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Abs tract 

The pro gram CrystalCMP can be used for com par i son of
crys tal struc tures con tain ing sep a rated mo lec u lar ob jects as 
it is, for in stance, in mo lec u lar crys tals or some metal-or -
ganic com pounds. The pro gram can be use ful in many dif -
fer ent sit u a tions. This ar ti cle shows the use of the pro gram
CrystalCMP on three ba sic ex am ples for which the pro -
gram was pri mar ily in tended.

In tro ducti on

Prob a bly ev ery crys tal log ra pher ex pe ri enced a sit u a tion
where he needed to com pare two or more crys tal struc tures
of or ganic or organometallic com pounds. All the time that
has elapsed in front of the mon i tor, when crys tal log ra phers
have tried to find sim i lar i ties be tween two crys tal struc -
tures, is a si lent wit ness to the fact that it is ap pro pri ate to
mas ter some tool for this pur pose.

Sev eral meth ods for com par ing crys tal struc tures have
been pub lished in the past [1-6]. Among the user-friendly
tools, I would in clude the Crys tal Pack ing Sim i lar ity tool in 
Mer cury [7], and COMPSTRU [8], xPac [9] and
CrystalCMP [10]. The Crys tal Pack ing Sim i lar ity tool is
only avail able to the user in the paid ver sion of Mer cury.
The COMPSTRU pro gram is cre ated as an on line tool on
the Bilbao Crys tal lo graphic Server website [11] and the
xPac and CrystalCMP pro grams can be freely down loaded.

The Crys tal Pack ing Sim i lar ity in Mer cury, xPac, and
CrystalCMP tools use a sim i lar ap proach to com pare the
pack ing of mol e cules in crys tal struc tures. The pro grams
se lect a rep re sen ta tive mo lec u lar clus ter for each crys tal
struc ture be ing com pared. They then per form com par i sons
based on the dif fer ences in the po si tions of the mol e cules in 
both clus ters. The in di vid ual im ple men ta tions dif fer in the
way how the two clus ters are com pared and in the speed of
com par i son. The com par i son method used by
COMPSTRU dif fers sig nif i cantly from the other three
meth ods. The pro gram finds the best trans for ma tion of the
unit cells of the com pared struc tures and then com pares the
atomic po si tions.

As al ready men tioned, the CrystalCMP method is
based on the com par i son of a rep re sen ta tive mo lec u lar
clus ter in which one type of mol e cule, usu ally the larg est
one, can be in cluded. Dur ing the com par i son, mo lec u lar
clus ters of the in di vid ual crys tal struc tures are over lapped,
and the sim i lar ity is cal cu lated ac cord ing to this for mula:

Ps D wAa b c d, = +                (1)

where Dc is the av er age dis tance (in C) of the cen troids of
the over lap ping mol e cules and Ad rep re sents the de vi a tion
of the ro ta tion (in °) of the over lapped mol e cules in space.
The value of w is cho sen by the user and rep re sents the
weight be tween Dc and Ad.

By de fault, the dif fer ence in the ro ta tion of mol e cules is 
more weighted (w > 1). This is be cause the same pack ing is
not that much con di tioned by the same po si tion of the mol -
e cules in space, but rather by their sim i lar ro ta tion. The vol -
ume dif fer ence be tween com pared crys tal struc tures has
only lit tle ef fect on the change of the Psa,b func tion. It is,
there fore, pos si ble to com pare the pack ing sim i lar ity in
crys tal struc tures whose ex pan sion is caused, for ex am ple,
by tem per a ture or by the pres ence of sol vent mol e cules of
dif fer ent sizes, as it is in the so-called solvatomorphic se -
ries.

The com par i son method in CrystalCMP has re cently
been im proved [12]. First of all, the au to matic pro ce dure
for se lect ing at oms, that are needed for over lap ping the
com pared crys tal struc tures was in tro duced. Sec ondly, the
Ad term in the for mula of the Psa,b value rep re sent ing the
an gu lar dif fer ence be tween mol e cules in re lated pairs was
changed by cal cu la tion of the RMSD func tion, see more
de tails in the re cent pub li ca tion about CrystalCMP [12].
Both changes led to the more user-friendly black-box
method, which in few sec onds can sort the list of crys tal
struc tures to the sim i lar ity groups just by click ing on one
but ton.

Exam ples of pro gram use

The pro gram can be used for com par i son of crys tal struc -
tures con tain ing sep a rated mo lec u lar ob jects as it is for ex -
am ple in mo lec u lar crys tals or some metal-or ganic
com pounds. I be lieve, that the pro gram can be use ful in
many dif fer ent sit u a tions, how ever, I se lected three prob -
lems for which the pro gram was mainly de signed – (i) iden -
ti fi ca tion of the same mo lec u lar pack ing in de pend ently of
the tem per a ture of the mea sure ment, (ii) iden ti fi ca tion of
the sim i lar mo lec u lar pack ing in the dif fer ent solvates of
the same com pound and (iii) iden ti fi ca tion of the same re -
sults in the large re sult list cre ated dur ing the crys tal struc -
ture de ter mi na tion from the pow der dif frac tion data by
di rect-space meth ods. 

Ev ery ex am ple has its spe cific re quire ment on the
method. While the first and sec ond ex am ples re quire a low
sen si tiv ity to the small and rel a tively large ex pan sions of
the crys tal struc tures, the third ex am ple re quires the high
speed and the pos si bil ity to pro cess a high num ber of re -
sults.

Settings of the method

All the ex am ples here were per formed with the
CrystalCMP of ver sion 113 (2020/09/09) and with the
Cam bridge Struc ture Da ta base (CSD) ver sion 5.41 (No -
vem ber 2019) [13]. The cal cu la tion of sim i lar ity was done
by au to matic pro ce dure with 14 sur round ing mol e cules
and with the weight fac tor w = 3. Only the pack ing sim i lar -
ity of the heavi est mol e cule in the crys tal struc ture was
stud ied. 
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Exam ple 1: How many po ly mor phs of para ce ta mol
con ta in CSD?

Ac cord ing to the lit er a ture [14], there ex ist nine poly -
morphs of paracetamol: six am bi ent (I, II, III, VII, VIII
and IX), two high pres sure (IV and V) and one low tem per -
a ture (VI). Crys tal struc ture of only five of them has been
de ter mined ei ther from the pow der or from the sin gle-crys -
tal dif frac tion data. The (CSD) con tains 56 en tries with
only paracetamol mol e cule in the crys tal struc ture. All
these en tries are grouped in two ref. code groups that start
ei ther by COTZAN or by HXACAN codes. Three en tries
(COTZAN, COTZAN01 and COTZAN05) con tains
wrongly solved crys tal struc tures be cause the bond ing of
sev eral at oms in these crys tal struc tures breaks ba sic rules
of the or ganic chem is try. Ad di tional four en tries
(HXACAN02, HXACAN03, HXACAN05 and HXA -
CAN20) do not con tain atomic co or di nates. The rest of 49
en tries with co or di nates were used by CrystalCMP. The
crys tal pack ing sim i lar ity has been per formed with de fault
pa ram e ters and by us ing the au to matic com par i son mode
and the over all com pu ta tion time was around 30 s on a stan -
dard of fice PC.

Af ter the com par i son, the dendrogram shows that there
are four dis tin guish able dif fer ent mo lec u lar packings, see
Fig. 1. The larg est sim i lar ity group cor re sponds to the
Form I with the monoclinic sym me try. There are sig nif i -
cant dif fer ences in the unit cell vol umes in this set of
entries. The larg est vol ume is 776.3 C3, and the small est is
611.3 C3 cor re spond ing to HXACAN01 and HXA -
CAN43, re spec tively. No mat ter what is the rea son for the
dif fer ence, the com par i son method was able to iden tify the
same mo lec u lar pack ing de spite a 126 % ex pan sion of the
unit cell.

The sec ond-larg est sim i lar ity group cor re sponds to the
orthorhombic Form II. In this group of en tries, the dif fer -
ence be tween the larg est and small est unit cell is not that
sig nif i cant and cor re sponds to the 104% ex pan sion.

En tries HXACAN29, 39 and 40 cre ates the third sim i -
lar ity group. Their unit cells are sim i lar, but they dif fer in
space groups. While HXACAN29 and 40, both cor re -
spond ing to the Form III, have the orthorhombic space
group Pca21, the HXACAN39 en try has monoclinic space
group Pc11. HXACAN39 en try is a low-tem per a ture form
of paracetamol (Form VI) and its high sim i lar ity to Form
III was al ready de scribed when it was pub lished [15]. Its
sim i lar ity to the Form III led to the orig i nal la bel of Form
III-m.

The last en try HXACAN47 is not sim i lar to any other
en try in the CSD da ta base and cor re sponds to the Form
VII.

Ex am ple 2: The sim i lar ity of trospium chlo ride solvates

The CSD con tains 17 en tries with trospium chlo ride with
dif fer ent solvates. The cal cu lated dendrogram shows six
dif fer ent mo lec u lar packings of the trospium en tity in the
crys tal struc tures, see Fig. 2. The larg est sim i lar ity group
con tains ei ther 5 or 7 en tries de pend ing on how the cri te -
rion for the sim i lar ity group would be de fined. There are
five highly sim i lar solvates rep re sented by (IPIKOJ,
IPILIE, EZOLUC, IPILAW and KIXYUN) with
acetonitrile, propionitrile, ac e tone, meth a nol and eth a nol
solvates. These en tries are in the dendrogram con nected at
the sim i lar ity level of approx. Psa,b = 8 with two other en -
tries (IPIKUP and IPILEA) con tain ing isopropanol and
nitromethane solvates. If we look at the over lapped clus ters 

Fig ure 1. Dendrogram cal cu lated from the sim i lar ity ma trix as a re sult of the pack ing com par i son of paracetamol en tries in CSD. The
hor i zon tal axis rep re sents the Psa,b value (in square root scal ing). In di vid ual en tries are sorted and con nected to the sim i lar ity groups
on the ver ti cal axis. 
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of these two groups in Fig. 3, we can con clude, that
trospium en ti ties are placed in the same po si tions, but ev ery 
sec ond mol e cule is mir rored. 

The sec ond-larg est sim i lar ity group shows three en tries 
(XOGLOW, XOGLUC and XOHQES) with glu taric acid,
adipic acid and ox alic acid solvates. The fourth pos si ble
sim i lar en try IPILOK (sesquihydrate) is con nected with the 
sim i lar ity of approx. Psa,b = 12. The over lapped clus ters
showed a sim i lar ity of the three en tries (XOGLOW,
XOGLUC and XOHQES), but the sim i lar ity with sesqui -
hydrate can be only hardly found. In the dendrogram, the
other two sim i lar ity groups con tain only two en tries: two
solvates with ben zoic and sal i cylic acid (EZOLOW with
XOHQAO) and two saccharinate monohydrate (EZOMAJ
with EZOMAJ01). The mo lec u lar packings of trospium
en tity in the other two en tries EZOMAJ and EZOLIQ are
not sim i lar to any other en try in the list..

Ex am ple 3: How many dif fer ent so lu tions are pres ent
in the re sult list?

Di rect-space meth ods are of ten used for the crys tal struc -
ture de ter mi na tion from pow der dif frac tion data. These
meth ods are based on global optimizations ap proaches.
They are im prov ing the ini tial model of the crys tal struc ture 
by chang ing free tor sion an gles and frag ment po si tions in
the unit cell, and, in an op ti mal case, they find the cor rect
so lu tion. Dur ing this pro cess, many pos si ble so lu tions are
gen er ated, and one of them, usu ally the one with the best
agree ment fac tors, is taken to the fi nal re fine ment pro cess.
Com par i son of mo lec u lar pack ing in CrystalCMP gives an
idea of how many dif fer ent so lu tions is in the re sult list and
what is the dif fer ence be tween them. 

The ad van tages of know ing the com po si tion of the re -
sult list will be shown by the ex am ple of crys tal struc ture
de ter mi na tion of capecitabine. Dur ing this pro cess, two
hun dred re sults were gen er ated and then only one hun dred

Fig ure 2.: Dendrogram rep re sents a sim i lar ity of trospium chlo ride en tries ob tained from CSD. The hor i zon tal axis rep re sents the Psa,b

value (in square root scal ing). In di vid ual en tries are sorted and con nected to the sim i lar ity groups on the ver ti cal axis.

Fig ure 3. Com par i son of mo lec u lar pack ing of the trospium en tity in IPIKUP (red; isopropanol solvate) and IPILIE (blue; propionitrile 
solvate). Left – over lapped clus ters show iden ti cal po si tion s of trospium en ti ties in the space. Right – De tail on the dif fer ence - al most
per fectly mir rored ev ery sec ond trospium en tity in the mo lec u lar clus ters.
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with the best agree ment fac tors were an a lyzed by
CrystalCMP. The com par i son took ap prox i mately 2 min -
utes, and it sorted re sults to the three sim i lar ity groups.
Two of them con tains re sults with sim i lar agree ment fac -
tors (Re sult type 1 and Re sult type 2). In the third group
(Re sult type 3), re sults have a lit tle bit higher agree ment
fac tors, see Fig. 4a. In di vid ual re sults in side ev ery sim i lar -
ity groups are al most iden ti cal. From the com par i son of the
Re sult type 1 and Re sult type 2 rep re sen ta tives, it is ev i dent 
that they dif fer mostly by the dif fer ent po si tions of the alkyl 
chain, see Fig. 4b. Since these two groups con tain re sults
with the com pa ra ble agree ment fac tors, the rep re sen ta tive
re sult of both these groups have to be taken to the fi nal re -
fine ment. In the end, the re fine ment re vealed a dis or der of
the alkyl chain, and both dif fer ent so lu tions rep re sent both
po si tions of the dis or der, see Fig 4b. The third sim i lar ity
group of the so lu tions was not taken to the fi nal re fine ment
due to its higher agree ment fac tors.

Conclu si ons

The se lected three ex am ples il lus trate the pos si ble use of
CrystalCMP and the ben e fits of us ing this pro gram in var i -
ous sit u a tions. The com par i son pro cess is fast and
user-friendly. User can use this soft ware as a black box

with the de fault set tings to get valu able re sults in a short
time. As it was shown, the re sult of the com par i son by the
CrystalCMP pro gram is a sim i lar ity ma trix and a dendro -
gram which groups in di vid ual en tries ac cord ing to the sim -
i lar ity in a read able form. 

The pro gram is writ ten in C / C ++, uses OpenBabel li -
brar ies [16] to gen er ate SMILES def i ni tions and uses
wxWidgets and OpenGL for the graph i cal in ter face. The
pro gram is free to down load at http://sourceforge.net/pro -
jects/crystalcmp/, where its source code can also be found.
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