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3D Hirshfeld surfaces are reduced to 2D histograms of di and de as the material 

fingerprints, which serve as the only input descriptors for the manifold learning algorithm 

mapping out the correlations.  

 

2.2 Manifold Learning 

 

In previous studies, we have successfully applied the use of the Isomap algorithm as a 

powerful tool to decipher the relationship between different chemistries12, 13. One of the 

features of the Isomap algorithm is that instead of assuming the data has an intrinsic 

linear structure, it allows the data, which is usually represented by a set of points, to be 

located on a non-linear manifold. Based on this allowance, it generates a low dimensional 

embedding of the data in a linear space (usually 2or 3) such that the inner products 

between all of the pairs of data points preserves, with minimum error, the inner products 

between the data points on the original manifold.  

 

This is done by first constructing a weighted graph (the neighborhood graph13), that has 

all of the data points {}ix as the vertices. The edges of this graph are determined by 
connecting each vertex to its k nearest neighbors in terms of the distance defined in the 

input space, with the weights of the edges as the input space distances between the two 

vertices that the edge is connecting to. By using the weighted graph, the geodesic 

distance can then be estimated as the least weighted path between an arbitrary pair of 

given points. With the estimated geodesic distances, the algorithm then applies the 

classical multidimensional scaling method to produce a low dimensional projection / 

embedding of the data that geometrically maps the correlations (in terms of the relative 

positions) between the points on the original manifold. Nevertheless, in practice the 

dimension of the manifold may be unknown, and for the purpose of visualization, the 

original data is commonly projected onto a 2D plane. The distance between two points in 

the low-dimensional projection may not be used as a measure for similarity, yet there is a 

one-to-one correspondence between the points on the original manifold and the points on 

the low-dimensional projection. The latter can be connected by edges that are 

determined in the first step to produce an unweighted graph network, which can be 

regarded as a similarity/dissimilarity map for the input points. Therefore, in general, two 

points in the input data are said to be similar if they are close in terms of Euclidean 

distance in the projected space and they are connected by a path in the graph network. 

For two points, the more edges in the shortest path that is connecting them, the less 

similar they are. 

 

With the ultimate goal being to look for a new methodology for MOF design and selection 

with target properties based on the information / data that is already at our disposal, we 

applied the Isomap algorithm to the 2D fingerprint plots of the Hirshfeld surfaces as a first 

Page 7 of 22

M
ol
e
c
ul
ar
S
y
st
e
m
s
D
e
si
g
n
&
E
n
gi
n
e
er
i
n
g
A
c
c
e
pt
e
d
M
a
n
u
s
cr
i
pt

Molecular Systems Design & Engineering
Pu
bl
is
he
d 
on
 1
6 
Au
gu
st
 2
01
8. 
Do
wn
lo
ad
ed
 o
n 
8/
16
/2
01
8 
11
:1
8:
07
 
P
M. 

View Article Online

DOI: 10.1039/C8ME00014J

http://dx.doi.org/10.1039/c8me00014j


step towards this goal. Here, a MOF structure is represented by its 2D fingerprint plot 

which is treated as a point {}ix in a high dimensional Euclidean space. Since a 2D 
fingerprint plot is able to capture various properties, such as intermolecular interactions 

within the crystal structure, short / long-range contacts, and bonding information of the 

MOF compound, the points {}ix are assumed to lie on a manifold that contains all of this 
information, although the dimension of this manifold is not necessarily n. Based on the 

results from Tenenbaum et al.13, it is reasonable to assume that the low-dimensional 

projection of the set of the 2D fingerprint plots will map some trend along the manifold in 

the input MOF structures, and the similarity / dissimilarity map will provide information 

about how different MOF chemistries and structures are related by using the connectivity 

in the graph. 

 

The fingerprints of Hirshfeld surfaces of MOF structures can be thought of as points in a 

high-dimensional vector space ( 500 500× ). The Isomap algorithm was then used to 

discover the optimal low dimensional graph which contains the information of the 

intermolecular interactions and bonding information of the MOFs in the input dataset, 

such that the geodesic distance relative geometric relations between the finger print of 

the MOFs in the higher dimensional manifold is preserved when mapped onto the 

reduced dimensional graph. The full details of the library of Hirshfeld surfaces and the 

treatment of the computational details of the manifold learning analysis are provided in 

the Supplementary Materials. 

 

It is crucial to construct, in the first step, an appropriate graph so that the estimated 

geodesic distance between the vertices on the graph is an accurate approximation of the 

geodesic distances between points on the manifold. The effect of a “manifold 

short-circuit”14 could occur if care is not taken for selecting the number of nearest 

neighbors when constructing the weighted graph in this step. To check for the potential 

short-circuits in the manifold, we compared the results by changing the number of nearest 

neighbors while looking at the residual variance of the reconstruction and the shape and 

connections of the resulting graph network.  

 

 

3 Results and discussion 

 

The 57 MOF structures investigated in this work are randomly chosen from the MOFs 

database6 and have structures which are amenable for computation. Tthe Hirshfeld 

surface of those MOFs were generated and transformed into 2D histograms with 500 by 

500 bins per graph. 
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