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Spontaneous growth of metal-organic frameworks
(MOFs) composed of metal ions and 4,4’-bipyridine lig-
ands was successfully demonstrated by molecular dynam-
ics simulations, starting from a random initial placement
of the metals and the ligands. The effect of the metal-
ligand binding strength upon the MOF self-assembly was
investigated. We found that the metal-ligand binding
strength should be within a window around the optimum
values for the regular MOF growth.

Coordination directed self-assembly of metal-organic materi-
als has attracted much interest for their science and applica-
tions1. In these coordination systems, both finite supramolec-
ular complexes and infinite polymer networks are possible via
self-assembly with the appropriate metal-ligand system de-
sign2,3. Well-known examples are the finite spherical com-
plex Pd(II)12L24 composed of 12 palladium ions (Pd(II)) and
24 bent ligands (L in Fig. 1(a))2 and the two-dimensional (2-
D) like infinite network composed of cadmium ions and linear
ligands, 4,4’-bipyridine (bpy, Fig. 1(b))4. The latter type 2-D
like or 3-D infinite coordination polymer networks, which are
also known as metal-organic frameworks (MOFs), have been
extensively studied over the last decade for their various appli-
cations5,6. However, only a limited number of experimental
studies7,8 have been reported to date on their growth process.

In this study, we applied molecular simulation to investigate
the growth process of MOFs for the first time to the best of our
knowledge. A molecular simulation model9 developed for the
self-assembly of the finite complex Pd(II)12L24 was applied
to infinite MOFs. In this model, the cationic dummy atom
method10 was employed to simulate coordination bond forma-
tions and dissociations. A coarse-grained solvent model was
used to fill the gap between the time-scale of the coordination-
directed self-assembly and that accessible by common molec-
ular dynamics simulation11.

We first tried to simulate 2-D like MOF self-assembly us-
ing our previous simulation model for Pd(II)12L24 by simply
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Fig. 1 (a) 4,4’-benzene-1,3-diyldipyridine (L) and (b)
4,4’-bipyridine (bpy).

changing the ligand from the bent form in Pd(II)12L24 ( Fig.
1(a)) to the linear form 4,4’-bpy ( Fig. 1(b)) in dimethyl sul-
foxide (DMSO). The DMSO solvent was treated implicitly as
a continuum medium with a far-field relative dielectric con-
stant of 47.0. The simulation temperature was maintained at
room temperature (293 K) by coupling to a stochastic thermo-
stat9,11. The initial structure was made by random placement
of 384 Pd(II) ions and 768 4,4’-bipyridine (bpy) ligands in the
cubic simulation cell with a volume of (603 nm3), as shown in
Fig. 2(a). We note again that the coarse-grained solvent was
used to accelerate the coordination-directed self-assembly. In
principle, the time scale in coarse-grained model is not ”real”
one, but ”coarse-grained” time scale because of their acceler-
ation dynamics12 and so in our model. Detailed descriptions
of the simulation methods are found in the supporting infor-
mation of this paper.

The simulated time evolution of the total number of coordi-
nation bonds (judged from the distance between the Pd atoms
and the nitrogen atoms of the ligands Pd-Nbpy using the appro-
priate threshold11) is shown in Fig. 3 with a solid black line.
It shows saturating behavior after ca. 0.2µs, which implies
that the coordination bonding rates are strongly dependent on
the number density of the unbound pyridine rings (see Fig. S1
of the supporting information). Then, to increase the bonding
rates, we shrunk the simulation box volume (ca. -1.0 %/ns)
after 0.4µs, as shown in the box volume change in Fig. 3 with
a black dashed line13,14. With this box shrinkage, the number
of four-coordinated Pd(II) was increased and the total number
of the coordination bonds approached its full-bonding values,
as shown in Fig. 3.

Here, we note the effect of the metal-ligand binding

1–5 | 1

Page 1 of 5 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



(a) (b)

(c) (d)

Fig. 2 (a) Initial structure and snapshot after (b) 0.4µs, (c) 0.6µs
and (d) 0.8µsof [Pd(II)(4,4’-bpy)2] system simulation viewing
along the z-axis (hydrogen atoms are omitted for clarity). The green
box corresponds to the simulation box with 3-D periodic boundary
conditions. The box sizes and shapes are different after 0.4µs.

strength upon the MOF self-assembly. In our model, the
metal-ligand binding was modeled with Coulomb potentials,
qiq j/(4πεr r i j ), and the near-field relative dielectric constant
εr can be regarded as a scaling parameter of the binding en-
ergy. As described previously, the far-field relative dielectric
constant (εr f ) was specified as 47.0 for the DMSO solvent. A
polar solvent such as DMSO could behave like a ligand and
enhances the metal-ligand exchange probability (effectively
decrease the metal-ligand binding energy). Common choice
of εr = 1 which corresponds to the vacuum is inadequate in
this situation, because this completely neglects pseudo-ligand
effect of the DMSO solvent. This pseudo-ligand effect of the
polar solvent could be parameterized as the enlargedεr than
one that (εr = 1) corresponds to the vacuum11. Fig. 4 shows
the corresponding snapshots after 0.8µs with the larger (εr

= 4.0) and the smaller (εr = 1.0) near-field relative dielectric
constant than the previous setting ofεr = 2.5 in Fig. 2(d). In
comparison to the Fig. 2(d) (εr = 2.5), Fig. 4(a) (εr = 4.0)
shows only small clusters with mostly up to three-coordinated
Pd(II) complexes because of the smaller metal-ligand bind-
ing energy. In contrast, Fig. 4(b) with the smallerεr = 1.0,
which means the larger metal-ligand binding energy, shows
more irregular deformed (e.g., triangular) networks compare
to the much regular square networks in Fig. 2(d). In the cur-
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Fig. 3 Time evolution of the number of coordination bonds (black
line) and number of zero- to four-coordinated (red, green, blue, cyan
and magenta lines, respectively) Pd(II) and the simulation box
volume (black dashed line) in the self-assembly process of the
[Pd(II)(4,4’-bpy)2] system. The dashed horizontal line at
N=1536=2×768 corresponds to the full-bonding limit of the total
coordination bonds.

(a) (b)

Fig. 4 Snapshot after 0.8µsof [Pd(II)(4,4’-bpy)2] system
simulation with (a)εr = 4.0 and (b)εr = 1.0 (hydrogen atoms are
omitted for clarity).

rent model, regular networks were obtained withεr ∼ 2–3.
This corresponds to the metal-ligand binding strength should
be within a window of± 20 % around the optimum values for
the regular MOF growth.

Next, we considered the 3-D extension of the 2-D like MOF
described above using octahedral metal centers. With the
use of[9]ane-S3 capped hexacoordinated ruthenium ions and
4,4’-bpys, the formation of a supramolecular cube{([9]ane-
S3)Ru(II)}8(4,4’-bpy)12 in nitromethane was reported15. Re-
moval of the capping groups may give an infinite 3-D cubic
network, because an analogous octahedrally coordinated pyri-
dine (py) complex Ru(II)(py)6 has been previously reported16.
However, no such 3-D MOFs consisting of only the octahedral
centers and the 4,4’-bpys have been reported to date3. We then
tried the corresponding simulation for the system.
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(a) (b)

Fig. 5 (a) Initial structure and snapshot after (b) 1.0µsof the
[Ru(II)(4,4’-bpy)3] system simulation (hydrogen atoms are omitted
for clarity). Scale (box sizes) are different in these snapshots.

The Ru(II) ion’s nonbonding parameters were taken from
the universal force field (UFF)17, and the van der Waals bond
length (originally 0.2963 nm) was scaled by 0.78 to reproduce
the Ru-Npy,bpy distance (ca. 0.21 nm) from the XRD stud-
ies15,16. The solvent, nitromethane, was treated implicitly as a
continuum medium with the far- and near-field relative dielec-
tric constant of 36.2 and 1.75, respectively. The initial struc-
ture ( Fig. 5(a)) was made by random placement of 256 Ru(II)
ions and 768 4,4’-bpy ligands in the cubic simulation box with
the same volume (603 nm3) as in the previous system.

The time evolution of the total number of coordination
bonds and the number of zero- to six-coordinated Ru(II) is
shown in Fig. 6(a). Though we applied the same box shrink-
age rate after 0.4µsas used in the previous case18, up to five-
coordinated Ru(II) complexes were obtained without any six-
coordinated ones. Additionally, the total coordination bond
number was saturated at much lower values, and the snap-
shot after 1.0µs ( Fig. 5(b)) shows disordered non-regular
networks. This result may be consistent with the lack of ex-
perimental reports of 3-D MOFs consisting of Ru(II) ions and
4,4’-bpys noted above.

Then, we tried to identify the key design factor to realize
regular 3-D MOFs using the current simulation model as a
tool. The clue for this was the previously reported 3-D cu-
bic MOF composed of silver (Ag) ions and pyrazine (pyz) lig-
ands19. In this system, relatively long Ag-Npyzdistances of ca.
0.25 nm were obtained by XRD measurements19. This length
is larger than the reported Ru-Nbpy distance of ca. 0.21 nm15,
which we had fit the Ru(II) van der Waals bond length param-
eter in the simulation above to. Because the octahedrally coor-
dinated structure with six 4,4’-bpys is sterically more crowded
than the planar four-coordination center, a largerM-Nbpy dis-
tance would be required20–22.

To validate this, we resized the Ru(II) van der Waals bond
length parameter to the Ru-Nbpy distance of ca. 0.255 nm
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Fig. 6 (a) Time evolution of the number of coordination bonds
(black line) and number of zero- to six-coordinated (red, green, blue,
cyan, magenta, orange and violet lines, respectively) Ru(II) in the
self-assembly process of the [Ru(II)(4,4’-bpy)3] system. (b)
Corresponding time evolution with the Ru-N distance enlargement.

with a scaling factor of 1.2 instead of the previous value of
0.78. The corresponding time evolution of the total number
of coordination bonds from zero- to six-coordinated Ru(II)
are shown in Fig. 6(b). With this enlarged Ru-Nbpy dis-
tance, six-coordinated Ru(II) became the dominant species
and the total number of coordination bonds approached the
full-bonding values at t=1.0µs, as shown in Fig. 6(b). Snap-
shots in Fig. 7 show the spontaneous growth process of the
3-D MOF. Marked peaks in the radial distribution function
(RDF) in Fig. 8 with the enlarged Ru-N distance (red line)
show the high structural regularity of the obtained 3-D MOF.
Whereas, RDF for the case without the Ru-N distance enlarge-
ment (black line) flatten out around the value of one over the
distance larger than 3 nm, which corresponds to the structure-
less uniform distributions of the 4,4’-bpys. We also tried using
the Ru-Nbpy distance of ca. 0.24 nm and found that it was in-
sufficient to obtain the regular MOF.

Here, we note again the effect of the metal-ligand binding
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(a) (b)
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Fig. 7 Snapshot after (a) 0.4µs, (b) 0.6µs, (c) 0.8µsand (d) 1.0µs
of the enlarged Ru-N distance [Ru(II)(4,4’-bpy)3] system simulation
(hydrogen atoms are omitted for clarity). Scale (box sizes) are
different in these snapshots.

strength upon this 3-D MOF case. The near-field relative di-
electric constantεr = 1.75 applied in above was the optimum
value we found for the regular 3-D MOF self-assembly. With
a smaller value, e.g.,εr = 1.2 (corresponds to the larger metal-
ligand binding energy), we obtained the RDF (green line) in
Fig. 8 that flatten out again as the case without the Ru-N dis-
tance enlargement (black line), even with the enlarged Ru-N
distance. This could be the result of too strong metal-ligand
binding. In contrast, too weak metal-ligand binding gives no
MOF growth, it should be within a window between appropri-
ate values again in this 3-D MOF case.

In summary, we successfully demonstrated the spontaneous
growth of 2-D like and 3-D MOFs composed of metal ions and
4,4’-bpys by molecular dynamics simulations. The latter 3-D
cubic MOF with octahedral metal centers and 4,4’-bpys has
not been experimentally reported to date. Our simulation re-
sults show that the metal-Nbpy distance is one of the most im-
portant factors for realizing such 3-D MOFs and that the dis-
tance should be larger than 0.25 nm for the steric requirement
around the octahedrally coordinated metals in the 3-D MOFs
with 4,4’-bpys. We think this results demonstrated how our
simulation model can be used to identify the key design factor
to realize a target MOF that has not been previously reported.
Our results also show that the metal-ligand binding strength is
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Fig. 8 The 4,4’-bpy center of molecular mass radial distribution
functions averaged over the last 100 ps without (black line) and with
(red line) the Ru-N distance enlargement and with the Ru-N
distance enlargement and also the smallerεr = 1.2 (green line).

definitely important and it should be within a window around
the optimum values (i.e., not too weak and not too strong) for
the regular MOF growth.
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