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Textual Abstract: Ab initio QMCF-MD simulations of aqueous 18-
crown-6 (18C6) and strontium(II)-18-crown-6 (18C6-Sr) were performed to
gather insight into their hydration properties. Strongly different characteris-
tics were found for the two solutes in terms of structure and dynamics such
as H-bonding. They, however, have in common that their backbone shows
high flexibility in aqueous medium, adopting structures significantly differing
form idealized gas phase geometries. In particular, planar oxyethylene units
stable on the picosecond range occurred in 18C6, while the strontium com-
plex readily exhibits a bent structure. Detailed analysis of this high flexibility
was done via two dimensional root mean square deviation plots as well as
the evolution of dihedral angles and angles within the simulation trajectory.
The vibrational spectra obtained from the QMCF-MD simulations are in ex-
cellent agreement with experimental data and show a pronounced blueshift
upon complexation of the strontium(II) ion in 18C6.

Graphical Abstract:

Table of Contents Entry: QM/MM simulations of 18-crown-6 and its

strontium(II) complex indicate vivid backbone flexibility in aqueous medium.

Page 2 of 32



Page 3 of 32

Physical Chemistry Chemical Physics

1 Introduction

In this work structural and dynamical properties of the hydration of 18-
crown-6 (18C6, 1,4,7,10,13,16-hexaoxacyclooctadecane) and its strontium (1)
complex (18C6-Sr) are investigated employing ab initio quantum mechani-
cal molecular mechanical molecular dynamics (QM/MM-MD) simulations.
Since their discovery in 1967 cyclic polyethers called 'crown ethers’ have
been studied extensively due to their wide-spread applications in chemistry
and their ability to selectively bind both metal and organic cations. Crown
ether compounds are tested in antitumor research,? the treatment of nuclear
waste,® used as catalysis agents? and have the ability to influence chemical
reactions.® Recently crown ethers were found to dramatically modify protein
surface behavior.

Crown ethers are large systems on the scale of quantum mechanical cal-
culations, which is why previous studies often investigated their properties
in the gas phase or using implicit solvent, whereas simulations in aqueous
medium artificially kept the structure rigid using idealized, rigid gas phase
geometries.” ¥ High symmetry structures of 18C6 and its complexes are em-
ployed, with typical C-O distances of 1.42 A, C-C distances of 1.51 A, C-O-C
angles of 112 degree, and O—C—-C-O dihedral angles of 76 degrees (18C6 at
MP2/6-31+G* level of theory)!'® (compare figure 1).

18C6’s hydration structure was investigated using molecular dynamics of
its D34 conformer applying a united atom approximation for C' H,, where it
was reported that on both sides of the crown ether’s plane a distinct water

molecule was translationally fixed by preferably two H-bonds.” Two bridging
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water molecules bound to the crown ether were observed in a semiempirical
QM/MM study using a rigid 18C6 model along with rigid SPC/E water.®
Krongsuk et al. conducted a Monte Carlo (MC) study based on ab ini-
tio derived potentials of 18C6 solvated in 500 water molecules, fixing the
ether’s geometry to the Ds; gas phase structure and using rigid solvent.®?
The simulation at hand indicates an average coordination number of one,
but it was found that the first hydration shell can also accommodate two wa-
ter molecules, one on either side of the macrocycle’s plane, forming mobile
H-bonds with 18C6.

Agents based on 18-crown-6 are reported to be among the most effec-
tive for strontium extraction in nuclear waste.!'? These compounds also
exhibit strong affinity to bind other divalent ions such as mercury, barium
and lead, while they have been shown to have almost no tendency to bind
calcium(IT) and a range of monovalent ions such as potassium.'® Radioac-
tive strontium(II) is highly abundant in nuclear waste and is a major part
of the environmental pollution by nuclear accidents.'* At the same time its
chemical properties are very similar to calcium(II), which is why the human
body readily incorporates strontium(II) into bone tissue. This enrichment
may lead to serious diseases such as bone cancer and leukemia. %6 Due this
importance, the 18C6-Sr complex was chosen as a model system to be com-
pared to the free 18C6 in aqueous medium. Experimentally, Gamez et al.
reported that the most stable conformer for the 18C6-Sr adduct is not planar
in a laser infrared multiple photon dissociation study, but the ion is bound
in an open conformation. !’

The present work does not impose any restriction to the crown ethers
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conformational degrees of freedom, i.e. all C-C and C-O bonds as well as
all associated angles and dihedral degrees of freedom of the macrocycle may
evolve without any constraint. Finite temperature and a chemical environ-
ment providing H-bond partners enable the crown ether to access a wide
range of its conformational space, which was found to be of critical impor-
tance in aqueous medium. This is especially true upon incorporation of
solutes such as strontium(II), where some coordination sites are provided by
the ether, while others are occupied by water ligands displaying exchange dy-
namics on the picosecond scale. The notable difference between idealized gas
phase properties and those observed in aqueous solution promised to signifi-
cantly contribute to the knowledge of the behavior in solution by conducting
ab initio simulations with minimal constrains. In the following sections the
QM method is outlined and results obtained from the simulations of 18C6

and 18C6-Sr in aqueous solution are presented.
a) b)

side view l

top view

Figure 1: Illustrations of typical high symmetry structures of a) 18C6 and
b) 18C6-Sr as obtained from geometry optimizations in vacuum or implicit
solvent.
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2 Methods

2.1 QMCF-MD approach

In this study the well established ab initio quantum mechanical charge-field
molecular dynamics (QMCF-MD) approach'®?! has been employed as it

already yielded valuable insights into the hydration properties of numer-

22,23 24-26

ous of ions, inorganic complexes and host-guest complexes such as

magnesium (I1)-porphyrin. 2’

The QMCF-MD framework bases on standard QM /MM approaches, but
does not require knowledge of non-Coulombic solute—solvent potentials. This
is achieved by enlarging the QM region and separating it into a core zone,
containing at least the solute species, and a layer zone. For particles in
the layer zone, non-Coulombic interactions with atoms in the MM region
have to be evaluated. A quantum mechanical treatment intrinsically includes
polarization, charge-transfer and many-body effects, which guarantees a high
degree of accuracy compared to non-polarizable simulation techniques. To
ensure a realistic embedding of the entire QM region, all point charges of the
classically treated region are accounted for via a perturbation term of the
Hamiltonian of the QM calculations. Quantum mechanically derived partial
charges are evaluated in every MD step and used to calculate the long range
Coulombic interactions. Further details of the QMCF-MD methodology have

been published elsewhere. 182

Page 6 of 32



Page 7 of 32

Physical Chemistry Chemical Physics

2.2 Simulation protocol

Ab initio QMCF-MD simulations were carried out for both the hydrated
18C6 molecule and the hydrated [18C6-Sr|*" complex. Besides these so-
lute species the cubic boxes (side lengths of 44.9 A) contained 3000 water
molecules. Periodic boundary conditions and the minimal image convention
were applied. For the integration of the equations of motion the Velocity—
Verlet 2529 algorithm was employed with a time step to 2 fs. The Berendsen

theromstat3°

using a relaxation time of 0.1 ps was applied to keep the tem-
perature at 298.15 K. Beyond the Coulombic cutoff distance of 15 A, the
reaction field method?! was employed to treat long-range electrostatic inter-
actions (e = 78.0). The M-RATTLE algorithm?** was used to constrain the
geometry of the water molecules (1.00 A, 109.47°), whereas the length of the
crown ethers’ H-bonds were constrained using the RATTLE approach32:34:3°
(1.093 A). The atomic partial charges of water in the MM region were cho-
sen according to the SPC/E water model,?%3" and the fluctuating atomic
charges in the QM regions were evaluated by Mulliken population analy-

3839 in every MD step. Classical MD simulations with a total simulation

sis
time of 150 ps for each system including heating steps were conducted prior
to the QMCF-MD runs for a proper equilibration. After re-equilibration of
3 ps sampling was performed for 97 ps. For the ab initio simulations the
geometric center of the crown ethers’ carbon and oxygen atoms served as the
centroid (CEN) of the QM area. The core zone was chosen to have a diame-

ter of 0.2 A to include no particles in the 18C6 simulation, but the strontium

ion in the 18C6-Sr simulation. The layer zone was defined with a diameter
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of 15.2 A including a smoothing region of 0.2 A enabling a smooth transition
of molecules between the MM and QM region. As a result, the QM area was
populated with the solute molecule(s) plus 36 (18C6) and 40 (18C6-Sr) wa-
ter molecules in average. The Hartree-Fock level of theory was chosen along
with the well established double-( polarization basis sets*” for hydrogen, car-
bon and oxygen. Similar conditions have already been employed successfully
for the investigation of other metal-organic complexes.??™# For the stron-
tium(II) ion the Stuttgart RSC 1997 basis set including a quasi relativistic
effective core potential accounting for 28 inner electrons*? was obtained from
the EMSL database.**** All quantum chemical calculations were carried out

with the Turbomole 6.4 47 package.

2.3 Analyzed Properties

The structure and picosecond dynamics of the solute species were analyzed
via distributions of water oxygen (O,,) and hydrogen (H,,). Radial distribu-
tion functions (RDF) of O,, and H,, were evaluated with respect to the center
of the QM region (CEN and Sr(II), respectively) and the oxygen atoms of
the crown ethers (Ogoun). Visual analysis of the trajectory has been done
using the Visual Molecular Dynamics (VMD) package.*®

The lifetime and structural relaxation of H-bonds accepted by the crown
ethers’ oxygen atoms were analyzed employing the continuous hydrogen bond
time correlation S(t) (equation 1) and the intermittent hydrogen bond time
correlation function C(t) (equation 2) as described in literature®® and applied

in previous investigations of hydration properties of molecules®® and metal-

Page 8 of 32



Page 9 of 32

Physical Chemistry Chemical Physics

organic complexes.26:27

~ (h(0)h(2))
C(t) = EROEE (2)

H(t) and h(t) refer to two defined hydrogen bond population variables.*?
The h(t) variable is 1 if a H-bond between a specific donor—acceptor pair is
detected at time t, otherwise it’s zero. In contrast, H(¢) amounts to 1 only
if an H-bond continuously exists from time 0 to time ¢. A hydrogen bond
exists if the distance between the two involved oxygen atoms is less than
3.25 A and the H-bond angle is less than 35°, which is the recommended and
widely accepted criterion.*® Both time correlation functions were fitted to the
double-exponential expression shown in equation 3, 7; and 75 corresponding
to the long and short contribution of the correlation function, respectively.
The long contribution yields a handy number to gain insight into the H-bond

lifetime conditions, whereas the short one has less impact for our applications.

y:ae_t/Tl +(1_a)6_t/TS (3)
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3 Results and Discussion

3.1 Structure

Strongly differing hydration structures were observed for 18C6 and 18C6-
Sr. The CEN-O,,, CEN-H,,, Sr—O,, and Sr—H,, radial distribution functions
including the corresponding integration information are presented in figure 2.
For the 18C6 system the first peak maxima are located at 1.80 (CEN-H,,) and
2.10 A (CEN-O,,). According to these values, the water’s hydrogen atoms
point towards the crown ether moiety, indicating the formation of H-bonds
to the crow ether’s oxygen atoms. The integration information reveals that
in average one water molecule is located within this region. A broad second
peak is centered at 4.0 (CEN-H,,) and 4.6 A (CEN-O,,). The existence of a
non-zero valley between the first and second CEN-H,, and CEN-O,, peaks
indicates vivid exchange activities within these regions. The entire crown
ether molecule is covered by a hydration shell, which can be concluded from
the pronounced peak at 7.45 A(CEN-O,,). Beyond this solvation structure,
the water distribution is homogenous. A large hydration pattern of the 18C6
molecule at low concentrations is underlined by results of volumetric® and
compressibility experiments.? ™3 The average coordination number of one
for 18C6 is fair agreement with previous simulation studies, which reported
a value of two.”? Since 18C6 was artificially constrained to a gas phase
geometry in the previous studies,” this deviation can be explained by the
conformational flexibility having a strong impact on the the coordination
environment.

For the [18C6-Sr]** complex the first shell’s peak maxima are found at
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2.68 (Sr-0,,) and 3.30 A (Sr-H,). In contrast to 18C6, the water molecules
are differently oriented: the water’s oxygen atoms are coordinating to the
positively charged Sr(II) ion, in agreement with the structure of the stron-
tium(II) ion in pure water.?® The ion is coordinated by 2 (23%), 3 (65%)
or 4 (12%) water molecules (average 2.9, see figure 4c), being in constant
exchange, which is indicated by a non-zero valley ranging from the first to
the second Sr-O,, (5.25 A) maximum. Binding the ion, the crown ether
contributes six coordinating oxygen atoms, which yields a total coordination
number of 8-10. The findings are in excellent agreement with a previous
QM/MM study on strontium(II) in aqueous solution, where a predominant
coordination of 9 water ligands (90%) and an almost equally small probabil-
ity of a 8 and 10-fold ( 5%) arrangement is reported.? Chekholv observed
a coordination of three water molecules for crystals of the hydrated complex
of strontium with 18C6 using X-ray diffraction analysis.?® Furthermore it
is interesting to note that the results found are in good agreement with the
three- and four fold water coordination found for hydrated complexes of 18C6
with lanthanoide(I1T) ions such as cerium, neodymium, samarium, europium,
gadolinium and terbium, > which have similar ionic radii as strontium.
Figure 3 displays the Ogroun—04 and Ogpouwn—H,, radial distribution func-
tions for 18C6 and 18C6-Sr. Plot 3a shows two distinct peaks for these atoms
pairs, indicating that one water molecule points toward each of the crown’s
oxygen atoms with a distance of approximately 2.1 A, forming an H-bond
Ocrown—Hw=04. The Ogown—0w RDF shows a broad peak at 3.1 A, which
compares well with values of 2.862 to 2.891 A reported for the crystal struc-

ture of a binary hydrate of 18C6.5 In contrast, almost no H-bonds to bulk
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water molecules can be observed upon complexation of strontium(II) during
the 100 ps trajectory. This finding is underlined by data presented in fig-
ures 4a and b, where the distribution of the number of H-bonds to O ouwn
is displayed. In 18C6, the six Oqoun atoms readily form one (53%) or (4%)
two H-bonds with bulk water, while in 43% of the cases no H-bond was ob-
served. This pattern dramatically changes upon incorporation of the guest
ion strontium, where no H-bonding to surrounding water molecules was ob-
served in 94% of the cases, while the probability for one H-bond decreases to
5%. The behavior observed is reasonable as the negatively polarized oxygen
atoms of 18C6 are expected to form H-bonds with water molecules. In the
[18C6-Sr|** complex in contrast, the Ogpoun atoms already coordinate to the
strontium(IT) ion, which is why they are less subject to form H-bonds. Fig-
ures 4a and b display the average values for all O, atoms in the respective
system. A separate analysis for each Oy, is included in the supporting in-
formation demonstrating that all six atoms have very similar distributions

(see figures S.1 and S.2).

11
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Figure 2: Radial distribution functions (solid) of oxygen (O,,) (black) and
hydrogen (H,,) (red) atoms of water plus the corresponding integration curve
(dashed) with respect to a) CEN in 18C6 and b) Sr(II) in 18C6-Sr.
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Figure 3: Radial distribution functions (solid) of oxygen (O,,) (black) and
hydrogen (H,,) (red) atoms of water plus the corresponding integration curve
(dashed) with respect to the six oxygen atoms Ooun 0f the crown ethers for
a) 18C6 and b) 18C6-Sr.

13



Page 15 of 32

Physical Chemistry Chemical Physics

100

Occurrence in %

1 2 0 1 2
Number of H-bonds

0

Figure 4: Number of H-bonds from water molecules to O o, for a) 18C6, and
b) 18C6 binding strontium(II). Histogram c) presents the total coordination
number (CN) of the ion in 18C6-Sr including the six oxygen atoms of the
crown moiety plus coordinated water molecules.

3.2 Dynamics
3.2.1 Conformational Flexibility

Classical equilibration after embedding a 18C6 gas phase structure in water
yielded a distorted and asymmetric structure after plenty of equilibration
time (snapshot 5¢). This starting structure for the QMCF-MD run pos-
sess four dihedral angles of approximately 470 degree, whereas only two
angles have a negative sign, which is in clear contrast to the high symmetry

gas phase structure, where alternating values of approximately +76 degree
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are found (see snapshot la). Figure 5a depicts the two dimensional root-
mean-square deviation (2D-RMSD) of 18C6 for the QMCF-MD simulation,
showing three distinct regions with similar structures. Within the first 25 ps
of simulation time no dramatic change of the polyether’s structure can be
observed, although a high degree of conformational flexibility is indicated by
a short change of one of the improper torsions at ¢, (snapshot 5d). The sec-
ond distinct region in the 2D-RMSD plot ranges from 25 to approximately
70 ps simulation time, where vivid changes and inversions of dihedral an-
gles are visible. Conformations with one (t3, snapshot 5e) and even two
(t4, snapshot 5f) planar oxyethylene moieties are accessible and stable on
the picosecond scale. The geometry of 18C6 in the region ranging from 70
to 100 ps is characterized by four positive and two negative improper tor-
sion angles like in the first region, but for different O-C-C-O quadruples.
Snapshot 5g illustrates this structure plus two water molecules bridging via
H-bonds. It is further interesting to note that no gas phase like structure
of 18C6 has been observed within 0.1 ns of simulation time. To conclude,
water environment dramatically enhances the crown ether’s conformational
flexibility by H-bonding to single oxygen atoms, but also by double hydrogen-
bonding (bridging) as illustrated in snapshots 5¢, d, e and g. Two bridging
water molecules H-bonded to the crown ether have already been proposed
in the interpretation of experimental near infrared spectral studies to in-
vestigate the hydration of 18C6 in aqueous solution,®® however, for higher
concentrations up to 4 M.

Figure 6a depicts the 2D-RMSD of the [18C6-Sr]*™ complex simulation

trajectory. Distinct regions are visible, indicating similar conformations of

15
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the 18C6 backbone. Snapshot 6¢ (t1) illustrates the rather planar starting ge-
ometry with four water molecules coordinated to the ion, which was obtained
via a purely classical simulation. Within the first picosecond of simulation
time one water is expelled of the coordination sphere of strontium, while the
conformation of the crown ether remains planar (t2, snapshot 6d). Between
picosecond 27 and 35, the 2D-RMSD plot indicates a pronounced change in
the backbone’s conformation with one O-Sr-O angle close to planarity (s,
snapshot 6e). Such a bent structure allows all six crown ether oxygen atoms
to readily fill the ion’s coordination sphere as they are not arranged in one
single plane, which mimics the coordination in aqueous solution. Two occa-
sions were found where the crown ether plus four water molecules arrange in
a way that a highly symmetrical bicapped square antiprismatic coordination
polyhedron results (¢5, snapshot 6g). Glendening et al. speculated that there
are structures of 18C6-Sr of lower symmetry than D34, which are favored in

the gas phase, they were however unable to identify those.?’
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a)

Simulation time in ps

b)
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Figure 5: Detailed analysis of the pronounced backbone flexibility of 18C6
in aqueous medium using a) a two dimensional RMSD plot (coloring: green—
orange-blue for RMSD values of 0.0, 1.0 and 2.0 A, respectively) and b)
evolution of the six O-C-C-O improper torsions during the simulation time
of 100 ps. Snapshots c)-g) illustrate the high degree of distortion of 18C6
including planar oxyethylene units (red ovals) in comparison to the gas phase
structure depicted in figure la.
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Figure 6: Detailed analysis of the pronounced backbone flexibility of 18C6-
Sr in aqueous medium using a) a two dimensional RMSD plot (coloring:
green—orange-blue for RMSD values of 0.0, 1.0 and 2.0 A, respectively) and
b) evolution of the three O—Sr—O angles of opposite oxygen atoms during
the simulation time of 100 ps. Snapshots c)-g) illustrate the high degree of
distortion of 18C6-Sr in comparison to the gas phase structure depicted in
figure 1b.

3.2.2 Fluctuation of charges

The fluctuating atomic partial charges derived by Mulliken population anal-
ysis were saved in every step of the QMCF-MD simulations and analyzed
for the solutes’ atoms (see table 1). The oxygen atoms were found to be
negatively charged, which underlines the fact that they play a crucial role

in H-bonding to water molecules. The strontium complex shows a charge-
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transfer from the ion to the oxygen atoms lowering the charge from —0.51
(18C6) to —0.58 a.u. (strontium complex), which also significantly lowers
the ion’s formal charge from +2 to +1.50 a.u. It is worth noting that upon
incorporation of strontium, the partial charges of carbon and hydrogen are
slightly more positive. Similar results were reported for the hydration prop-
erties of prophyrin and its magnesium(IT) adduct.?” In the case of the empty
crown ether the charge transfer to the environment is negligible (—0.06 a.u.),
however, it changes by 0.18 a.u. upon binding the ion. This implies that ap-
proximately 0.2 a.u. of electron density are transferred from the crown ether
moiety to the ion, while another 0.3 a.u. originate from the surrounding
water molecules. The occurrence of such charge transfer effects underlines
the importance of an accurate quantum mechanical treatment of the solute
plus and the surrounding solvent molecules, as such effects are difficult to

accurately describe using purely classical simulation approaches.

Table 1: Average partial atomic charges in a.u. obtained via Mulliken pop-
ulation analysis in very MD step for 18C6 and 18C6-Sr. X;o0wn—atoms COTTE-
sponds to the total charge of the crown ether molecule excluding the ion.

Atoms 18C6 18C6-Sr

Sr

—

1) - +1.50 4 0.02

O —0.514+0.02 —0.58 +0.02

C 4+0.0540.01  +0.06 £ 0.01

H +0.10 4 0.00  +0.12 £ 0.00
X erown—atoms —0.06 +0.12

19
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3.2.3 Hydrogen bonding and mean residence times

The results of the H-bond analysis are summarized in table 2 and underline
the finding from RDF (figure 3) and CND (figure 4) analysis that H-bonding
to crown ether oxygen atoms is significantly decreased upon incorporation of
the ion. While the mean C(t) value amounts to 1.3 ps in 18C6, it dramatically
changes to 0.4 ps for the strontium complex indicating that the latter species
allows fewer H-bonds to bulk water molecules and at the same the average
lifetime of the few H-bonds observed is shortened.

The mean residence time of the water ligands coordinated to strontium(II)
amounts to 9.5 ps, which significantly differs from the corresponding value
of bulk water, being 1.6 ps.®® The MRT indicates a five times faster ligand
exchange rate at the strontium(II) ion bound to 18C6 compared to the free
ion in aqueous solution, where a MRT of 45 ps was found.?® While every
second exchange attempt lasts longer than 0.5 ps for the present system,
a sustainability coefficient of 0.22 was reported for the free ion, meaning

1.23 During the sim-

that every 4th to 5th exchange is considered successfu
ulation time of 100 ps, a total of 31 ligand exchange events were observed,
demonstrating that the ion—water interaction seems to be significantly low-
ered upon complexation by 18C6. This is in contrast to conclusions drawn
from a comparative study on the hydration properties of porphyrin and its

magnesium(II) complex, where enhanced stability for the coordination of the

only water ligand was reported.
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Table 2: Computed C(t) and S(t) correlation functions. 7 values are given
in ps.

18C6 18C6-Sr
Atom | C(t)  S(t) | C(t)  S(t)
Tl Tl T T

O-07 | 1.28 0.209 | 0.797 0.018
O-14 | 1.25 0.156 | 0.222 0.043
0-21 | 219 0.211 | 0.132 0.113
0-28 | 1.16 0.248 | 0.162 0.098
O-35 | 1.30 0.136 | 0.053 0.038
0-42 | 1.24 0.156 | 0.513 0.054
O-all | 1.30 0.187 | 0.414 0.070

3.2.4 Power spectra via Fourier transformed velocity autocorre-

lation functions

Figure 7 depicts the power spectra of the free crown ether and its strontium
complex as obtained via Fourier transformed VACFs from the QMCF-MD
simulations. As bonds involving hydrogen have been kept rigid, the cor-
responding vibrational modes could not be determined in this work. The
frequencies have been scaled by a factor of 0.9046 as proposed for calcula-
tions on the Hartree-Fock level of theory employing DZP basis sets.?® This
yields results in very good agreement with Raman shifts for 18C6 in aque-

ous solution reported by Ozutsumi et al.®°

and also a very good overall
agreement with infrared (IR) and Raman values reported for uncomplexed
18C6.6! The spectrum of the strontium coordinated 18C6 is shifted to higher
values, which confirms the strong interaction of the ether and the earth al-
kali ion. It is worth noting that such a blueshift has also been observed both

experimentally®® and theoretically?” in works investigating the hydration of

porphyrin and its divalent metal complexes. Experimental work employing

21
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laser infrared multiple photon dissociation (IRMPD) spectroscopy yielded
two differentiated bands at 943 and 1057 ~! for the strontium complex, cor-
responding to C-~C and C-O stretching modes.!” The overall good agreement
confirms the general applicability of the simulation approach since frequencies
depend on the second derivatives of the energy with respect to the nuclear
coordinates, thus being a sensitive probe of the accuracy of the simulations.
A detailed comparison of the observed frequencies is presented in table 3 and
figure 7.

Table 3: Comparison of experimental absorption maxima with the values
derived from the QMCF-MD simulations via Fourier transformed VACFs
(scaled by 0.9046°%) in cm™!.

18C6 18C6-Sr

QMCF-MD  Exp. Raman® Exp. Raman / IR® | QMCF-MD Exp. IRMPD'7

288 282 274 ) - 291

518 549 525 / 538 567
811, 824, 846 815, 836, 860 825, 836, 868 / 854

828, 835, 861

950 - 939 / 945 968 943

1046 1046,1073 1049 / 1043 1080 1057

1149 1139 1159 / 1159 1149

1289 1247 1276 / 1274 1374

1495 1455, 1475 1495 / 1496 1647
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Figure 7: Power spectra obtained from the QMCF-MD simulations for 18C6
(black solid) and its strontium(II) complex (red solid) in aqueous solution.
Experimental results are presented as dashed lines along with the correspond-
ing values for comparison (18C6: black dashed, 18C6-Sr: red dashed).!7%

4 Conclusion

Two QMCF-MD simulations were carried out to investigate the structure and
picosecond dynamics of 18-crown-6 and its strontium(II) in dilute aqueous
medium. In contrast to the gas phase and crystal structures, the hydrated
species were found to have considerable conformational flexibility, allowing
vivid interaction with the solvent. 18C6 binds up to two water molecules on
each side of the crown ether’s plane via one H-bond or in a bridging mode via

two H-bonds. However, due to conformational flexibility in average only one
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water molecule is coordinated to 18C6 as opposed to previous studies were
the crown moiety was modeled in a restrained, idealized gas phase geome-
try. In addition, the crown ether’s oxygen atoms readily form one H-bond to
the bulk solvent. In the strontium complex two to four water molecules un-
der constant exchange are coordinated to the crown ether moiety, which can
adopt a bent structure and does not form any H-bonds to bulk water. The
simulations yielded valuable insight into the strong conformational flexibility
of both 18C6 backbones, allowing planar dihedrals and strongly distorted
structures. All properties derived from the QM/MM simulations are in ex-
cellent agreement with experimental data were available, which is especially
true for the vibrational analysis, underlining the overall excellent accuracy

of the calculations carried out.
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