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Successful predictions of the solvate stoichiometry and struc-
ture of pharmaceuticals have been performed, although includ-
ing solvent considerably increases the computational expense of
these methods.19 Furthermore, whilst these simulations involve
1 or 2 solvent molecules per ‘host’ molecule, for porous molec-
ular systems there can be more than 70 solvent molecules per
host,10 which would represent a significant challenge. For ze-
olitic materials, de novo design of templates to guide towards de-
sired topologies has had some success.20,21 However, these suc-
cesses have not been replicated for self-assembled systems such as
MOFs and porous molecular materials. In addition, many MOFs
exhibit phase changes between ‘open’ and ‘closed’ structures in re-
sponse to guest-loading, temperature or pressure, the archetypal
example being MIL-53.22 If the ‘open’ and ‘closed’ structures are
known, then the external conditions, such as pressure, required
for the transition to occur can be predicted through a thermo-
dynamic framework.23 Issues with MOF stability with respect to
structural collapse are well known and, if forcefields are avail-
able, the lack of structural stability can be predicted using atom-
istic simulations that start from an initially ‘open’ phase.24 Pre-
dicting the structures of ‘open’ phases that form in response to
guest loading is, by contrast, more difficult.25

We demonstrate that constrained molecular dynamics (MD)
simulations can predict the ‘open’ form of several non-shape
persistent porous organic molecules by reproducing reported
solvated structures. We restrict ourselves to porous organic
molecules that retain a defined cavity in the presence of guest
molecules, whereby this open conformation is metastable with re-
spect to the collapsed conformations and not significantly affected
by crystal packing forces. We investigate several reported porous
imine cages (Fig. S1), including CC8,10 the endo-functionalised
cage of Mastalerz and co-workers26 and the fluorescent cage
of Mukherjee and co-workers.7 We also predict two hypothet-
ical imine cage molecules; the [6+9] and [8+12] versions of
the reported [4+6] CC3 molecule.27 In addition, we look at
two other classes of porous organic molecules; the glycoluril-
based band-like macrocycles known as cucurbiturils,28 and cryp-
tophanes,29 formed from two interconnected cyclotriveratrylenes
cups. We include the ‘parent’ cucurbituril, CB6,30 bis-nor-sec-
CB10 (CB10-ns), which lacks two methylene bridges compared
to CB10, resulting in two interconnected cavities rather than
one,31 and Cryptophane-A, where the single-crystal Xray diffrac-
tion (SCXRD) structures of Xe and water-loaded conformations
and the collapsed conformation have recently been reported.32

The underlying topology of these molecules covers a range of
polyhedra, including tetrahedron, cube and triangular prism (Fig.
S2). None of these molecules retain a large cavity in their low en-
ergy structures in the absence of solvent, although the Mastalerz
cage and CB6 retain a smaller void.

Conformer search algorithms can not discover the open con-
formations of the porous organic molecular systems, as they typ-
ically lie >100 kJ mol−1 above the low energy collapsed confor-
mations and these high energy regions of configuration space are
not adequately sampled, if at all. As detailed in the supporting
information (Section 1.8), we tried a number of different meth-
ods before settling on a simple approach that involved applying

an energetic penalty if any atom from the molecule was within
a certain distance of the molecule’s centre of mass, xc. In doing
this we calculate a smoothed version of the minimum distance, s,
between each atomic position, xi, and xc using:

s =
β

log
[

∑n

i=1 exp
(

|xi−xc|
β

)]

where β ensures the function’s derivatives with respect to the
atomic positions are continuous. A harmonic restraint:

V (s) =

{

1
2 k(s− s0)

2
s ≤ s0

0 s > s0

(1)

with force constant k was added to the Hamiltonian for the sys-
tem to encourage the minimum distance, s, to take on particular
values. This procedure is conceptually equivalent to inserting a
spherical probe, of radius s0, into the centre of the molecule and
requiring that no atom enters this region. This method was suc-
cessful when combined with simulated annealing (SA) to allow
the system to sample configuration space adequately. By repeat-
ing the simulations with multiple different s0 values, typically in-
teger values between 3 - 8 Å, we were able find the lowest energy
conformation. Our approach thus allows us to predict the con-
formation the molecules adopt in solution or in the solvate solid
state ab initio, that is in the absence of any experimental input.

The simulations were typically started from a collapsed confor-
mation, although the starting point was not important due to the
SA procedure. The OPLS all-atom forcefield33 was used, which
we have previously used for the prediction of conformer energet-
ics of porous organic imine cages.14 All MD simulations were per-
formed with DL_POLY2.20,34 the velocity verlet algorithm, a time
step of 0.7 fs and an intermolecular cutoff of 12 Å. PLUMED235

was used to apply the constraints. During the first 14 ps of a 10 ns
MD simulation, the force constant was scaled from 0 to 50000
kJ mol−1 nm−2. These calculations were run for a range of con-
straint sizes and sampled every 0.35 ps. The resulting ∼30,000
structures were geometry optimised using MacroModel (see sup-
porting information). Only those with a spherical void (between
2 - 4 Å, dependent on the system) were retained. Duplicates
were removed and whilst some inflated structures would collapse
during the minimisation, typically ∼30% were found to be local
‘open’ minima. Finally, SA was applied on the constraint size that
gave the lowest energy conformation from the 300 K simulations.
This involved 500 ps simulations at each temperature, with in-
crements of 50 K between 300 and 500 K. This was repeated a
minimum of 10 times, with structures sampled during the 300 K
simulations.

We first examine systems where we can make a comparison to
the solvate crystal structures. CC8 is the largest system, with 272
non-hydrogen atoms. The low energy structure does not contain
a void because it has vertices folded inwards. Experiments have
thus shown that the desolvated material is non-porous.10 Con-
strained MD with a probe radius of 6 Å was found to give the low-
est energy open conformation (Fig. S3). This configuration had a
final void size of 4.6 Å, which is smaller than the probe radius be-
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