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Abstract

The investigation of solvated ion in nonaqueous or mixed solvent is a challenging task for experimental and theoretical chem-
istry. One of the promising approaches to elucidate the properties of solvated ion in xed solvents is quantum mechanical
charge field molecular dynamics (QMCF MD) simulation. In this study, we report the first application of QMCF MD simula-
tion to investigate the structural and dynamical properties of solvated Ca’tin 18.4% aqueous ammonia. Radial distribution
function analysis showed that the average distances of Ca’*-N and Ca’-0 are 2.55 and 2.74 A, respectively. The mean
residence times for walcrd ammonia in the first solvation shell were calculated to be 2.8 and 2.74 ps, respectively. These
values indicated a labile first solvation shell of Ca®" in 18.4% aqueous ammonia. Meanwhile, angular distribution func-
tion analysis revealed the polyhedral structure of the first solvation shell. The average coordination numbers of 5.1 and 2.7
were obtained for water and ammonia, respectively, during the simulation. The presented simulation data provide detailed
information about the properties of solvated Ca’>* in aqueous ammonia which will be beneficial to the investigation of the
role of the ion in biological processes.
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represent the reactivity of the ion solution. Thus, this infor-
mation is highly relevant for the treatment of specific ions,
such as toxic [1], radioactive [2, 3], and essential ions [4, 5].

One of the most important essential ions is Ca®*. This
ion plays an important role in a large number of biologi-
cal processes, for example, Ca®* interacts with protein by
binding to the oxygen (O) and nitrogen (N) atoms of amino
acids [6]. These interactions can be investigated via molecu-
lar dynamics simulation of solvated Ca”* in mixed solvents/
binary mixtures containing O- and N-atoms, such as aqueous
ammonia.

Several theoretical studies have been reported to explain
the structural and dynamical properties of solvated Ca’" in
water [7, 8], liquid ammonia [9], and mixed solvents, such as
acetone—water [10], DPPC—water [11], and methanol-water
[12]. However, the structure of solvated Ca*tin aqueous
ammonia is still under discussion.

Floris et al. [13] used a clﬂ;ical molecular dynamics
simulation report and observed preferential solvation of Ca®*
In an aqueous solun containing ammonia. In pure water,
Ca®* was solvated by eight water molecules. In contrast, in
the presence of ammonia, an equilibrium between 8 and 10
coordinated 10ns occurred. Tongraar et al. [14] observed the
polyhedral structure of the first solvation shell consisting of
5.2 water and 2 ammonia molecules through one shell quan-
tum mechanics/molecular mechanics (QM/MM) molecular
dynamics simulation. Meanwhile through classical simula-
tion, they also obsead the polyhedral structure of the first
solvation shell, but consisting of 6.7 water and 3 ammonia
molecules.

However, the accuracy of classical molecular dynamics
simulation is still limited to the employed potentials or force
fields. In one shell QM/MM simulation only the ion and the
first solvation shell are llned using quantum mechanics and
the empirical potentials to describe the interaction between
solute and solvent in the MM region are still required. The
development of the empirical potentials is a tedious task
even for the interaction between monovalent ion and water,
with evaluations of thousands of energy points of the respec-
tive species in the gas phase. Meanwhile, the pure QM simu-
lation using only a few solvent molecules such as Carr—Par-
rinello molecular dynamics (CPMD) does not adequately
represent the behavior of the bulk solution and the solvated
ion. Furthermore, CPMD simulations are typically limited to
density functional theory with generalized gradient approxi-
mation which is known to inadequately describe dispersive
interactions [15].

The extension m]e conventional QM/MM strategy [16,
17]. the so-called quantum mechanical charge field molecu-
lar dynamics (@‘[CF MD) [18-21], is one of the prominent
methods used to investigate the structural and dynamical
properties of solvated ions in liquid ammonia [9, 22, 41] and
aqueous ammonia [23, 24].
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In the QMCF MD approach, B radius of the QM region
is enlarged to fully cover the first and second solvation
shells of the solute. The solute and the first solvation sfEgll
are located in Qm,,, whereas the remaining solvent and
the second solvation shell are located in QM,,, . The main
advantage of a large QM region is the distance between sol-
ute and solvent molecules are beyond the non-Coulombic
interaction cutoff distance. Thus, the empirical non-Coulom-
bic potentials for solute solvent are not required anymore.

Furthermore, in the QMCF MD approach, the partial
charges of MM atoms are embedded in the total QM Hamil-
tonian via external perturbation, resulting in a better descrip-
tion of hydrogen bonding interactions particularly those
close to the border of the second solvation shell and the bulk
region [18-21]. Toe best of our knowledge, no reports
have discussed the structural and dynamical properties of
solvated Ca’* in aqueous ammonia using the QMCF MD
approso far. This work aims to quantify the effect of dif-
ferent solute—solvent interactions on the respective structural
and dynamical properties and compare the results to the pure
water or liquid ammonia cases. On the basis of the QMCF
MD trajectories, the structural properties are characterized
by computing the associated radial and angular distribution
functions (RDF and ADF) and coordination number dis-
tribution (CND). Meanwhile, the dynamical properties are
evaluated based on their respective vibrational stretching of
ion-ligand bonds and mean residence time (MRT).

Results and discussion

The Ca>*-0 and Ca>*~N RDFs as well as their associated
running integration obtained at a sampling time of 25 ps are
depicted in Fig. 1 and the corresponding structural charac-
teristics are listed in Table 1. A well-defined first solvation
shell is observed for both ligands with the first shell maxima
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Fig. 1 RDFs of Ca?t-0 (black solid line) and Ca?*-N (red solid line)
and their respective integrations (dashed lines)
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Table1 Characteristic values

A i lA ryAlA ralA CN CN
for the first and second solvation L - L - ! :
shells of solvated Ca™ in Ca-0 2.55 3.61 5.00 6.35 5.1 17.7
aqueous ammonia Ca-N 353 5.03 6.73 2.58 28

2.?b

r;; and ry; denote the maxima and minima in the first and second solvation shells, respectively. CN_.i is the
average coordination number in the first and second solvation shells

Table2 Several structural parameters of Ca* in various conditions

Method r Ca—0; Ca-N/A CN O:N System References

OQMCF MD simulation  2.55;2.74 5.1; 258 18.4% agueous ammonia; 298.15 K; First and second solvation shells are This work
treated by QM method

QMCF MD simulation 2.66 7.3 Liquid ammonia; 235.15 K; First and second solvation shells are treated by 9
QM method

OM/MM MD simulation 2.44; 2.64 5.2: 2.0  18.4% aqueous ammonia; 298.15 K; First solvation shell is treated by QM 14
method

MM MD simulation 248261 6.7: 3.0 18.4% aqueous ammonia; 298.15 K 13

Neutron scattering 256 [ 40 K; Ca** in liquid ND, 42

Neutron Diffraction 2.69 6 75 K; Ca®* in liquid ND, 27

EXAFS 243 6.9 CaCl, in aqueous solution 26

XRD 14 - CaODA.6H,0 crystal 25

r Ca—0; Ca—N is the respective Ca—0 and Ca—N distances. CN 1s the coordination number

(9]

in the Ca®*-0O and Ca>*~N RDFs at 2.55 and 2.74 A, respec- 100 100

tively. In the Ca’*~0 RDF, two shoulder peaks located at 804 (@ 80+ (b)

2.59 and 2.6 A are observed. Similarly, in the Ca**-N RDF, 60+ 60+

two shoulder peaks located at 2.67 and 2.7 A are observed. s T 401

The shape of first shell RDF indicates that the ion-ligand = w1 w4+

distances underwent significant changes during simulation. Z ol U._p-.l.l.l.l.l.l.-.-_

In the border of the first and second solvation shells, the E 100 P2 3 4 5 6 7 ]mw 15 20 3

RDF values are only slightly above zero indicating that £ sl (c) g0l (@

only a few successful ligand exchange events occurred in a sol el

comparably short simulation time of 25 ps. These observed ol w0l

average Ca®*-0 and Ca>-N distances are consistent with 2ol ol

the experimental values employing X-ray diffraction [25], o o] l I I . m

extended X-ray absorption fine structure [26], neutron dif- 1 2 3 4 5 6 7 0 2 4 6 8

fraction [27], and neutron scattering [28, 42] (see Table 2).
In comparison with the previous theoretical works that
employed QMCF MD for aqueous [8]and solvated Ca®
in liquid ammonia [9], the average Ca’>*—0O and Ca>*-N
distances are in very good agreement reported as 2.55 and
2.66 A, respectively.

Broad and less intense peaks with the maximum located
at 491 A are observed for the second solvation shell in
Ca?*—0 RDF. Meanwhile in the Ca’*-N RDF, no second
solvation shell 1s observed. However, these second shell
forms are expected because of the weak interaction between
1on and ligands at a long distance. The integration of the sec-
ad solvation shell RDF revealed that the major component
in the second solvation shell is[Sater.

To quantify the distribution number of water and ammo-
nia in the first and second solvation shells, CND analysis

Coordination Number

Fig. 2 CND of wateralhe (a) first and (b) second solvation shells.
CND of ammonia in the (¢) first and (d) second solvation shells. All
of these distributions are obtained at a sampling time of 25 ps

was conducted. The results are shown in Fig. 2. In the first
solﬂion shell, Ca’* is solvated by approximately 5.2 and
2.7 water and ammonia molecules, respectively. Meanwhile
in the second solvation shell, the average coordination num-
beris 17.7.

For both ligands, the highest occurrence probabilities in
the first solvation shell are approximately 80%, indicating
that no stable complexes of [Ca(HED)n]2+ or [Ca(NH;)n]2+
were formed during the simulation time. This result is con-
sistent with the RDF of the first solvation shell. Thus, the
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complexes of [Ca(H,0), (NH,) I1]2+ were formed within the
short lifetime of a few picoseconds during the simulation
time.

PRure 3a shows the fluctuation of the coordination num-
ber in the first and second solvata shells during the simula-
tion time. Figure 3a also shows that the first solvation shell
is flexible, and the water molecules are bonded more loosely
than the ammonia molecules. The second solvation shell is
more flexible with numerous ligand exchanges to bulk liquid
Or Vice versa.

The most stable complex can be predicted qualitatively
by taking the longest lifetime before the subsequent ligand
exchange. Based on this criterion [Ca(HZO)j(NH;);]2+
is identified to have the longest lifetime of approximately
10 ps.

CND analysis confirmed that our result is consistent with
those of the previously reported QM/MM MD simulation
conducted by Tongraar et al. [14] which showed that Ca®
was solvated by 5 H,O and 2 NH, molecules.

The CND and coordination number vs time results
are consistea with those of the gas-phase calculations
of [Ca(HQD)n]2+ and [Ca(l’SJH;)n]gJr (n=1,2,4,7, 8). The
gas-phase calculations predicted that the interaction of
Ca1+—NH3 is stronger than that of Ca(H,0). However,
because of the strong repulsive forces from the dipole-
oriented configuration, the coordination number of NH, is
lower than that of H,O. This finding is similar to that of the
previous investigations of the first solvation shell structure
employing a one shell QM/MM MD simulation [ 14].

The first solvation shell structure was elucidated using
ADF analysis. The angular distribution of 0-Ca>*-0,
0-Ca®*-N, and N-Ca’*—N were calculated and depicted
in Fig. 4. Figure 4 shows that each angle has a broad peak
ranging from 60 to 180°. Thus, rather than having a certain
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Fig. 4 ADF of {a) N—Ca™-N, (b) N-Ca™*-0, and (¢) 0—-Ca>*-0 in
the first solvation shell

structural geometry, the first solvation shell of Ca* in aque-
ous ammonia shows a polyhedral g@uelry‘ Moreover, the
broad peaks of enh ADF indicate that the first solvation
shell is a flexible structure. This result is consistent with the
interpretation of RDF and CND results.

The narrow peak of N-Ca”-N with the maxima at 75°
indicates that NH; is more rigid than water. The broader
peak of O—-Ca®"-0 with maximum angles of 75° and 135°
indicates the flexibility and positional variability of H,O
around the ion. 1

The O-Ca>*-N ADF shows that the arrangement of
ammonia and water is distorted rather than perpendicular
to each other. Overall, the ADF analysis reveals that the sol-
vation shell structure of Ca®* is polyhedral. However, the
angles in the ADF analyses do not show any special pattern
of certain geometries. Thus, the structural geometry of the
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Fig.3 Fluctuation of the coordination number in the (a) first and (b) second solvation shells (color coding: black =water; red: ammonia). d
Snapshot of the most stable complex species of [Ca(H,0)5(NH,),J** predicted through QMCF MD simulation
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first solvation shell cannot be considered to have a certain
structure.

The dynamical properties of the first solvation shell are
characterized by monitoring the ligand exchange events and
calculating the respective MRT values. Figure 5 shows the
changes of Ca’*-0 and Ca>*-N bond distances during the
simulation time. Eight successful ligand exchange events
occurred for H,0O ligand whereas only two ligand exchange
events were occurred for NH;.

From the beginning of the sampling period to 8 ps, no
stable complexes are formed but several complexes have
coexisted. After 10 ps up to approximately 18 ps, the
[Ca(HZO)S(NHa2+ complex is formed. At 20 ps, the com-
plex undergoes ligand exchange events.

The quantification of the ligand exchage dynamics is
achieved by computing the MRTs for both ligands in the first
and second solvatal shells. The MRT was calculated using
direct accounting of ligand exchange events [29].

The MRT for H,0O is determined to be 12.0 ps. 7 ps,
which is shorter than the computed MRT for H,O in the
first hydration shell of hydrated ca’* (16.1 ps) using a simi-
lar QMCF MD approach [8]. Meanwhile, the conventional
QM/MM MD simulation overestimated the MRT for H,O
as 40 ps [7].

<
g
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a ! ' (b) I
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3 i ! L ," m
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Simulation time / ps

Fig.5 Dynamics of the (a) Ca>*—0 distances in the first solvation
shell. The red and yellow lines denote the dissociative exchanges dur-
ing the simulation time. The purple, light blue, and blue lines show-
ing the incoming ligands from the second solvation. (b} Dynamics
of the Ca”™-N in the first solvation shell. The green and black line
denote the outcoming and incoming ligands from the second solva-
tion shell, respectively

4

The MRT for NH; in ge first solvation shell is calcu-
lated to be 21.8 ps, which is much longer than the MRT for
NH, in the first solvation shell of solvated Ca®* in liquid
ammonia (12.9 ps) [7]. In the aqueous ammonia system,
only 2 successful ammonia ligand exchanges are observed.
In contrast, in pure liquid ammonia, 17 successful ammo-
nia ligand exchanges are observed. Thus, our predicted
MRT value is longer than the previously reported MRT
for ammonia in the liquid ammonia system.

The associated rate coefficients, R, for both ligands
were evaluated by comparing all of the transitions, even
for the displacement time of 0 ps, with a certain number of
successful ligand exchange events regardless of their dis-
aaccmcnt times. The R, values of 2 and 1 were observed
for water and ammonia in the first solvation shell, respec-
tively. These values indicated that water needs to undergo
several transitions to have one successful ligand exchange
event.

The ligand exchange events are shown in Fig. 5. Dur-
ing the simulation time of 25 ps, eight successful ligand
exchange events occur for water. Of these ligand exchanges
events, three of them are dissociative and the rest are
assoclative. Meanwhile, for ammonia, three successful
ligand exchange events occur. All of them are dissociative
exchanges. Although an associative exchange is observed
in the middle of the simulation, but the incoming ligand
moves out of the first solvation shell at 20 ps. The snap-
shots of these exchanges are depicted in Fig. 5c¢. For exam-
ple, ligand exchange events at @,25, and 8 ps indicate
a vivid flexible configuration of the first solvation shell.

In the second solvation shell, MRTs for H,O and NH,
are determined to be 2.51 and 2.27 ps, respectively. The
MRT for NH, is slightly longer than that for l:ﬂe liquid
ammonia (2.08 ps) [7]. The presence of water molecules
in the second solvation shell increases the stﬂ]glh of the
hydrogen bond interaction between solvent molecules in
the solvation shell, resulting in a long MRT.

The power spectra of the Ca®*—0 and Ca>*~N vibra-
tional stretching modes obtained via Fourier transform of
the VACFs are depicted in Fig. 6. The maximum peaks
of Ca®*~0 and Ca®*-N are located at 289 and 252 ¢m™!
which corresponds to the force constants of 56.6 and
38.85 N m™!, respectively. The force constant of Ca>*-0
is higher than that of Ca’*-N indicating a stronger interac-
tion between Ca®* with water.

Although no experimental values for Ca®*-0 stretching
vibrational spectra were reported, our Ca’"—N vibrational
spectra is consistent with the reported range of 250 to
370 cm™! [28]. This finding confirms the appropriate set-
ting of simulations and the selected quantum mechanical
level of theory in the QMCF MD simulation.
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Fig.6 Vibrational strnling of Ca®*—0 (black line) and Ca>-N
(red line) interactions in 18% aqueous ammonia obtained via Fourier
transformation of the respective VACFs of trajectories obtained by
QMCF MD simulation

Conclusion

The structure and dynamics of Ca® in 18% aqueous
ammonia have been successfully investigated by employ-
ing the QMCF MD simulation approach. The second sol-
vation shell was included in the QM region and electro-
static embedding was applied to improve the description of
the solvated system. Trajectories analysis showed that the
labile first solvation shell had a total of 10 ligand exchange
events. The most stable complex was [Ca(HlO)j(NH;);]1+
with an approximate lifetime of 8 ps. Direct accounting
of ligand exchange events was applied to calculate MRTs
of water and ammonia in the first and second solvation
shells. In comparison withﬂc MRTs for their respective
pure liquid, MRTs values for water and ammonia were
slightly shorter. In the second solvation shell, the MRTs
for water and ammonia were short, that is, 2.51 ps and
2.27 ps, respectively.

The vibrational spectra of ion—ligand bonds are consist-
ent with the available reported experimental data. This
finding confirms the appropriate choice of level of theory
to treat the QM region in QMCF MD simulation which
has been highlighted by the gas-phase calculations data.

The QMCF MD simulation yielded detailed information
about the structural and dynamical properties of Ca’>* ion
in aqueous ammonia. This basic information is beneficial
to the investigation of the interaction between ion and
protein in biological processes. Furthermore, QMCF MD
simulation provides a general approach for the investiga-
tion of the solvation of divalent, trivalent, or lanthanides
cations in an aqueous or nonaqueous solvent.

@ Springer

Computational methodology

Quantum mechanical charge field (QMCF) MD is an
enhancement of the conventional QM/MM MD. In contrast
to that in the conventional QM/MM MD, the radius of the
QM zone in the QMCF MD is expanded to fully cover the
second hydration shell. Then, this QM region is B‘lilioned
into two subzones namely QM. and QM,,,... The solute
and the first solvation shell are located in QMm.e, whereas
the remaining solvent and the second hydration shells are
located in QM, . The maffladvantage of this partition-
ing scheme is the distance between solute in QM. and
solvent particle in the MM region is far beyond the non-
Coulombic cutoff distance. The solute and solvent particles
in the MM zone interact only via electrostatic interactions.
Thenore, the construction of empirical potentials for sol-
ute—solvent non-Coulombic interaction is not required any-
more. For interactions between solvent particles, the empiri-
cal potentials have to be provided. Another improvement
in the QMCF MD ansatz is the application of electrostatic
embedding to the Hamiltonian of the QM zone. Electro-
static embedding is realized via the incorporation of atomic
partial charges of MM atoms to QM Hamiltonian via an
external perturbation. Thus, the QM zone is surrounded by
fluctuating point charges during the simulation time and bet-
ter descriptions for the interactioff3between QM and MM
atoms are obtained, particularly in the region close to the
QM-MM border.

oo MM

V=22 ()

i=1 j=I1 ij

Because multiple sub-QM and MM regions exist in
QMCF MD, the computed forces are distinguished on the
basis of the respective QM regions. For example, the forces

of QM . are calculated using the following equation:
MMM OM 3
-on oM 94, e+ 1 (ry
e ) e B e 2)
: : = 2e—1\r,

where F5™ denotes to the quantum mechanical forces on
particle J in the QM_,. region. Meanwhile, the forces acting
on the particles in the QM,, . and MM regions are defined
using following equations: '

M MM _OM ] r k)
ayer oM I J &£+ I "
Fl' =F¢ +Z— 1+2——| — + Pt
J J 2 2 —1 r i
I=1 r;.j = c

(3
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% q-MM' oM Ny
MM __ W s
M = Z Ff

I=1 i )
1£1]

where FLM1 and FMM denote the forces acting on particles
I in (;IIML",e1 and MM region, respectively. a ensure the
smooth transition between particles in the QM and MM
regions, a smoothing region with a thickness of 0.2 A was
applied. The smoothed forces is described in Eq. (5):

E:mnnh S(r) ( ld\-el E,:f,u) + F.J;fM (5)
where S(r) denotes the smoothing function previously
described in the literature [18, 19].

However, because of the large QM region in QMCF MD,
the employed level of theory for QM calculations is limited
to Hartree-Fock (HF) level of theory. Thus, the electron cor-
relation effect is neglected in QMCF MD. To investigate
the effect of electron correlation on simulation systems,
series of gas-phase calculations of the [Ca(HZD)u]H and
[Ca(NH;)H]2+ clusters (where n is the number of water or
ammonia molecules. In m:alculalions n=1,2,4,7 and 8)
was performed. The HF, Moller—Plesset perturbation theory
second order (MP2), Becke-3 Parameter Lee—Yang—Parr
(B3LYP), and Becke—Johnson damping for dispersion cor-
rection (B3LYP-D3BJ) were cnducled, On the basis of the

previously reported one shell QM/MM MD simulation of

Ca’ in aqueous ammonia, the LANL2DZ ECP [29] and
DZP Dunning [31] basis sets for Ca’* and water/ammonia
respectively, were used for energy minimization. All gas-
phase calculations were run using the ORCA QM package
[43].

The results of gas-phase calculations are listed in Table 3.
Based on Table 3 shows that the results of HF are close to

those of MP2, whereas B3LYP significantly deviate from
those of MP2. This is not surprising because the original
B3LYP functional cannot describe the electrostatic interac-
tions well and lack dispersion correction. The inclusion of
dispersion correction to B3LYP (B3LYP-D3BI) improves
the obtained results, but the deviation is still higher than that
of the HF level of theory. Furthermore, B3LYP is unsuit-
able for the investigation of the solution because it will not
give a correct description of solvent at ambient temperature.
Recent investigations showed that water will be described as
supercooled system rather than a bulk liquid [39, 40]. Thus,
the electron correlation effect does not play an important
role in solvated Ca” in the aqueous ammonia system. More-
over, the application of traditional MP2 or even resolution of
identity MP2 (RI-MP2) will lead to long computation times
particularly when dealing with a large QM region containing
up to hundreds of atom to be treated. Thus, in these simula-
tions, the HF level of theory is selected to calculate the force
and energy of QM region.

Simulation protocol

In this w«ﬂ, a cubic periodic simulation box containing
Ca’t 815 waleand 184 ammonia molecules, which cor-
respond to the 18.4% aqueous ammonia solution has been
employed. The side lenlh of the box was set to 31.74 A,
which corresponds to an experimental density of 0.927 g/
em® at 298.15 K. Ensemble NVT was used in all of the simu-
lations. The long-range Coulomb interaction above 15 A was
evaluated using the reaction field method [44]. To integrate
the equation of motion, a second-order Adam-Bashforth
predictor—corrector was employed with a time step of 0.2 fs.
BJH-CF2 water [32, 33] and ammonia models consisting
s [34, 35]

were used to describe the properties of aqueous ammonia

of intramolecular and intermolecular potentials

Table3 Average binding energy per ligand molecule (E;, ) in kl/mol and average Ca—0 and Ca—N distances (rCa=0 and rCa=N) in A

HE MP2 B3LYP B3LYP-D3BJ
n Eyyp/kl/mol r Ca-O/A By kI/mol r Ca-O/A Eyypo/kI/mol r Ca-O/A By kI/mol r Ca-O/A
1 —214.43 235 — 21359 2.36 - 22309 233 - 23292 2.33
2 — 207.69 2.37 —207.44 2.39 — 21631 2.36 — 22276 2.36
4 - 190.04 241 - 190.79 2.42 - 197.74 2.39 - 204.64 2.39
7 — 156.04 251 — 160.04 251 — 163.18 2.49 — 174.26 245
8 — 14581 5 — 150,62 2.54 — 15255 3 — 164.35 2.50
n Ey, /kI/mol r Ca-N/A B/ KI/mol r Ca-N/A Eyjp gkI/mol r Ca-N/A B/ kI/mol rCa-N/A
1 — 234.76 2.50 — 23895 2.52 - 253.17 248 — 26861 2.48
2 - 22635 2.54 —230.83 2.55 - 24343 251 —253.84 251
4 - 202.13 258 —207.15 2.59 —215.10 256 — 22681 2.55
7 — 15757 272 ~ 166,90 2.71 — 166.94 270 — 18138 2.67
8 - 14330 278 - 152.84 2.75 - 152.13 275 - 167.36 2.72
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2

solution. Thcgcrcndscn thermostat algorithm [45] with a
relaxation time of 0.1 ps was employed to keep the tempera-
ture at 298.15 K. To avoid the ‘hot solute, cold solvent’ prob-
lems in the Berendsen thermostat algorithm the simulation
system was rigorously equilibrated using the classical MD
at least for 1 ns, followed by re-equilibration in QMCF MD
for 4 ps. Finally, the sampling phase was run for 25 ps. The
intermolecular potentials for the classical MD were taken
from the literature [14].

The radius of QM_, . and QM,, . was set to 3.5 and 6.7 f"\,
respectively. The smooth transitions fr(a the QM region to
the MM regions were guaranteed via a smoothing region
with zaickncss of 0.2 A. All of the atomic partial charges
in the QM region were calculated using the Mulliken [36]
analysis every 5th step of the sampln; phase. The QM cal-
culations in QMCF MD simulations were executed using the
TURBOMOLE 5.9 package [36, 37] and structural visuali-
zation was generated using VMD [38].
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