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’ INTRODUCTION

Copper(II) amino acid complexes have been known since the
second half of the 19th century; however, their intensive
structural studies, motivated by the fact that they could be
appropriate model compounds for copper-binding sites in cop-
per-containingmetalloproteins, started in the 1960s.1 A survey of
the Cambridge Structural Database (version 5.31, update of
August 2010) completed using ConQuest2 (version 1.12) and
limited to bis(amino acidato-N,O)copper(II), Cu(aa)2, com-
plexes with determined atomic coordinates and R-factor e0.20
revealed 122 entries. Among them, 28 belonged to copper(II)
complexes with glycine and optically pure standard R-amino
acids in a nonionic crystal structure, and represented only 10 and
8 different trans and cis complexes, respectively.3

Cu(aa)2 complexes can be considered as polyfunctional and
polytopic molecules because of their intermolecular bonding
properties. Mononuclear complexes are bonded into one-dimen-
sional (1D), two-dimensional (2D), or three-dimensional (3D)
solid-state architectures by noncovalent interactions (e.g., hydro-
gen bonds formed by the amino and carboxylate groups;

aliphatic-aliphatic van der Waals interactions formed by the R-
amino acid residues). Usually copper(II) coordination is com-
pleted by weak apical coordinative bonding of either a water
oxygen atom or a carbonyl oxygen atom from an adjacent
molecule. Truly four-coordinate copper(II) was found in the
crystal structures of copper(II) N,N-dialkylated amino acidates.4�8

Moreover, additional building blocks for supramolecular struc-
tures are provided by the phenomenon of cis-trans isomerism.
Unfortunately, little control has been attained over cis-trans
isomerism during crystallization.9

Although measurements of infrared (IR) spectra10 and diffuse
reflectance spectra11 enabled identification of trans and cis Cu-
(aa)2 complexes in powdered samples, the crystal and molecular
structures of both isomers were determined in only a few cases
because of the difficulty to find proper conditions for obtaining
single crystals. These are cis and trans copper(II) complexes with
glycine,12�14

L-alanine,15,16 and 1-aminocyclopropane carboxylic
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ABSTRACT: Heating of polycrystalline cis aquabis(L-
valinato)copper(II) at 90 �C resulted in a dehydrated powder.
Recrystallization from aqueous solution of the obtained product
yielded anhydrous trans bis(L-valinato)copper(II). The X-ray
crystal and molecular structures of trans bis(L-valinato)copper-
(II) and cis aquabis(L-valinato)copper(II) are presented. Mo-
lecular modeling calculations were attempted to resolve factors
that influenced the isomerization and crystallization of either
the aqua cis- or the anhydrous trans-isomer. Conformational
analyses of trans- and cis-isomers were completed in vacuo and
in crystal by molecular mechanics, and in aqueous solution by molecular dynamics (MD) simulations using the same force field.
Although the conformers with trans-configuration are the most stable in vacuo, those with cis-configuration form more favorable
intermolecular interactions. Consequently, both cis- and trans-isomers are predicted to be present in aqueous solution. According to
the crystal structure simulations and predictions, cis-isomer requires water molecules to form energetically more stable crystal
packings than trans-isomer. The MD modeling of the self-assembly of 16 bis(L-valinato)copper(II) complexes in aqueous solution
for the first time predicted the crystallization nucleus formation to proceed frommonomers to oligomers by Cu-to-Ocarboxylato and/
orN�H 3 3 3Ocarboxylato weak bonds; these oligomers then bind together via water molecules until they acquire the right positions for
noncovalent bonding like in the experimental crystal structures. Fifty-nanosecond MD simulations accomplished for a system
consisting of equal numbers of complexes and water molecules at 298 and 370 K suggested complete cis-to-trans transformation at
the higher temperature. Prevalence of either cis- or trans-conformers in water upon dissolvation may explain the crystallization
results.
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acid.17 Bis(glycinato)copper(II) hydrate, Cu(Gly)2 3H2O, crys-
tallized from aqueous solution as a cis isomer,12,13 but bis(L-
alaninato)copper(II) crystallized as an anhydrous trans isomer.15

The single crystals of trans Cu(Gly)2 were grown from aqueous
solution saturated with the excess of glycine.14 Anhydrous cis
bis(alaninato)copper(II) single crystals were obtained from
initially synthesized trans isomer by shaking of the saturated
solution,18 and by heating of the aqueous suspension.16 The
copper(II) complex with 1-aminocyclopropane carboxylic acid
has a unique crystal phase built of trimeric units composed of one
trans and two cis molecules.17

In this Article we present a new crystal andmolecular structure
of a Cu(aa)2 complex: anhydrous trans bis(L-valinato)copper-
(II), Cu(L-Val)2. To compare the crystal structures of the
geometric isomers, we have also redetermined the crystal and
molecular structure of cis aquabis(L-valinato)copper(II), Cu(L-
Val)2 3H2O.

19�22

In the solid state, Delf et al. studied the thermal cis�trans
interconversion mechanism that occurred upon heating of
Cu(Gly)2 at a temperature higher than 100 �C, from hydrated
cis-isomer to thermodynamically more stable anhydrous trans-
isomer.23 Similar thermal solid state cis-trans rearrangements in
coordination compounds24 occurred for, for example,
[CrCl2trimethylenediamine2]Cl at 160�209 �C,25 [CoX2ethyl-
enediamine2]X (X = Cl or Br) at 210�215 �C,26 and
dihalogenbis(trialkyl (or aryl)phosphine)Pt(II) practically in
the melt.27

The stability constant measurements of the copper(II) che-
lates with aliphatic R-amino acids yielded Cu(aa)2 complexes as
the predominant species in aqueous solutions at ambient
temperatures.28�30 Trans and cis isomers for many Cu(aa)2
complexes were identified to simultaneously exist in aqueous
solutions by the 14N superhyperfine structure in electron para-
magnetic resonance (EPR) spectra.31�34 Solvent composition
can affect the cis�trans equilibrium as revealed by the EPR
spectra of Cu(L-Val)2 studied as a function of the dioxane to D2O
solvent composition ratio, that the addition of dioxane induced a
shift toward the trans isomer.33 Low-molecular-weight copper-
(II) complexes with amino acids and peptides mediate copper
transport and storage in biological fluids,35 and cis�trans iso-
merism may have an important role in these processes.

The high-level molecular quantum mechanical (QM) calcula-
tions of the cis-trans isomerization reaction for Cu(Gly)2 showed
that in the gas phase and at ambient temperatures the energy
barrier (29 kJ mol�1) is low enough for a cis-isomer to sponta-
neously transform to amore stable trans-isomer (by 57 kJmol�1)
via a chelate-ring twisting mechanism without breaking bonds.36

Another possible cis�trans isomerization mechanism via a che-
late-ring-opening was ruled out for being energetically too
demanding.36 Conversely to the gas phase, the QM calculations
of Cu(Gly)2 in water medium at 300 K using a polarized
continuum model revealed a small energy difference (5 kJ
mol�1) between the solvated cis and trans minima, and a
substantial increase of the potential energy barrier for cis-to-trans
isomerization (70 kJ mol�1).37

In an attempt to resolve the physicochemical mechanism
which brought to crystallization either aqua cis or anhydrous
trans isomer of Cu(L-Val)2, and to contribute to the knowledge of
factors influencing the cis-trans isomerism, we have undertaken
molecular modeling calculations in vacuum, in crystalline sur-
roundings, and in aqueous solution. These calculations were
possible thanks to the molecular mechanics (MM) force field

FFWa-SPCE37 suited for the MM and molecular dynamics
(MD) simulations of trans and cisCu(aa)2 complexes in different
environments by explicit accounting for the surroundings effects
such as crystal lattice or aqueous solution.37,38 In this study we
combined the experimental X-ray data and the MM and MD
simulation results to decipher the isomerization and crystal-
lization processes occurring at the molecular level upon recrys-
tallization of the initially synthesized and thermally treated
powdered samples of Cu(L-Val)2 from aqueous solution.

’EXPERIMENTAL SECTION

Synthesis of Cu(L-Val)2 and Single-Crystal Preparations.
Materials. Copper(II) chloride dihydrate (Merck, Darmstadt,
Germany) and L-valine (Dr. Th. Schuchardt & Co., Hohenbrunn,
Germany) were used without further purification. Deionized water
was produced in laboratory.

Synthesis of cis Cu(L-Val)2 3H2O. According to the published
method,39 we mixed 26 mL of 0.2 M CuCl2 3 2H2O solution (0.900 g,
5.278 mmol) with L-valine (1.500 g, 12.804mmol) dissolved in 10mL of
1 M NaOH water solution. The reaction mixture was left for 2 days at
room temperature. The resulting blue powder of cis Cu(L-Val)2 3H2O
was filtered off, dried, and weighed (yield: 75.1%). Blue plate-like single
crystals of cisCu(L-Val)2 3H2O were obtained during recrystallization (i.
e., 0.125 g of complex powder was dissolved in 10 mL of deionized
water) by slow evaporation at room temperature.

Crystallization of trans Cu(L-Val)2.. The initially synthesized blue
powder of cisCu(L-Val)2 3H2O was heated for 24 h at 90 �C (the weight

Table 1. Crystallographic Data for trans Cu(L-Val)2 and cis
Cu(L-Val)2 3H2O

trans Cu(L-Val)2 cis Cu(L-Val)2 3H2O

empirical formula C10H20N2O4Cu C10H22N2O5Cu

formula weight (g mol�1) 295.84 313.84

crystal system triclinic monoclinic

crystal size (mm3) 0.61 � 0.56 � 0.23 0.73 � 0.54 � 0.13

crystal habitus prismatic prismatic

crystal color blue-violet blue

space group P1 C2

a (Å) 4.905(1) 21.348(1)

b (Å) 5.242(1) 9.589(2)

c (Å) 12.213(1) 7.425(2)

R (deg) 79.36(1) 90

β (deg) 89.84(1) 108.91(2)

γ (deg) 79.42(1) 90

volume (Å3) 303.21(4) 1437.85(5)

Z 1 4

Dcalc (g cm
�3) 1.620 1.450

μ (mm�1) 1.81 1.53

F(000) 155 660

Flack parameter 0.031(8) �0.003(15)

reflections collected/unique 2770/2766 2469/2430

data/restraints/parameters 2766/7/174 2468/26/244

goodness-of-fit on F2, Sa 1.049 1.040

R/wR [I > 2σ(I)]b 0.0181/0.0513 0.0326/0.0793

largest diff. peak and hole (e Å�3) 0.240, �0.379 0.501, �0.348
a S = ∑[w(Fo

2� Fc
2)2/(Nobs�Nparam)]

1/2. b R = ∑ )Fo|� |Fc )/∑Fo,w =
1/[σ2(Fo

2) þ (g1P)
2 þ g2P] where P = (Fo

2 þ 2Fc
2)/3; wR2 =

[∑(Fo
2�Fc

2)2/∑(Fo
2)2]1/2.
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loss percentage of 5.9% corresponded to one water molecule loss per
Cu(L-Val)2 molecule). The resulting solid phase (0.125 g) was dissolved
in 10 mL of deionized water. After a few days tiny blue aggregations
appeared in the solution, and after a few weeks blue-violet needle-like
single crystals of the anhydrous trans Cu(L-Val)2 isomer crystallized on
the vessel walls and were used in the X-ray diffraction experiment.
X-ray Diffraction Experiments. The single-crystal X-ray data of

trans Cu(L-Val)2 and cis Cu(L-Val)2 3H2O were collected on an Oxford
Diffraction Xcalibur CCD diffractometer with graphite-monochro-
matedMoKR radiation at room temperature. All the data were collected
using ω-scans. Table 1 presents details of data collection and crystal
structure refinement. CrysAlis CCD andCrysAlis RED programs40 were
employed for data collection, cell refinement, and data reduction. The
structures were solved by direct methods. The refinement procedure by
full-matrix least-squares methods based on F2 values against all reflec-
tions included anisotropic displacement parameters for all non-H atoms.

The iso-propyl moiety in cis Cu(L-Val)2 3H2O was disordered over
two sites with relative population parameters 0.60 and 0.40. The bond
distances between the disordered atom pairs C13A and C14A, C13A
and C15A, as well as C13B and C14B, C13B and C15B were set to 1.520
Å (s.u. 0.008 Å), using the DFIX command. The same procedure was
applied for the disordered atom C25 to atom C23 bond distances.
Finally, the disordered carbon atoms were refined using a restrained
anisotropic model achieved (the ISOR command). The positions of the
hydrogen atoms of the NH2 groups and water molecules were deter-
mined from the difference Fourier map and were included in the
refinement process with an isotropic thermal parameter. Other hydro-
gen atoms were positioned geometrically and refined applying the riding
model [C�H = 0.95�0.98 Å and with Uiso(H) = 1.2 or 1.5Ueq(C)]. All
calculations were performed using SHELXS9741 and SHELXL9742

(within the WinGX program package).43 Molecular graphics were done
using ORTEP,44 Mercury,45 RASTOP46 and POVRay.47

X-ray powder diffraction (PXRD) experiments were performed on a
Philips PW3710 diffractometer using CuKR radiation, with a zero
background sample holder in the Bragg�Brentano geometry; tension
40 kV, current 40 mA. The patterns were collected in the angle region
between 4� and 40� (2θ) with a step size of 0.02� and 1.0 s counting per
step. The data were collected and visualized using the X’Pert programs
suite.48

Thermal Measurements. Thermogravimetric (TG) analyses
were performed on a Mettler-Toledo TGA/SDTA851 thermobalance,
and differential scanning calorimetry (DSC) measurements on a
DSC325 calorimeter using aluminum crucibles under the stream of
nitrogen (300mLmin�1). Several experiments weremadewith different
heating rates (0 or 10 K min�1). The maximum temperature was 623 K.
The results were processed with the Mettler STARe 9.01 software.
PXRD patterns were collected for all the residues found in crucibles.
IR Spectroscopy. The IR spectra were recorded on an EQUINOX

55 FTIR spectrophotometer using a KBr pellet technique. The data
collection and analysis were performed using the program package
OPUS 4.0.49

trans Cu(L-Val)2: 3291 cm�1 (s, br, νN�H); 3158 cm�1 (s, νN�H);
2955, 2935, and 2875 cm�1 (vs, s, and m, respectively, δCH3); 1623 and
1595 cm�1 (vs, overlapped, νC�O and νCdO).

cis Cu(L-Val)2 3H2O: 3284 cm�1 (s, br, νN�H); 3159 cm�1 (s,
νN�H); 2967, 2933, and 2877 cm�1 (s, s, and m, respectively, δCH3);
1627 and 1585 cm�1 (vs, overlapped, νC�O and νCdO).

Product obtained by thermal treatment of cis Cu(L-Val)2 3H2O:
3297 cm�1 (vs, br, νN�H); 3265 cm�1 (vs, νN�H); 2963, 2912, and
2875 cm�1 (s, m, and m, respectively, δCH3); 1625 and 1587 cm

�1 (vs,
overlapped, with shoulders at 1662 and 1617 cm�1, νC�O and νCdO).
Molecular Modeling Methods. MM Calculations. All MM

calculations were performed using the modified version50 of the Lyngby
version of the CFF program,51�53 and the FFWa-SPCE force field37

suited formodeling anhydrous and aquaCu(aa)2 complexes with a trans-
or a cis-CuN2O2 coordination polyhedron. The FFWa-SPCE force field
parametrization procedure of deriving a set of empirical parameters
equally applicable for vacuum, crystal, and aqueous solution was
described elsewhere.37 FFWa-SPCE reproduced well the QM derived
vacuum structures, the experimental crystal data, the flexibility
(plasticity) of the copper(II) coordination polyhedron both in vacuo
and in crystal, and the impact of the intermolecular interactions on the
geometry changes of a series of anhydrous and aqua trans and cis
copper(II) amino acidates.37 The force field reproduced qualitatively
well relative stabilities of the QM vacuum structures.37,54

The conformational (strain) potential energy was calculated from the
following basic formula:

Vstrain ¼ VðbÞ þ VðθÞ þ VðjÞ þ VðχÞ þ VLJ þ VCoulomb

¼ ∑
bonds

Deðe�2Rðb � b0Þ � 2e�Rðb � b0Þ þ 1Þ

þ 1
2 ∑
valence angles

kθðθ� θ0Þ2 þ 1
2 ∑
torsion angles

Vjð1 ( cos njÞ

þ 1
2 ∑
out-of -plane angles

kχχ
2þ ∑

i < j
ðAiAjrij

�12 � BiBjrij
�6Þ þ ∑

l < m
qlqmrlm

�1

Here b, θ, j, χ, and r are the bond length, the valence, torsion, and out-
of-plane angles, and the nonbonded distance, respectively. De, R, b0, kθ,
θ0, kχ, Vj, and n are the empirical parameters. One torsion per bond was
calculated. A and B are one-atom empirical parameters of the Lennard-
Jones 12�6 function, VLJ. In the Lyngby-CFF program, the input charge
parameters8,37 are used for an assignment of fractional atomic charges, q,
by a charge redistribution algorithm adjusted to assign the values close to
those resulting from the natural population analysis (NPA) obtained for
several anhydrous and aqua trans and cisCu(aa)2 systems.54,55 The NPA
charges for the Cu, N, and O atoms have very similar values in examined
copper(II) chelates with natural R-amino acids.54,55 Accordingly, the
same and fixed fractional charge values were assigned for cis and trans
Cu(L-Val)2.

56 The intramolecular nonbonded interactions were calcu-
lated between the atoms separated by three or more bonds by the VLJ
and electrostatic, VCoulomb,NB, potentials. In FFWa-SPCE,37 the inter-
actions inside the copper(II) coordination polyhedron are modeled
using the Morse potential between the Cu and two amino N and two
carboxylato O atoms, the repulsive electrostatic potential between these
four donor atoms, VCoulomb,1�3, and a torsion-like potential depending
on the O�N�N�O “torsion” angle, with twominima corresponding to
the cis- and the trans-planar CuN2O2 coordination geometries. The
rationale for selecting these potential energy functions was described in
our earlier papers.8,54,55,57�59 Similar modeling of the valence angles
around copper by the 1,3 donor�donor repulsions (but using the
Buckingham or Lennard-Jones potentials), instead of using the valence-
angle bending potential, is also present in other MM force fields
developed for copper(II) and other transition metal complexes.60�63

The conformational potential energy was minimized for an isolated
molecular system (in vacuo or a gas-phase approximation) and for a
molecule surrounded by other molecules in a simulated crystal lattice. In
vacuo, the minimum energy, Vvacuum, was calculated for two systems:
Cu(L-Val)2 (Vvacuum = Vstrain), and Cu(L-Val)2 3H2O (Vvacuum =
Vstrain[Cu(L-Val)2] þ Vstrain[H2O] þ Vintermolecular). The interactions
between the atoms of Cu(L-Val)2 and the water molecule atoms,
Vintermolecular, were modeled with the VLJ and VCoulomb,NB potentials
independently of the water molecule position around the complex.54

The crystal simulations were performed using the Williams variant64,65

of the Ewald lattice summation method with a spherical cutoff limit of 22
Å, and convergence constants of 0.2 Å�1, 0.2 Å�1, and 0.0 for Coulomb,
dispersion, and repulsion lattice summation terms, respectively. The
potential energy of an asymmetric unit in the simulated crystal environ-
ment, Vin-crystal, was calculated as the sum of the intramolecular strain
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potential energy, Vstrain, and the intermolecular interactions (lattice
energy), Vintermolecular, between the asymmetric unit atoms and the
atoms of surrounding asymmetric units related by the space group
symmetry operations and within the cutoff limit (i.e.,Vin-crystal = Vstrainþ
Vintermolecular). The intermolecular atom�atom interactions were calcu-
lated using the same functional forms and empirical parameters as for the
intramolecular nonbonded interactions. During the in-crystal energy
minimization, all atomic coordinates and unit cell dimensions were
allowed to vary, except theR andγ unit cell angles were kept equal to 90�
in the case of a monoclinic unit cell symmetry. The details of the in-
crystal calculations are given elsewhere.8,50,65

MD Simulations. The simulations were performed using the program
package Gromacs, version 3.2.1,66,67 with the force field FFWa-
SPCE.37,56 The suitability of FFWa-SPCE for simulations and predic-
tions in aqueous solution was examined for solvated cis and trans
Cu(Gly)2 [the only Cu(aa)2 system for which some experimental
structural data in aqueous solution at room temperature are available
from the literature],68 and additionally verified by comparison with the
QM structural and energetic results obtained within the polarized
continuum model approximation.37 The MD simulations were done
for trans and cis isomers of Cu(L-Val)2 separately. Periodic boundary
conditions were applied. One Cu(L-Val)2 molecule was solvated in a
rectangular box containing 3435 water molecules, and equilibrated for
500 ps. Four, eight, and 16 Cu(L-Val)2 molecules were solvated in the
same dimension cubic boxes containing 10316, 10264, and 10139 water
molecules, respectively, and equilibrated for 500 ps. Productive MD
phases were accomplished under constant temperature and pressure
(298.15 K and 1 bar) using Berendsen T-coupling (τT = 0.1 ps) and
Berendsen p-coupling (τp = 0.5 ps).

69 The time step was 1 fs. The water
molecule’s geometry was constrained by the SETTLE procedure,70

whereas all Cu(L-Val)2 degrees of freedom were relaxed during the MD
simulations. A cutoff limit of 1.5 nm was applied for the calculations of
Coulomb and Lennard-Jones 12�6 interactions. The cutoff distance for
the short-range neighbor list was set to 1.0 nm. Additionally, two 50-ns
MD simulations were performed for the 84Cu(L-Val)2 3 84H2O system
at 298.15 and 370 K.

’RESULTS AND DISCUSSION

X-ray Crystal and Molecular Structures. Compound trans
Cu(L-Val)2 crystallized in the triclinic P1 space group with one
complex molecule per asymmetric unit. The Cu(II) cation is

hexacoordinated, with the O11, N11, O21, and N21 atoms in the
equatorial positions, and two carbonyl oxygen atoms O12i and
O22ii of the neighboring molecules occupying the apical posi-
tions of a distorted bipyramid (Figure 1a, Table 2). Both chelate
rings are significantly puckered (Table 2). Compound cis Cu(L-
Val)2 3H2O crystallized in the monoclinic C2 space group with
one complex molecule per asymmetric unit. The Cu(II) cation is
pentacoordinated, with a coordination geometry that conforms
to a distorted square pyramid. The water molecule O31 atom
occupies the apical position of the pyramid, and the O11, N11,
O21, and N21 atoms occupy the four remaining square-base
positions (Figure 1b, Table 2). Both chelate rings of the cis
isomer are fairly planar (Table 2). In both complexes one chelate
ring exhibits a δ-envelope and the other a λ-envelope absolute
configuration. The iso-propyl moieties bonded to the λ- and δ-
chelate envelopes are in the axial and equatorial positions,
respectively. Both iso-propyl groups of the cis isomer are
disordered.
The trans Cu(L-Val)2 molecules self-assembled into a 1D

coordination polymer by the Cu 3 3 3Ocarbonyl coordinative bonds
and by two N�H 3 3 3O hydrogen bonds (Supporting Informa-
tion, Figure S1a). The 1D polymers were connected into a
molecular sheet via four N�H 3 3 3O hydrogen bonds and two
C�H 3 3 3O interactions (Supporting Information, Figure S1b).
The sheets stacked offset and were connected by dispersion
forces into a 3D (graphite-like) structure. Moreover, the iso-
propyl moieties are locked by two weak intrachain and two
interchain C�H 3 3 3O interactions (Supporting Information,
Figure S1). Such interactions are absent in the cis-isomer crystal
phase. In the crystal phase of the cis compound, the Cu(L-
Val)2 3H2O building blocks formed two O�H 3 3 3O hydrogen
bonds with carbonyl oxygen atoms O12 and O22 of the
neighboring molecules (Supporting Information, Figure S2). In
this manner formed 2Dmolecular layers were further interlinked
by four N�H 3 3 3O hydrogen bonds. Iso-propyl moieties pro-
truded from those layers, and as the sheets stacked offset because
of the dispersion forces, a 3D porous structure was formed
(Supporting Information, Figure S3). Although both crystal
structures are layered, the trans compounds are packed denser
than the cis ones. Less compact packing in the cis crystal phase

Figure 1. ORTEP-POV-Ray rendered view of (a) transCu(L-Val)2 and (b) cisCu(L-Val)2 3H2Omolecules. Ellipsoids are drawn at the 30% probability
level. Hydrogen atoms are presented as spheres of arbitrary small radii. Disordered parts of the cismolecule were excluded from the drawing for clarity.
Symmetry codes: i = 1þx, y, z; ii = �1þx, y, z.
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may be influenced by disordered iso-propyl moieties. The
hydrogen bond distances and angles for both crystal structures
are listed in Supporting Information, Table S1.
Thermal Analysis, FTIR Spectra, and PXRD Patterns. TG

curve of the cis Cu(L-Val)2 3H2O sample taken from the bulk
obtained by recrystallization shows two mass losses (Supporting
Information, Figure S4a). First mass loss, from 30 to 220 �C, is
caused by liberation of water molecules. Second mass loss, from
190 to 270 �C, is caused by partial sublimation and pyrolitic
decomposition of the sample. In the similar temperature intervals
there are strong endothermic signals in the DSC curvesmeasured
for the samples of cis Cu(L-Val)2 3H2O, the product obtained by
one-day thermal treatment of cis Cu(L-Val)2 3H2O, and trans
Cu(L-Val)2 (Supporting Information, Figure S4b). The tempera-
ture of the DSC peak maximum, Tmax, is the lowest for cis Cu(L-
Val)2 3H2O and the highest for trans Cu(L-Val)2.
The FTIR spectra of cis Cu(L-Val)2 3H2O and of the product

obtained by the thermal treatment are very similar (Supporting
Information, Figure S4c). However, in the latter one, in the
region from 3200 to 3400 cm�1, the broad band corresponding
to the water molecule vibrations is reduced (because of the

dehydration) revealing a very strong N�H vibrational band at
3297 cm�1, broadened probably because of amino groups’
involvement in hydrogen bonding.
Comparison of the experimental PXRD patterns with those

simulated from the single-crystal data confirmed the identity of
cis Cu(L-Val)2 3H2O and trans Cu(L-Val)2 powder samples
(Supporting Information, Figure S4d). However, the PXRD
pattern of the dehydration product obtained by the thermal
treatment of cis Cu(L-Val)2 3H2O does not fit the PXRD pattern
either of trans Cu(L-Val)2 or cis Cu(L-Val)2 3H2O (Supporting
Information, Figure S4d). Unfortunately, it is not yet possible to
experimentally reveal the exact structure of that solid phase.
MM Reproduction of the X-ray Crystal and Molecular

Structures. To test the ability of the FFWa-SPCE force field
to reproduce the experimental crystal andmolecular structures of
trans Cu(L-Val)2 and cis Cu(L-Val)2 3H2O, the experimental
crystallographic data were taken as the starting point for geo-
metry optimization using the crystal simulator65 of the Lyngby-
CFF program. The superpositions of the X-ray and MM derived
unit cells and packings are illustrated in Figures 2 and 3. Because
the cis-isomer is disordered in the crystal structure, two

Table 2. Selected X-ray Crystal Bond Distances (Å) and Angles (deg) of trans Cu(L-Val)2 and cis Cu(L-Val)2 3H2O and Their
Corresponding Values in the Minimum FFWa-SPCE Crystal Structuresa

FFWa-SPCE

X-ray cis Cu(L-Val)2 3H2O

internal coordinate trans Cu(L-Val)2 cis Cu(L-Val)2 3H2O
b trans Cu(L-Val)2 ca1-ce1 ca2-ce1

Bond Distances

Cu�O11 1.934(2) 1.950(3) 1.918 1.920 1.920

Cu�O21 1.942(2) 1.930(3) 1.924 1.924 1.925

Cu�N11 1.987(3) 1.991(3) 1.991 1.993 1.994

Cu�N21 2.009(3) 2.005(4) 1.994 1.995 1.994

Cu�O31 2.360(2) 2.574 2.535

Cu�O12i 2.617(2) 2.222

Cu�O22ii 2.779(2) 2.455

Valence Angles

O11�Cu�O21 178.45(13) 90.43(11) 174.4 84.7 80.6

O11�Cu�N21 96.18(10) 162.99(15) 95.7 151.5 159.2

O21�Cu�N21 83.38(11) 84.22(15) 84.9 85.8 85.8

O11�Cu�N11 84.02(10) 83.84(11) 86.0 86.5 86.2

O21�Cu�N11 96.27(10) 171.89(15) 92.6 165.0 154.8

N11�Cu�N21 174.00(11) 99.65(17) 172.8 96.3 100.1

Torsion Angles

O11�C11�C12�N11 �27.9(3) �14.7(3) �23.1 �15.0 �22.5

O21�C21�C22�N21 41.3(3) 11.4(3) 41.8 19.5 17.9

C14�C13�C12�N11 �59.7(3) �73.0

C13�C12�N11�Cu �91.42(19) �97.7

C14B�C13B�C12�N11 �75.2(1) �78.6

C13B�C12�N11�Cu �97.1(5) �100.8

C14A�C13A�C12�N11 72.8(9) 63.1

C13A�C12�N11�Cu �118.7(7) �110.9

C24�C23�C22�N21 �53.7(2) 57.8(7) �58.9 60.8 60.8

C23�C22�N21�Cu �172.26(15) �139.2(4) �168.4 �152.1 �150.6

O21�N21�N11�O11 175.3(1) 7.1(1) 178.4 9.3 �3.4
a Symmetry codes: i = 1 þ x, y, z; ii = �1 þ x, y, z. bThe disordered moieties include C13A, C14A, C13B, and C14B atoms.
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FFWa-SPCE crystal structures were calculated as if the two most
populated conformers (the conformers were named ca2-ce1 and
ca1-ce1, Table 2, Figure 3) were solely present in the crystal
lattice. The efficacy of the experimental data reproduction is
measured by the root-mean-square (rms) deviations and differ-
ences between the X-ray and FFWa-SPCE crystal internal
coordinates and unit cell dimensions (Table 3).
The error values (Table 3) are within the ranges of the FFWa-

SPCE reproduction errors obtained for previously studied anhy-
drous and aqua Cu(aa)2 complexes,37 except that the rms(Δθ)
values of the ca2-ce1 and ca1-ce1 conformers are slightly higher
(up to 1.5�) because of a more distorted copper(II) coordination
polyhedron in the MM structures than in the experimental one
(Table 2). Such result is acceptable because the real crystal
structure organization composed of the two conformers cannot
be built and simulated by the Lyngby-CFF crystal simulator. As
FFWa-SPCE generally overestimates the Cu to axial Owater

distances (by 0.2 Å on average),37 the reproduction of the Cu
to O31 distance (Table 2) is in accord with the FFWa-SPCE
mean value of 2.65(15) Å calculated for earlier studied 11 aqua
copper(II) amino acidates.37

In the MM trans Cu(L-Val)2 unit cell, although the experi-
mental position of the copper atom is well reproduced
(Figure 2), the orientation of the chelate rings is slightly tilted
in an opposite direction, and the molecules formed shorter
N�H 3 3 3Ocarbonyl and longer N�H 3 3 3Ocarboxyl hydrogen
bonds (Supporting Information, Table S2), and closer Cu 3 3 3
Ocarbonyl distances (Table 2) than in the X-ray crystal structure
(Supporting Information, Table S1). Namely, one of several
specific conditions used in the FFWa-SPCE parametrization
procedure37 was to reproduce the span of experimental inter-
molecular Cu 3 3 3Ocarbonyl distances from 2.31 to 3.12 Å ob-
served in 8 earlier studied Cu(aa)2 complexes.37 The FFWa-
SPCE reproduced this relatively large distance span in the range
from 2.38 to 2.88 Å.37 The newMM simulation result reveals that
FFWa-SPCE can yield Cu 3 3 3Ocarbonyl even shorter than 2.38 Å
in the case of such dense crystal packing like of the trans Cu(L-
Val)2 isomer, and with all unit cell dimensions and atomic
coordinates allowed to be varied during the geometry optimiza-
tion. However, this did not dramatically disturb the unit cell
packing reproduction as the unit cell dimensions, and the

intramolecular internal coordinates (especially of the CuN2O2

coordination polyhedron, Table 2) were well reproduced
(Table 3, Figure 2). Good match between the experimental
and MM structures, illustrated in Figures 2 and 3, may confirm
that in general FFWa-SPCE accurately reproduces the crystal
lattice effects.
Conformational Analyses. The conformational analyses of

trans and cis isomers of Cu(L-Val)2 were performed in vacuo and
in simulated crystal by MM calculations, and in aqueous solution
by MD simulations to rationalize the influence of intermolecular
interactions on the geometry changes and the energy distribution
among the conformers. From the stereochemical and theoretical
points of view, each chelate ring of Cu(L-Val)2 molecule can have
6 conformations, that is, two conformations of the five-atom
chelate ring having Cβ in an axial position and Cβ in an equatorial
position (λ- and δ-envelope absolute configurations, re-
spectively), and three conformations of the valine residue
characterized by the torsion angle Cγ-Cβ-CR-N ≈ 60�, �60�,
and 180�. The six chelate-ring conformations, whose combina-
tions yield the total of 21 conformers with trans-configuration
and 21 conformers with cis-configuration, are defined in Figure 4.
The conformers were constructed from the experimental atomic
coordinates. The experimentally occurring conformers are trans
ta2-te2, and cis ca2-ce1 and ca1-ce1.
Conformational Analysis in Vacuo. The equilibrium vacuum

geometries were calculated for the Cu(L-Val)2 molecule alone,
and for a system of the Cu(L-Val)2 molecule interacting with one

Figure 2. Superposition of the X-ray (light gray) and FFWa-SPCE
crystal (black) unit cells and packing of trans Cu(L-Val)2. FFWa-SPCE
crystal unit cell dimensions: a = 4.911 Å, b = 5.411 Å, c = 12.417 Å, R =
75.3�, β = 88.5�, γ = 77.7�, V = 311.6 Å3.

Figure 3. Superposition of the X-ray (light gray) and FFWa-SPCE
crystal (black) unit cells and packing of cis Cu(L-Val)2 3H2O. FFWa-
SPCE crystal unit cell dimensions: a = 21.497 Å, b = 9.667 Å, c = 7.516 Å,
β = 108.7�, V = 1479.7 Å3 (ca2-ce1 conformer); a = 21.487 Å, b = 9.987
Å, c = 7.737 Å, β = 113.9�, V = 1517.6 Å3 (ca1-ce1 conformer).
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water molecule, Cu(L-Val)2 3H2O. Figure 5 presents the lowest
Vvacuum values calculated for all constructed conformers. Gen-
erally, the Vvacuum values are significantly lower for the trans- than
the cis-conformers. However, the presence of a water molecule in
the system decreased the energy difference estimated between
the most stable cis and trans conformers, ca2-ca3 and ta3-ta3,
from 96 kJ mol�1 in the anhydrous system to 80 kJ mol�1 in the
Cu(L-Val)2 3H2O system. Moreover, the interactions between
Cu(L-Val)2 and H2O enabled obtaining minimum structures of
several cis-conformers which otherwise transformed to the
corresponding trans-ones in the anhydrous system during the
geometry optimization (Figure 5).
Conformational Analysis in Crystal. We used the atomic

coordinates constructed for all possible 21 trans and 21 cis
conformers, the experimental X-ray unit cell lengths and angles,
theC2 and P1 space group symmetry operations for the aqua and
anhydrous Cu(L-Val)2, respectively, and the molecule orienta-
tion defined according to the experimental ones (detailed
description is given in Supporting Information) as starting data
for the energy minimization in simulated crystalline environ-
ment. Our intention in predicting the unit cell packing of
different conformers has not been to search the global minimum
in the crystal packing but to get an insight into the energy values
of the trans- relative to the cis-conformers in the anhydrous and
hydrated crystal structures. We assumed that during the

geometry optimization each conformer would adopt an optimal
orientation and form as close intermolecular interactions (i.e.,
N�H 3 3 3O, O�H 3 3 3O, and C�H 3 3 3O bonding, aliphatic-
aliphatic close contacts, and axial Cu-to-O coordinative bonding)
as possible with the surrounding molecules.
Figure 5 shows the lowest of the estimated Vin-crystal and

Vintermolecular values among all attained conformers’ packings. In
the anhydrous crystal, the experimentally determined ta2-te2
conformer (Figure 2) has the lowest Vin-crystal energy (by 37 kJ
mol�1 lower than for the lowest anhydrous cis minimum ca3-
ca3). In the hydrated system, the ca2-ce1 and ce1-ca1 conformers
observed in the experimental crystal (Figure 3) have the lowest
Vintermolecular but not the Vin-crystal energies. The result may be
attributed to the inability to model two conformers in the same
unit cell, to the force field’s possible imperfections, or to some
specific reasons occurring during the crystallization process. In
the hydrated crystal, the lowest Vin-crystal value (by 40 kJ mol

�1

lower than for ca2-ce1) was calculated for the ca2-ca3 and ta3-te2
conformers. In their minimum unit cell packings, the water
molecule was displaced from the copper(II) by forming O�H 3
3 3Ocarboxylato hydrogen bonds, and an intermolecular Cu 3 3 3
Ocarbonyl bond of 2.6 Å (ta3-te2) and 2.7 Å (ca2-ca3) was
formed.
The crystal structure predictions show that generally the

conformations with Cβ atoms in the axial�equatorial positions

Figure 4. Definition of six chelate-ring conformations differentiated by the values of denoted torsion angles in selected 6 trans and 6 cis Cu(L-Val)2
conformers.

Table 3. Root-Mean-Square, rms, Deviations and Differences,Δ, Calculated between the X-ray and FFWa-SPCE Crystal Internal
Coordinates and Unit Cell Dimensionsa

internal coordinates unit cell dimensions

compound rms(Δb) rms(Δθ) rms(Δj) rms(Δa,Δb,Δc) ΔR,Δβ,Δγ 100ΔV/Vexp

trans Cu(L-Val)2 0.011 1.7 5.2 0.153 4.1, 1.3, 1.7 �2.8

cis Cu(L-Val)2 3H2O
b

ca1-ce1 0.023 3.6 6.4 0.303 0.0, �5.0, 0.0 �5.5

ca2-ce1 0.021 4.7 6.5 0.110 0.0, 0.2, 0.0 �2.9
a Internal coordinates: bond lengths, b (in Å), valence angles, θ (in deg), torsion angles, j (in deg). Hydrogen atoms were not taken into account. Unit
cell dimensions: unit cell lengths, a, b, and c (in Å), unit cell angles, R, β, and γ (in deg), and volume, V. bToo short and too large experimental internal
coordinates C12�C13A = 1.445(9) Å, C12�C13B = 1.674(12) Å, and C24�C23�C25A = 123.7(1)� of the disordered moieties were excluded from
the comparisons.



3639 dx.doi.org/10.1021/ic102585f |Inorg. Chem. 2011, 50, 3632–3644

Inorganic Chemistry ARTICLE

are better suited for the crystal packing, and that the cis-
conformers have lower Vintermolecular values than the trans-ones
(Figure 5). Generally, the lowest-energy minima of trans- and cis-
conformers had lower and higher Vin-crystal values, respectively, in
the anhydrous than aqua Cu(L-Val)2 crystals, in accord with the
experimental crystallization outcome. A reason that a cis-con-
former did not crystallize as an anhydrous solid-state structure
might be the insufficient Vintermolecular to overcome the substan-
tial intramolecular Vstrain energy difference between the cis and
trans conformers. However, the unit cell packing predictions
suggest that the water molecules are required in the crystal lattice
to attain lower in-crystal potential energy of the cis- relative to the
trans-isomer, and thus enable the crystallization of the cis-isomer.
Conformational Analysis in Aqueous Solution. To explore

further the influence of intermolecular interactions between the
Cu(L-Val)2 and water molecules on the geometry changes and
the energy distribution among the conformers, the 20-ns MD
simulations of the Cu(L-Val)2 3 3435H2O system at 298.15 K
were performed. The starting trans and cis conformers were a1-
a1, e2-e2, a3-a3, having the same valinato-residue conformation
in both chelate rings, and a2-e1, having mixed different iso-propyl
conformations. The e2-e2 conformer changed very fast to the a2-
a2 one. For other conformers, the interchange between the
conformations with Cβ in axial and equatorial positions was
observed, whereas the iso-propyl conformations remained un-
changed. The distribution functions for the Cβ-CR-N-Cu angles
calculated from the 20-ns MD data suggested the most prevailing
conformers of the studied systems (Supporting Information,
Table S3).
In line with the MD results obtained for the solvated cis and

trans Cu(Gly)2 systems,37 during the 20-ns MD simulations a
transition between the cis and trans Cu(L-Val)2 configurations
was not obtained,71 and the average MD total energies of cis and
trans Cu(L-Val)2 3 3435H2O systems (Supporting Information,

Table S3) are almost the same for the same conformers. The
solvated trans and cis a2-a2 systems had the lowest average total
energy, the cis e1-e1 and e1-a1 conformers (followed by cis a2-e1)
formed themost favorable intermolecular interactions with water
molecules. Like in vacuo, the resulting average energy of the
mixed a2-e1 conformer system can be considered as a half of the
sum of average energies of the a2-a2 and e1-e1 conformers.
Because the differences between theMD average energies among
the studied conformers (up to 57 kJ mol�1, Supporting Informa-
tion, Table S3) are much lower than the energy rms deviations
(the lowest rms deviation amounts to 243 kJ mol�1, Supporting
Information, Table S3), we may conclude that the trans and cis
conformers having all possible iso-propyl conformations can be
present in aqueous solution at room temperature.
MD Simulations of Self-Association of Cu(L-Val)2 Mol-

ecules in Aqueous Solution at 298.15 K. The MD calculations
were also applied for the systems of 4, 8, and 16 solvated Cu(L-
Val)2 molecules in water medium at 298.15 K to understand the
self-association of the complexes in solution. The calculations
were encouraged by the MD self-association modeling of 4
solvated trans and cis Cu(Gly)2 molecules into a crystallization
nucleus, which suggested faster aggregation of the cis- than trans-
isomers,37 confirming the experimental evidence12,13 that cis
Cu(Gly)2 3H2O crystallized from aqueous solution. The systems
with 4, 8, and 16 Cu(L-Val)2 complexes solvated in the same-
dimension cubic boxes corresponded to a very dilute solution, a
dilute solution (related to the experimental system with starting
0.125 g of Cu(L-Val)2 powder dissolved in 10mL of water), and a
saturated solution, respectively.72 Two MD trajectories were
collected for each of the 4Cu(L-Val)2 3 10316H2O, 8Cu(L-Val)2 3
10264H2O, and 16Cu(L-Val)2 3 10139H2O systems containing
either trans or cis Cu(L-Val)2 isomers during 50 ns, 40 ns, and
27980 ps, respectively. The ta2-ta2 and ce1-ce1 conformers were
chosen as the starting conformations having the copper atoms in

Figure 5. FFWa-SPCEminimum energy values estimated for 42 possible conformers of the Cu(L-Val)2 and Cu(L-Val)2 3H2O systems in the gas phase,
Vvacuum (blue), and in simulated crystal packing, Vin-crystal (red) and Vintermolecular (green). An empty space means that the corresponding starting
conformer changed to another conformer during the geometry optimization.
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the same initial positions in the corresponding simulation boxes.
During the simulations neither a change in the valinato side-chain
conformations nor cis-trans isomerization was observed. After
some time, the Cu(L-Val)2 complexes started to aggregate. The
aggregation times are given in the Supporting Information, Table
S4. All combinations with Cβ-axial and Cβ-equatorial of the same
iso-propyl conformations were identified in the aggregations.
In most cases, the monomers aggregated to the oligomers by

forming Cu 3 3 3Ocarboxylato close contacts. Self-assembly could
also proceed by N�H 3 3 3Ocarboxylato hydrogen bonding. Such
case is a dimer�dimer binding into a tetramer, and then into a
sextamer in the 16 transCu(L-Val)2 system (sextamer2, Support-
ing Information, Table S4). Also, two dimers attached to each
other by N�H 3 3 3Ocarboxylato bonds, and after that the com-
plexes reoriented to form the Cu 3 3 3Ocarboxylato bonding in the
16 cis Cu(L-Val)2 system (tetramer1, Supporting Information,
Table S4). A monomer bound with a trimer by N�H 3 3 3
Ocarboxylato bonding in the 8 cis Cu(L-Val)2 system (tetramer,
Supporting Information, Table S4). During the 40-ns MD
simulations of the 8Cu(L-Val)2 3 10264H2O systems, the trans-
complexes aggregated to one tetramer and two dimers, while the

cis-conformers formed a trimer-to-tetramer aggregation bound
via a water molecules’ layer by relatively weak C�H 3 3 3Owater

bonds (i.e., water-mediated interactions between the oligomers),
and moved together through the water medium.
More information and details on possible formation of a

crystallization nucleus were obtained from modeling of the
systems containing 16 solvated complexes (Figure 6). At the
end of 27980-ps MD simulations of the 16Cu(L-Val)2 3 10139
H2O systems, the trans-conformers formed a tetramer and two
chain-like sextamer structures assembled by close van der Waals
aliphatic-aliphatic interactions and via C�H 3 3 3Owater interac-
tions (Figure 6a). Differently, the cis-conformers self-associated
into two layered aggregations composed of three trimers, and a
dimer and a tetramer bound via C�H 3 3 3Owater interactions
(Figure 6b, Supporting Information, Table S4). The first water-
mediated aggregations formed around 4400 and 7500 ps in the
16 cis- and 16 trans-isomer systems, respectively. Predicted
different trans- and cis-isomer aggregation patterns (Figure 6)
are in line with the experimental X-ray crystal structure organiza-
tions having the trans- and cis-isomers assembled into 1D chains
and 2D sheets, respectively.
The MD simulations suggest that first the relatively strong

Cu 3 3 3Ocarboxylato and N�H 3 3 3Ocarboxylato noncovalent bonds,
and then the relatively weak water-mediated interactions be-
tween the formed aggregations could be the governing factors for
the kinetic effects. The Cu(L-Val)2 conformations can also
influence the self-assembly as the aliphatic-aliphatic interactions
certainly take part in bringing Cu(L-Val)2 molecules together and
fixing the oligomers into energetically favorable orientations thus
allowing growth of the crystal nuclei. Generally, the dimers were
formed faster by the cis- than trans- conformers (Supporting
Information, Table S4). However, the trans-conformers aggre-
gated faster than the cis-ones into a tetramer in the 4Cu(L-Val)2
systems (Supporting Information, Table S4), and into the 16Cu-
(L-Val)2 conglomerate (Figure 6). In contrast, the MD simula-
tions of the 8Cu(L-Val)2 3 10264H2O systems yielded faster
aggregation of the cis- than trans- conformers (Supporting
Information, Table S4). If we assume that modeling the self-
assembly of trans and cis Cu(L-Val)2 molecules in the 8Cu(L-
Val)2 3 10264H2O systems may represent the real event of
dissolving Cu(L-Val)2 powder containing prevailingly trans- or
cis-conformers in water, the MD simulations suggest that some
oligomers can be formed by both trans- and cis-isomers in the first
40 ns after the dissolvation. If so, these trans- and cis-oligomers
formed quickly just upon the dissolvation (and before the
cis�trans isomerization in monomers can take place and result
in oligomers formed by both cis- and trans-isomers) may be the
key factor that steers the nucleation and crystallization process
toward either cis or trans crystal phase.
The average MD total energy values of the systems with 4,

8, and 16 solvated Cu(L-Val)2 complexes being monomers as
well as oligomers are lower for the trans- than the cis-systems
(Supporting Information, Table S5). However, the MD
predictions on the aggregation times in the three studied
systems (Supporting Information, Table S4) are not straight-
forward enough to suggest which of the isomers aggregates
faster. Anyway, by considering the calculations of the relative
stabilities, and the experimental result that the hydrated cis-
isomer is the product of both the synthesis and the subse-
quent recrystallization, it is possible to conclude that the cis
hydrated solid-state structure of Cu(L-Val)2 should be a
kinetic product.

Figure 6. System of 16Cu(L-Val)2 3 10139H2O depicted at indicated
times in MD simulations: (a) 16 trans conformers with Cγ-Cβ-CR-N≈
�60� and (b) 16 cis conformers with Cγ-Cβ-CR-N ≈ 60�. Water
molecules’ oxygen atoms are in white. The figure was prepared using
VMD.73
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Fifty-Nanosecond MD Simulations of the 84Cu(L-Val)2 3 84
H2O System at 298.15 and 370 K. In an attempt to understand
what factors influence different behavior of the initially synthesized
and experimentally heated Cu(L-Val)2 powder samples, we per-
formed theMDsimulations of the 84Cu(L-Val)2 3 84H2O system (as
a crude approximation of the polycrystalline system) at room
temperature and 370 K. Our hypothesis was that one-day heating
of the cis Cu(L-Val)2 3H2O powder sample could bring enough
energy to the system to enable either the transformation of cis-to-
trans-configuration or/and a conformational change. We assumed
two scenarios as possible: (1) a complete cis-to-trans isomerizationby
the heating process; then by dissolving the thermally treated
compound the prevalence of trans-conformers in aqueous solution
would steer the crystal growth process toward a trans-isomer; or/and
(2) a conformational change by the rotation around the Cβ-CR

bond, from the e1/a1 conformations (Cγ-Cβ-CR-N≈ 60�) to other
conformations (that generally have lower intramolecular energy
values, Figure 5); such event would eliminate the possibility for
the ca1-ce1 and ca2-ce1 conformers, having the most favorable
intermolecular interactions with water molecules (Supporting In-
formation, Table S3) to crystallize from aqueous solution.
For the 84Cu(L-Val)2 3 84H2O system, the experimental atom-

ic coordinates of the ca2-ce1 conformers and their axially placed
water molecules were taken as the starting data, and the system
was confined in a cubic box. After the energy minimization (to
get rid of bad contacts), and 500 ps of equilibration phase, we
followed the system reorganization during 50 ns of MD simula-
tions. Different behavior of the system examined at 298.15 and
370 K was attained (Figure 7).

During the 50-ns simulations, at 370 K all conformers
gradually transformed from the cis- to the trans-isomer
(Figure 7). Although at 298.15 K the trans-conformers were
more numerous than the cis-ones, which may contradict the
experimental evidence, the transition from trans- to cis-config-
uration was also happening, and the number of cis-conformers
increased during the last 5 ns of the simulation compared to the
25�30 ns simulation period (Figure 7). During the simulations,
the C24-C23-C22-N21 angle (Figure 1) changed subsequently
from the initial approximate 60� to about�60�, and then to 180�
in altogether 4 and 9 conformers at 298.15 and 370 K, respec-
tively. For the simulation period of 45�50 ns (Figure 7), at 370 K
the number of conformations with Cβ in the axial position in both
chelate rings increased, whereas at 298.15 K the Cβ atoms in
most conformers retained the initial experimental axial�equa-
torial positions.
At the end of the 50-ns MD simulations, the prevailing

conformers were trans and cis a3-e1 and a2-e1 at 298.15 K, and
mostly ta2-ta1, then ta3-ta1, ta3-te1, and ta2-te1 at 370 K. At 370
K, the Cu(L-Val)2 molecules formed an ordered chain-like
structure via Cu 3 3 3Ocarboxyl≈ 2.5 Å bonding (whose interaction
contribution may be overestimated like in the simulation of the
anhydrous trans Cu(L-Val)2 crystal structure by FFWa-SPCE,
which yielded too short Cu 3 3 3Ocarbonyl distances); the Cu to Cu
close distances were around 4 Å, and the water molecules were
between the chains. Such organization represents an easy path-
way for the water molecules to leave the system by evaporation.
In addition, the radial distribution function calculated for the
distances between the Cu and Owater atoms revealed that most

Figure 7. Angle distribution functions estimated from the data collected in indicated periods of the 50-ns MD simulations of the 84Cu(L-Val)2 3 84H2O
system. The atom labels are defined in Figure 1.
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water molecules were part of the Cu(II) first coordination sphere
at 298.15 K. However, no water molecules were in the Cu(II)
first coordination sphere at 370 K. These predictions are in
accord with the experimental thermoanalytical, PXRD, and FTIR
results (Supporting Information, Figure S4), that the structures
of the initially synthesized and heated powder samples differ.
To summarize, the MD simulations of the complex “powder”

predict that the change from cis- to trans-configuration can occur
more readily than the change of the e1/a1 conformation. The
simulations predict also frequent interchangeability between the
a2/e2 and a3/e3 conformers (i.e., Cγ-Cβ-CR-N ≈ �60� and
180�, Figure 7) at both temperatures. From the sterochemical
point of view it can be seen that this interchangeability can
happen easier than between the e1/a1 and other conformers
because of pronounced steric hindrance upon the rotation
around the Cβ-CR bond in the latter case. Even though, the
MD simulations show that these conformational changes
(obstructed in aqueous solution by the intermolecular interac-
tions between the complex and the water molecules) can happen
quicker at 370 K than at 298.15 K. TheMD simulations as well as
the recrystallization from aqueous solution of the thermally
treated powder suggest that the trans-isomer should be a
thermodynamic product.

’CONCLUSIONS

The application of the FFWa-SPCE force field for theMMand
MD simulations in vacuo, in the solid state, and in aqueous
solutions proved useful to understand the physicochemical
mechanism going on at the nanoscale level, governing the
formation of nucleus of crystallization, and crystallization process
of either cis- or trans-isomer of Cu(L-Val)2 from aqueous
solution.

The estimated conformational analyses yield that although in
vacuo the cis-conformers are predicted to be less stable than the
trans-ones, more favorable intermolecular interactions of the cis-
than the trans-conformers with the water molecules enable the
existence of both isomers in aqueous solution, in accord with the
EPR results.31�33 The crystal structure predictions show that the
1:1 combination of cis Cu(L-Val)2 and H2O in an asymmetric
unit stabilizes the cis-isomer crystal packing with respect to the
corresponding trans-one. The most favorable intermolecular
interactions that the cis conformers ca1-ce1 and ca2-ce1 form
in the hydrated crystal structure and with water molecules in
aqueous solution should explain their prevalence in the experi-
mental crystal structure upon evaporation from aqueous
solution.

The 27980-ps MD modeling of the self-association of 16
Cu(L-Val)2 molecules in aqueous solution predicted different
trans- and cis-isomer aggregation patterns, in line with their X-ray
crystal structure organizations. The crystal nucleus formation
was predicted to start by monomers’ aggregation into oligomers
by Cu 3 3 3Ocarboxylato and/or N�H 3 3 3Ocarboxylato noncovalent
bonds. After that, the oligomers subsequently aggregated via the
water molecules and diffused together until they eventually
acquired right positions to form intermolecular aliphatic-alipha-
tic interactions, and/or N�H 3 3 3Ocarboxylato hydrogen bonding
that resembled the noncovalent bonding in experimental crystal
structures, mimicking the aggregation growth to possible crystal
structures.

The 50-ns MD simulations of the approximated polycrystal-
line system accomplished at 298.15 and 370 K predicted

complete cis-to-trans isomerization at the higher temperature.
If so, by considering the MD nucleation simulation result that
both cis- and trans-conformers can self-assemble to oligomers just
upon the dissolvation, it seems reasonable to assume that by
dissolving the “heated” powder in water most of the conformers
would retain the energetically preferred trans-configuration upon
aggregation (even if the possibility of the trans-cis isomerization
in solution cannot be neglected at the time scale of millisecond or
longer). Under conditions close to the solid phase formation
when the conformational changes can happen easier than in
aqueous solution, the crystal structure predictions confirm that
the trans-isomer would prefer anhydrous solid-state structure,
and that the experimentally observed ta2-te2 conformer has the
lowest in-crystal potential energy. Although the MM and MD
results successfully assisted the experimental data to establish the
relationship between the structural changes affected by the
heating and the crystallization of specific geometry isomer, their
full confirmation requires additional experimental substantiation.
The sound simulation results encourage similar molecular mod-
eling studies to evaluate kinetic and thermodynamic effects of
bioinorganic systems.

’ASSOCIATED CONTENT

bS Supporting Information. X-ray crystallographic infor-
mational files (CIF) are available for compounds cis Cu(L-
Val)2 3H2O and trans Cu(L-Val)2. Illustrations of the hydrogen-
bonding pattern in trans Cu(L-Val)2 (Figure S1) and cis Cu(L-
Val)2 3H2O (Figure S2), porous crystal packing of cis Cu(L-
Val)2 3H2O (Figure S3), and TG and DSC thermograms, FTIR
spectra, PDXR patterns measured for cis Cu(L-Val)2 3H2O, trans
Cu(L-Val)2 and the product obtained by thermal treatment of cis
Cu(L-Val)2 3H2O, and simulated PDXR patterns of cis Cu(L-
Val)2 3H2O and trans Cu(L-Val)2 (Figure S4). Listing of selected
hydrogen-bond distances and angles for the X-ray (Table S1)
and FFWa-SPCE crystal structures (Table S2) of trans Cu(L-
Val)2 and cis Cu(L-Val)2 3H2O; MD average values and rms
deviations of energy contributions calculated from the values
attained during 20-ns MD simulations at 298.15 K for several
conformers of trans and cis Cu(L-Val)2 3 3435H2O systems
(Table S3), as well as from the data acquired during the first
and the last 5 ns of productive MD simulations for the 4Cu(L-
Val)2 3 10316H2O, 8Cu(L-Val)2 3 10264H2O, and 16Cu(L-Val)2 3
10139H2O systems (Table S5); aggregation times of 4, 8, and 16
solvated Cu(L-Val)2 molecules during the MD simulations
(Table S4). Details on the construction of initial data for energy
minimization in simulated crystal surroundings. The 3D render-
ing for FFWa-SPCE crystal structures of Figures 2 and 3 in pdb
format. This material is available free of charge via the Internet at
http://pubs.acs.org.
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