Snapshot from the MD
binding. This is also indicated by a much smaller interaction 5.5+ in acetonitrile. The Et and the coordinated GENs are

energy bgtween the Iigand and the’E—633.2 VS__864-3 in black, and the pyridine nitrogens are in gray. Hydrogens are omitted
kcal/mol in 1-Ew3*). This complex has only be subjected to a for clarity.

simulation with three, initially free nitrates and is discussed

below. can accommodate three molecules of acetonitrile in the first
Tris(bipy)-calix[4]arene3. The minimized structure of the  coordination shell; two strongly bound acetonitriles at 2458

europium complex of tris(bipy)-calix[4]aren® is shown in 0.12 and 2.63k 0.14 A, respectively, and one weakly bound

Figure 4a, showing the three bipy moieties in the expected acetonitrile at 4.51 1.14 A. The three bipy moieties stayed

bidentate fashion (Bd--N,y = 2.30-2.32 A). The MD as bidentate ligands (Table 3; see Figure 4b for a snapshot).

simulation (50 ps) in acetonitrile shows that the europium ion  This coordination shell raises the question whether one or
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TABLE 3: Averaged Coordination Distances and Standard Deviation (in Parentheses) (in A) in the MD Simulations

rurf EW+e+*Npy Ew*-+-NO; (O) E?*+--NOs~(O) EW++--NCCHs(N)
11-E* 2.38-2.55 (0.05-0.09) 4.98 (0.03)
2 1-EW+NOs~ 2.43-2.82 (0.05-0.17) 2.24 (0.06)
31-EW + NO;~ @ 2.42-2.82 (0.05-0.19) 2.24 (0.06)
41-E + NOg b 2.41-2.85 (0.05-0.14) 2.22(0.04)
51-EW + NO; ¢ 2.40-2.74 (0.05-0.21) 2.24 (0.05)
6 1-EW¥*+NO;~ ¢ 2.42-2.85 (0.06-0.17) 2.24 (0.06)
7 1-EW*+NO; © 2.44-2.76 (0.06-0.20) 2.28 (0.05)
8 1-EW?*+2NOy~ 2.43-2.85 (0.05-0.16) 2.23 (0.05) >5.0
9 2-EW¥++3NO;™ 2.39-2.76 (0.05-0.19F  2.29(0.07),2.31(0.09)  =6.7 3.11(0.57)
10 3-E3* 2.40-2.43 (0.05-0.08) 2.71(0.12), 2.63 (0.14), 4.51 (1.14)
113-E@*NOs~ 2.41-2.51 (0.05-0.08) 2.31(0.07), 2.31 (0.07) 2.71(0.16)
123-E@*+2NOs 2.42-2.54 (0.06-0.08) 2.32(0.06), 2.45 (0.15) 2.21 (0.05)
133-E@*+3NOs™ 2.41-2.49 (0.06-0.08) 2.22 (0.05) >4.6 2.56 (0.11), 3.39 (0.39)
143-E@*+3NO; " 2.45-2.55 (0.07-0.09) 2.31(0.08), 2.46 (0.22) 2.23 (0.05)

aNo NOE constraints? NOE constraints¢ Cutoff of 16 A (elec. int. with shift function)d Cutoff of 20 A (elec. int. with shift function)¢ Cutoff
of 16 A (elec. int. with switch between-6L6A). f -NO;~ means a coordinated NOin the initial structures:-NOs~ means a dissolved NO at

10 A from the E@*. 9 The noncoordinating Bii—Np, distances (2) are:

Figure 5. (a, top) Minimized structure @&-EW™-NO;~. The Ed+ and

the coordinated N@ are in black, and the pyridine nitrogens are in
gray. Hydrogens are omitted for clarity. (b, bottom) Snapshot from
the MD of 3-El®"-NOs™ in acetonitrile. The E¥f and the coordinated
NO;~ and CHCN are in black, and the pyridine nitrogens are in gray.
Hydrogens are omitted for clarity.

more nitrates are coordinated. The minimized structure of tris-
(bipy-calix[4]arenedEWET-NO3~ (Figure 5a) shows the nitrate
coordinated as a bidentate @t-O = 2.55 and 2.55 A), with
the three bipy moieties as bidentate ligands*{EuN,y = 2.35-

2.52 A). The MD simulation (50 ps) shows that besides the

6.33 (0.28) and 6.67 (0.40)See text.

three bipy moieties and the nitrate ion as bidentate there is space
for one molecule of acetonitrile at 2.7 0.16 A (see Figure
5b for a snapshot).

The fact that one solvent molecule can enter the first
coordination sphere indicates that in principle another anion
might be coordinated. To test this, two nitrate ions were placed,
as monodentates, at coordination distances, followed by mini-
mizationin vacuo(see Figure 6a). The three bipy moieties are
as expected (Bd--*Np, = 2.35-2.51 A), and the nitrate
coordination distances are 2.54 and 2.61 A, respectively. The
MD simulation (50 ps) in acetonitrile shows a rearrangement
of one of the nitrate ions into a bidentate ligand (Table 3; see
Figure 6b for a snapshot), leaving apparently no space for
solvent molecules to enter the first coordination sphere.

The averaged interaction energy between th& End the
bidentate nitrate is more favorable than for the monodentate
nitrate (—312.5+ 7.6 and—268.1+ 5.0 kcal/mol, respectively).
The presence of one or two nitrates in the first coordination
shell of E#* induces no significant changes in the ligation by
the ligand; the coordination distances as well as the interaction
energy between Etl and the ligand are comparable (Tables 3
and 4, entries 1812). Based on the fact that acetonitrile is
less polar compared to water and methanol, it is not unlikely
that the actual species in acetonitrile solution is the complex
with two nitrate ions coordinated to the europium, in combina-
tion with the three bipy moieties. | will come back to this point.

Complexes with Initially Free Counterions. Tetrakis(bipy)-
calix[4]arene 1. The effect of the cutoff distance and the way
the electrostatic interactions are dealt with will be discussed in
some detail forl-EW*". One nitrate was placed at a distance
of 10 A from the E&"* along the long axis of the complex.
This species was dissolved in a cubic box of OPLS;CM of
approximately 45 A dimensions. The unconstrained MD
simulation shows that the nitrate enters the first coordination
sphere at about 20 ps in the production phase (see Figure 7)
and it remains there during the rest of the simulatiél. four
bipy moieties remain coordinatedTwo of the Nys--Eu**
distances, involving the first aromatic ring with respect to the
calixarene of two opposite bipy mioties, are significantly longer
when compared to the minimized structure (see Tables 2 and
3).

The overall picture of the structure dfEL-NO;~ is more
or less the same as that starting from the minimiiz&a#++NOs~
(see Figure 8). The coordination of the nitrate may be fortuitous
due to a solvation shell around the complex that has not
completely relaxed. To test this, a distance constraint was
placed between the nitrate and the’Eion, which was released
at the beginning of the production phase. Also during this
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The

In this simulation the

The treatment of the nonbonded interactions, in particular
the electrostatic, is among the most difficult ones, and therefore
it was decided to vary systematically the effect of the cutoff

distance and the way the truncation is carried out.
have been calculated. Although these calculations are feasibl
on modern workstations, they become very CPU expensive. A

synchronous bond making and bond breaking. Such a mech-
anism has been observed by Merbach &b al.simulations of
function. The switch function truncates the interaction at the
end of the cutoff between two given values, whereas the shift
function applies a gradual truncation from the beginning to the
end of the cutoff® In addition to the simulation discussed
above with a shift function applied to the electrostatic interaction
and a cutoff distance of 11 A, similar simulations with shift
functions and cutoff distances of 16 and 20 A, respectively,

suprg. The mechanism resembles an interchange process, with
trivalent lanthanide ions in water.

are in gray. Hydrogens are omitted for clarity. (b, bottom) Snapshot
from the MD of 3-Eu3"-2NOs™ in acetonitrile. The E¥ and the two
simulation the nitrate was able to penetrate into the first
coordination shell of the B, but the event took place after a

Figure 6. (a, top) Minimized structure o8-EW¥™2NO;~. The E&"
longer time (after approximately 90 ps).

and the two coordinated NOare in black, and the pyridine nitrogens

coordinated N@ are in black, and the pyridine nitrogens are in gray.
CHARMM force field allows the use of the switch or shift

Hydrogens are omitted for clarity.
nitrate had to substitute the weakly coordinated acetonitridk



Calix[4]arene-Derived Complexes of Eu J. Phys. Chem. A, Vol. 101, No. 15, 1992761

"“— - ——

12

10

Distance (Angstrom)

L S Y L 1

0 10 20 30 40 50
Time (ps)

Figure 7. Effect of the cutoff on the diffusion of the nitrate ion into the first coordination shell-&i?*: (a) cutoff 12 A (shift), (b) cutoff 16
A (shift), (c) cutoff 20 A (shift), and (d) switch-616 A.
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Figure 8. Coordination distances Ett-*N,, in 1-EW** + NOs™ as a Figure 9. Coordination distance Etr-*NO3;~(O) in 2-Eu** + 3NOs~

function of time. The nitrate entered the first coordination sphere at as a function of time. The nitrate was initially bound as monodentate,
approximately 20 ps. but it changed into a bidentate binding.

simulation in the NVE ensemble with a switch function for the used by the experimenters. Although the experimental con-
electrostatic interactions proved stable when the truncation wascentration was not stated in the articles, it is probably in the
done between 6 and 16 &. The results are summarized in  millimolar range? This may have an effect on the observed
Figure 7 and show that in all cases the nitrate enters the firstion pairing.

coordination shell of the B, albeit at very different times. In Tetrakis(bipy)-calix[4]aren®. The minimized E&" complex

the case with the shift function with a cutoff at 20 A the nitrate of ligand2 was dissolved in a 45 A cubic box of OPLS gEN

was already coordinated to the ¥un the equilibration phase.  with three nitrates placed at 10 A from the¥along the three

It is quite obvious that the treatment of the electrostatic Cartesian axes. The simulation was run for 400 ps, during
interactions has a prominent influence on the binding kinetics which various significant transitions occurred. The first was
of the counter ion to Eif. Nevertheless, all calculations suggest the penetration of one acetonitrile, at a relatively large averaged
that one nitrate will be coordinated to the®Epbut the question distance of 3.11 0.57 A, into the first coordination sphere of
arises if a second nitrate can induce a change such that it alscEu3*, which had occurred in the equilibration phase. This
can coordinate to the B, maybe at the expense of one bipy penetration already indicates that the binding of thétHuy
moiety. Therefore, an MD simulation of 400 ps was done with the ligand is less tight with respect to that of ligahd The

a second nitrate in solution. Also in this case one nitrate enterssecond occurred at approximately 10 ps and involved one bipy
the coordination sphere of the Euas a monodentate at about moiety leaving the first coordination sphere of the3Eu

50 ps and remains there throughout the rest of the simulation. Eu3*++*N,, = 6 A between 10 and 400 ps. This change was
The second nitrate “tried” to enter (shortest3EuNO;z~ accompanied (or perhaps induced) by the coordination of one
distance~5 A) in the period 256-300 ps, but diffused away nitrate to the E®, initially as a monodentate, but after about
afterward. Apparently, it could not substitute any of the four 28 ps this turned into a bidentate coordination (see Figures 9
bipy moieties. These calculations strongly suggest that the and 10).

actual species in acetonitrile solution is a complex with four ~ The interaction energy between®and the ligand is much
bipy moities as bidentate ligands and one nitrate as monodentatdess favorable than itEW™-NOs~ and3-Ew™NOs;~ (—585.3,
coordinated along the long axis of the molecule. All calculations —880.0, and—698.5 kcal/mol, respectively; Table 4). The
presented in this paragraph gaisEw?t-NOs~ structures that  smaller E§T—ligand interaction in2-EW?**NOs~ may be the

are overall the same, despite the clear differences in (interaction)reason for the observed low quantum yield compared to
energies (Tables 3 and 4, entries?). The concentration in  1-EuW"-NO;~ and 3-EW™-NOs;~, as has been suggested by
this simulation is approximately 18 mM, which is higher than Sabbatini et af. In addition, also only three of the four bipy
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Figure 10. Snapshot from the MD d?-Ew** + 3NOs;™ in acetonitrile.
The E#* and the coordinated NO and CHCN are in black, and the
pyridine nitrogens are in gray. Hydrogens are omitted for clarity.
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moieties are effectively used in the “light harvesting”. However,
| feel that caution is needed in these kind of reasonings. It is
well-known that the Laporte-forbidden 4f transitions, in par-
ticular the electrical dipole transitions, of trivalent lanthanide
ions are affected by the symmetry of the crystal field. The more

-
o

Distance (Angstrom)
S

",

asymmetric the crystal field is, the larger the radiative rate 0 — : -
constant Kq) is.28 Quantifying this relation is, however, very 0 100 200 300 400 500
difficult. A larger radiative rate constant consequently decreases time (ps)

the_lifetime of the excited Iantha}nide. The lifetima (s the Figure 11. (a, top) Coordination distance Eu--NOz~(O) in 3-Ew*
reciprocal ofkad + Knonrad (Knonrad IS the sum of all processes 4 3NO;~ as a function of time. (b, bottom). Coordination distance
that contribute to the nonradiative decay). Both the radiative Euw3*--:CH;CN (N) in 3-EW** + 3NO;~ as a function of time.

rate constant and the life time also determine the sensitized
quantum vyield, defined a®\m = PiscPekadr; luM = lumi-
nescence, is& intersystem crossing, and=etenergy transfef.

The presented calculations clearly show that (very) different
crystal fields will be present in the various complexes, and hence
the smaller E&r—ligand interaction may not be the only reason
for different quantum yields. Although no exchange of one
coordinated bipy moiety by the uncoordinated has been ob-
served, due to the small length of the calculation, it is likely
that a dynamic equilibrium exists. Unfortunately, the available
information in ref 8 is too limited to elaborate upon.

The three bidentate bipy moieties, the bidentate nitrate, and
the acetonitrile make a coordination number of 9, which is usual
for EL®". The other two present nitrates are never very close
to the complex (E¥f N,y distances are=6.7 A throughout
the simulation). The space-filling representation of various
snapshots (not shown) in conjunction with the relatively weakly
bound acetonitrile seems to indicate that there is no space for
a second nitrate around the Eu But this is, however, no
guarantee, as will be shown fBFEW-xNO5~. Figure 12. Snapshot from the MD d3-Ew** + 3NO;™ in acetonitrile.

Tris(bipy)-calix[4]arene 3. The observation that both  The EUd, the coordinated N©, and the two CHCNs are in black,
3-E#HNO;~ and3-EL#++2NO;~ seem to be stable species in and the pyridine nitrogens are in gray. Hydrogens are omitted for clarity.
acetonitrile solution«ide supra raises the question, what would a second acetonitrile coordinated to theEat a slightly larger
the actual species be in acetonitrile solution, i.e. &Bwith distance (see Figure 11b). This complex showed no changes
one bidentate nitrate and one acetonitrile, in addition to the threeduring the next 150 ps. See Figure 12 for a snapshot and note
bidentate bipy moieties, or a Eucomplex with one bidentate  that this structure is different from that starting from the
and one monodentate nitrate with the three bipy moieties asminimized structure o8-Ew*+-NOs~, which has the nitrate as
bidentate? An answer to this might be obtained from the bidentate and one additional acetonitrile. The other two nitrates
simulation with the complex3-Eut and three, initially free did not make any ‘“real’ attempt to come into the first
nitrate ions placed 10 A away from the Eualong the three coordination shell of the complex (Eu--O(NO:;™) > 6 A).
Cartesian axes. The MD simulation was carried out in a 45 A This simulation shows that it is most likely that at least one
cubic box of OPLS acetonitrile for 500 ps. Throughout the nitrate will be coordinated to the Eliin acetonitrile solution,
simulation the three bipy moieties remained coordinated as but about the second no conclusion can be drawn. The fact
bidentate ligands (see Table 3). One nitrate had entered thethat the second nitrate did not become coordinated to tRé Eu
coordination sphere of Bt as a monodentate during the might be for thermodynamical reasons or for kinetic reasons.
equilibration phase and remained as such during the productionThe barrier for entering the coordination shell might be too large
phase (see Figure 11a and Table 3). In addition one acetonitrileor the length of the simulation was simply too short for the
had settled around the Euduring the equilibration phase. The event to occur. One also has to realize that only calculations
resulting eight coordination lasted for about 350 ps, after which on one species were carried out. The quantum yielgtBée"™




Calix[4]arene-Derived Complexes of Eu J. Phys. Chem. A, Vol. 101, No. 15, 1992763

is higher than o2-Eu3*, 3 and<1% respectively, which may  calculations are not very sensitive to the number of applied
find its origin in the larger interaction between the bipy moieties windows. Increasing the number of windows will certainly
and the E&". The calculations support this; the interaction change the calculations, but it is unlikely that the order of

energies are-585 for2 and—685 to—712 kcal/mol for3 (Table magnitude will change. Due to the limited way the sampling
4, entries 9-13). The possible effect of the symmetry of the has been performed, these FEP-MC calculations only give a
crystal field has been discussed above. crude estimation of the binding affinity. Even if they are off

So, the question remains whether one or two nitrates areby 10—-20 kcal/mol the conclusion that the equilibrium is
coordinated to the Ed in 3-EW?*; one as monodentate along entirely to the right still holds. These FEP-MC calculations
the long axis of the complex and one possibly as bidentate from may point at a drawback of MD simulations, even quite lengthy
aside. It is nota priori possible to conclude that the species ones. Events are sometimes simply not observed, although the
with two coordinated nitrates will be the actual species in thermodynamics are in favor. This may be due to too high
acetonitrile solution. Acetonitrile is a relatively polar solvent kinetic barriers. Another reason may be the choice of the
(relative dielectric constant is 37.5). To address this point, FEP- protocol. This point will be discussed in the next paragraph.
MC calculations have been performed (see next section). The MD Protocol Criticized. As a test for the protocol,
Experimental proof for the raised question can in principle be 4qgitional MD runs have been performed. The first was on
obtained by conductometric measurements. EW¥*(NO3")3 in acetonitrile with the three nitrates initially placed

Free Energy Perturbation Monte Carlo Studies on 3. To 10 A away from the E#. The MD run (200 ps) showed that
answer the question raised in the paragraph, three FEP-MCy,\ nitrates were able to coordinate to the*Euone as
calculations have been performed. It basically comes down t0 y,onqgentate and the other as bidentate. The coordination shell
the equilibrium given in eq 1. Species A has the nitrate as jg completed by seven acetonitrile molecules. Although the
monodentate along the long axis of the complex and tWo gyo.¢ coordination shell of B(NOs-)s in acetonitrile is not

coorginat?d acetonitrileB mholecules to make a cc:jordination crnown’ data are available for BNOs")s in acetonitrile®3 The
number of 9. Species B has one nitrate as monodentate anGgaction of LAT(NOs)s-6H;0 with 2,2-bipyridine in aceto-

the other as bidentate. nitrile gave five species, among which3édNO3™)3(CH3CN),4
is present. The L has a coordination number of 10; hence,

AGg . . .
3'ELI3+'N037'2CH3CN + NO,~ =q3-Eu3+-2NO; + the three nitrates all behave as bidentate. The other four species
(A) (B) also have three nitrates coordinated to thé*LaThese data
2CHCN (1) are not in agreement with the calculation, which may be a result

of the protocol. Therefore, a 200 ps MD trajectory with the
three nitrates placed at 7.5 A from the 3Euwvas calculated,
which showed a different behavior. At 22 ps all three nitrates
had found their way to the B, two as monodentate and one
as bidentate, in addition to six acetonitrile molecules. At 43
ps one of the monodentate nitrates changed into a bidentate,
which gave place to five acetonitrile molecules. During the
rest of the simulation no changes occurred. These results are
in good agreement with the available data foP(®&O3z7)3 in
acetonitrile. The fact that five instead of four acetonitrile are
present in the first coordination sphere of 3Euand the
concurrence of two bidentate nitrates and one monodentate
nitrate may be due to the different steric demands of th& Eu
ion. These results provide further evidence that the model for
Ew' suffices. The ion pairing of nitrates and ¥uions in

The appropiatez-matrices of the minimized structure of
3-EWT-2NO;~ (having both nitrates as monodentatiée supra

and a snapshot from the MD simulation of this compound
(having a monodentate and bidentate nitratée suprg have
been constructed, which allow the independent sampling of the
ligand, the E&", and both coordinated nitrates. The calix[4]-
arene skeleton has not been sampled. The efficient sampling
of large ring systems is an intrinsically difficult matter in MC
and MD calculations. It is not likely that this simplification
will really influence the calculations, i.e. change the order of
magnitude, due to the fact that the complexation of'Eis
relatively remote from the calix[4]arene.

In the FEP-MC runs the nitrate coordinated from aside was
perturbed into an acetonitrif€-31 The perturbation of nitrate - ; ,
into acetonitrile was carried out in 10, equally spaced windows. acetogsltrlle has been reported befdrand is even present in
The runs starting from the minimized structure and the snapshotVater:
gave aAG of 134 (+1) and 140 £5) kcal/mol, respectively. This considerable effect of the protocol on the outcome of
To close the thermodynamic cycle, also a dissolved nitrate wasan MD simulation may be the reason for the discrepancy
perturbed into an acetonitrile, giving &G of 45 (+1) kcal/ between the MD and FEP-MC calculations, but also the different
mol, which allows the calculation of th&Geqof eq 1. These  treatment of the electrostatic interactions may be the source.
numbers should in principle be corrected for the neglect of long- The results below show that the latter possibility is not likely
range (electrostatic) interactions, as has been discussed byo be the case. A simulation 8fEuW**(NO;™)3 was performed
Aqvist?® and Straatsma and Berend$@ntowever, it is likely with the three nitrates initially not coordinated to the’Eat a
that the corrections will cancel, as has been argued by Miyamotodistance of 7.5 A. Early in the 300 ps simulatitwo nitrates
and Kollman?® This results in a calculateiGeq of —89 (+2) became coordinated as monodentates, in addition to one
and—95 (46) kcal/mol, respectively. Hence, the equiliorium acetonitrile (Figure 13). The three bipy moieties remained
in eq 1 is completely to the right; that is, only species B is coordinated to the Eti. Only after approximately 200 ps did
predicted to be present in acetonitrile solution. Regular checksone nitrate change into a bidentate ligand and the coordinated
of saved (unphysically) configurations showed that also here acetonitrile was expelled from the first coordination spttére.
in almost all cases a 9-fold coordination of the3Ewas The resulting coordination sphere lasted throughout the rest of
obtained. Although the structural perturbation of a nitrate into the simulation, which resembles that shown in Figure 6b
an acetonitrile is not large, th&®G'’s in the individual windows (compare also Tables 3 and 4, entries 12 and 14). This structure
are. Therefore, the FEP-MC starting from the snapshot andis fully consistent with the FEP-MC predictions. The fact that
from a dissolved nitrate have been repeated with 20 equally the acetonitrile is expelled from the Eucan be understood on
spaced windows. The former gave\& of 132 (£1) and the thermodynamic grounds. The interaction energy of a bidentate
latter aAG of 46 (+1), leading to aAGeq of —86 (£2) kcal/ nitrate is more favorable by approximately-5680 kcal/mol
mol, which is only slightly less negative. This shows that the compared to a monodentate nitrate (Table 4, entries1B]),
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can steer the explanation if experimental results are not (19) erendsen, H. J. C.; Postma, J. P. M.; Dinola, A.; van Gunsteren,
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(J. Am. Chem. S0d.99Q 112 7269) calculated the absolute binding free
energy between adenine and a “molecular tweezer".

(30) Before running the CPU expensive FEP-MC calculations the
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