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Introduction

Molecules have the potential to adopt multiple different packing arrangements in the
solid state, a phenomenon known as polymorphism, which has significant influence on
a material’s performance. Exploring the polymorphic landscape and understanding the
relative stability of polymorphs is an important process, especially in early-stage
formulation in the pharmaceutical industry. There are several tools in the CSD-
Portfolio suite that can be used in a complementary manner to explore these
landscapes and gain insights into the relative stability of such polymorphs.

The Hydrogen Bond Propensity (HBP) tool in Mercury can be used to evaluate the
relative likelihoods of possible hydrogen bonding networks. Mogul Geometry Check
provides the user with the ability to assess molecular conformation, and the Full
Interaction Maps tool can be used to assess intermolecular interactions in any
observed polymorphs of a target system.

Before beginning this workshop, ensure that you have a registered copy of CSD-
Materials or CSD-Enterprise installed on your computer. Please contact your site
administrator or workshop host for further information.

Learning Outcomes
At the end of this workshop, you will:
e Be familiar with the Hydrogen Bond Propensities (HBP) tool.
e Know how to perform a HBP analysis and how to read and interpret the
results.
e Understand how HBP can be used in polymorphs analysis.
e Be able to use Mogul Geometry Check and Full Interaction Maps as
complementary approaches to assess solid forms.

This workshop will take approximately 45 minutes to complete. The words in Blue Italic
in the text are reported in the Glossary at the end of this handout.

Pre-required Skills

Familiarity with the Mercury interface is important; you can access the Visualization
in Mercury self-guided workshop here
(https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-
materials/csd-community-workshops/).

Form | and Il
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Materials
There are no additional materials required for this workshop.

¢
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https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/csd-community-workshops/
https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/csd-community-workshops/
https://www.ccdc.cam.ac.uk/Community/educationalresources/workshop-materials/csd-community-workshops/
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Example 1. A Polymorphic system

N’-(1,3-dithiolan-2-ylidene)-4-nitrobenzohydrazide, a potentially tuberculostatic
agent, is known to crystallise in three polymorphic forms. The first two polymorphs
(refcodes DEDMUX and DEDMUX01) form identical H-bond networks (N-H:--O) and
have similar geometry, while the third polymorph (refcode DEDMUX02) forms a N-
H---N H-bond network and the geometry of the dithiolane ring is largely different.

In this example we will use the Hydrogen Bond Propensities (HBP) tool to assess the
relative likelihoods of the H-bond networks observed in the polymorphs.

N—~NH

C

N’-(1,3-dithiolan-2-ylidene)-4-nitrobenzohydrazide (refcode family DEDMUX).

Form Ill (purple) has a different geometry.

Examine the H-bonding network.

1.

D Auto centre

Start Mercury by double-clicking the icon on your Desktop or navigating from the
Start Menu (Start > CCDC > Mercury).

In the Structure Navigator window, type the refcode “DEDMUX”, to bring up the
structure of the first polymorph.

Ensure that the H-Bond check box in the Display Options area of the Mercury
interface is toggled on and expand the contacts for Form | by clicking the red lines
or atoms of the hanging contacts. Check the Show Labels for box from the toolbar
and select Non-C,H from the dropdown menu. Note that the NH of the amide
group (N2) acts as donor and the O atom of the carbonyl group (O1) as acceptor.
The same interactions are present in Form Il. You can investigate this by repeating
Step 2 and loading “DEDMUX01”. Load Form Il by typing “DEDMUX02” in the
Structure Navigator window. The H-bond interactions occurs between the amide
NH (N2) and the imine N (N1). Check all the possible donors and acceptors. How
many are there?

Display Options

Display H-bond networks
[] Packing [lshort Cantact. < (sum of vdW radii) 3
L1 Asymmetric U"il H-Bond Default definition

Reset

Show Labels for | Mon C,H ~ with | Atom Label v

=

Find

DEDMUX  P21/c
DEDMUXDT P-1
DEDMUX0Z P21/c
DEDMIM P21/n
DEDMNOS P21

1 2
Structure Mavigator
DEDMLIX
Crystal Structures Spacegroup G

<<

Form |l and Il

>

Form Il
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Calculate H-bond propensity.

4.

Ensure that "DEDMUXO02” is selected in the Structure Navigator and press Reset
in the Display Options.

From the top-level menu select CSD-Materials > Polymorph Assessment >
Hydrogen Bond Propenisities...

In the Propensity Prediction Wizard select a working directory by clicking on
Browse. The potential hydrogen bond donor and acceptor atoms are
automatically identified and linked to their functional groups. One donor has been
identified: N2 as acyclic_amide. Six acceptors have also been identified: N1 as
acyclic_nhn, O1 as acyclic_amide, 02 and O3 as ar_nitro, and S1 and S2 as
cyclic_thioether.

The Donors and Acceptors atoms can be highlighted in the 2D chemical diagram by
selecting them from the list. You can also highlight a functional group from the
Matched from library list; the corresponding atoms will be automatically
highlighted in the Donors/Acceptors lists. The functional group as defined will
appear in the second window of the Functional groups dialogue box. You can
adjust the functional groups if desired by using the buttons on the right-hand side
Add..., Sketch..., etc. We will leave all the default settings for this example and click
Next.

Ensure that the Start analysis automatically check box is unchecked and click
Generate. As the training set (generated fitting data) starts to be populated with
CSD structures, the functional groups and an indication of their Count and Advice

can be seen.
€« Propensity Prediction Wizard

Generate Fitting Data

Auto generate fitting data structures 1816 structures in fitting data (good size)

|D Start analysis automatialy

IS¢ TE SIOET I0 ODTaI SUTTIOENT Bnd EVen group representation

Group Count  Advice

1 acyclic_amide 1167 good number
2 acyclicnhn 245 maybe sufficient
3 arnitro 3

good number

4 cyclic_thioether 351 good number

Display Options
Display
I:‘ Packing "
I:‘ Asymmetric Unit

D Auto centre

Reset

Propensity Prediction Wizard

E : C5D-Materials
4 i

C5D-Theory C5D-Particle  CSD-Discovery  C5D Python APl Help
Search ’ Show Labels for |Custom
Calculations 4 ) Atom selachons:
Polymorph Assessment  # Hydrogen Bond Propensities...
Co-Crystal Design » H-bond Coerdination Quick-view...
Full Interaction Maps...
Hydrogen Bond Statistics... ®
€ - 1 Documents » HBP
Hydrate Analyser... Organise = New folder
¥ Documents. -
Sclvate Analyser... & Pictures FT T
auzoy
Mrammatice Anahcar

Target Selection and Functional Group Definition

Decuments

A Documants - Pre ¥ €

Falder: | DEDMUX02

\ Select Folder

Browse...

Add...

Sketch...

Load...

Edit...

Remove

Remove Al

Woarking directary: M USErSf oy o e - 6
| [ Show advanced options
Update Structure 7
Donors and acceptors Functional groups
Danors Acceptors
. " Matched from library:
acyclic_amide
02 acyclic_nhn
o1 03 ar_nitro
y s1 cyclic_thicether
HNZ 52
T
3H] "\“c
g
o Al donors and acceptors matched

Tips and tricks

If you want to adjust the atoms involved as donors or acceptors, you can use
the advanced settings: toggle on the Show advanced options check box and

click Edit...

Cancel

Cancel
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When the run is finished, it attempts to automatically select a sufficient number
of hits (count) per functional group with fairly even representation across the
groups. In general, around 300-500 structures per functional group should be
enough. The group numbers can be adjusted by using the slider highlighted in blue.
This allows you to remove or add structures until a more even set of data, or more
appropriate number of groups, is obtained. We will leave the default settings for
this example and then click Analyse.

When the analysis is finished, the number of the True and False outcomes will be
listed. If there are very low numbers for True or False, you should check that they
are ticked in the Ignore? checkboxes. There are no very low values in this example.
Click the Fit Model > button to continue.

For this example, the Area under ROC (Receiver Operating Characteristic) curve
should be around 0.84. To achieve a good H-bond propensity calculation you
should always aim for a value of around 0.75 or above. Click Accept & Calculate to
continue.

- : -
11

« Propensity Prediction Wizard
Maodel Fitting

Use this page to fit, assess and refine a hydrogen bond logit model. Refine Model...

Model Coeffident Statistics

logit_model_1 C

Coefficents: Estimate/5td. Error [z valuelPr(>Jz[) ignificance code Lower Bound Upper Bound
(intercept) 1.048 D.295 [3.550 |D.000385654 471 1629
Donoratom_0_of_acydic_nhn 135 p.i54 _ p.875 p.381339 0.171 433
Donorather 153 D111 [1,375 |D. 169038 -0.085 370
[Acceptoratom_1_of cyciic_thioether [2.623 |0.436  [6.020[1.7399e-03 =~ 3.587 1849
IAcceptoratom_2(3)_of_ar_nitro 336,210 [1.601 0. 109374 0.073 743
|Acceptoratom_2_of acyclic_amide |2.058 |p.167  [12.309 B.11524e-35 F== 1.736 2.392
\Acceptorother 1.855 166 11.146 [7.53066€-29 == 1.534 [2.187
Competition 032 0.015  [2.218 D.026585 - 004 062
Donor_steric_density 0.025 p.00% 16.213|5.18549e-10 == -0.033 .017
IAcceptor,_steric_density 0.030 .05 [6.402][1.53745e-10 =~ 0.0 021
Donor_aromaticity 1136 0,320 |-3.5%0.000387684 -L766 511
IAcceptor_aromaticity 0.596 [.288  |2.06p.0385003 1161 031
Donoratom_0_of_acydic_amide 000 A A NA A B A
lcceptoratom_1._ of acydic_nhn .000 /A JEI TN A A /A

Area under ROC curve = 0.840368 (good discrimination)

Accept & Calculate > Cancel

10

Auto generate fitting data structures
Generate Stop

D Truncate data generation at #items

[7] Start analysis automatically

Use the slider to obtain sufficient and even group representation

I 775 structures in fitting data (good size)

Cancel

2000

Group Count  Advice

acyclic_amide 652

Auto generate fitting data structures
Generate stop

[] Truncate dats generation at #items

[ start analysis automatically

good number

2 acyclicnhn 492 good number
3 ar_nitre 47 good number
4 cyclic_thiosther 434 goed number

2000

Use the sider to obtain sufficient and even group representation

Group Count  Advice

acyclic.amide 652 good number

2 acyclicnhn 432 good number
3 ar_nitro 447 good number
4 cyclic_thiosther 434 good number

[[] eortoad from existing fle

Browse...

779 structures in fitting data (good size)
Cancel

Analyse

Analysis complete, Press it Modef,

Label

1 m_0_of_acyclic_amide (matches N2)

2 m_0_of acyclic_nhn (matches N2)

3 m_1_of_acyclic_nhn (matches N1)

4 m_1_of_cyclic_thioether (matches 51,52)

3 m_2(3)_of_ar_nitro (matches 02,03)

6 m_2_of_acyclic_amide (matches 01)

#Tue #False Ignore?

w0 en [
w2 O
129 616 ]
"o s ]
07 am ]
s96 476 ]

Fit Model >

Cancel
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Summary of HBP results

We have now obtained the results of our HBP calculation, and we can analyse them in

Mean H-Bond Propensity

Propensity scores

00

12 00 01 02 03 04 05 06 07 08 09 10

the graph and tables displayed. Three different layouts are available in the Layout
section and can be selected by pressing the radio buttons; layout 1 is more convenient
for viewing the graph, whereas layouts 2 and 3 are preferable for viewing the tables.

12. The Chart:

e Plots Mean H-bond Propensity vs the Mean H-Bond Co-ordination.

e The target structure is represented as a black circle with a white interior.

e To zoom, use the magnifying glass icon in the lower left-hand corner of the
wizard, left click and drag on the area to zoom in on it. To go back to the default
view, press Reset.

e To filter the chart for a given number of H-Bond pairs, use the colour legend.

e The most likely H-bonding network is displayed towards the lower-right
corner, the outcome should be read along the diagonal.

e DEDMUXO02 does not have the most likely H-bonding network.

e Click on the points to highlight the network in the Propensity score table.

e Hover over a point to display the mean propensity and mean co-ordination
values.

13. Propensity Scores Table:
e Select Layout 2 or Layout 3 to see the full Propensity Scores table. The table
can be expanded horizontally if needed by dragging the double-headed arrow

that appears when hovering over the border between the propensity and co-
ordination tables.

e The most likely H-bond pair will score the highest propensity.

e The H-bonds present in the targeted structure are marked as observed.

e The table is interactive, clicking on observed, which is located at the far right-
hand side of the table will highlight the donor and acceptor group in the 3D
visualizer, while clicking on an atom label, in either the Donor or Acceptor
columns, will highlight the functional group and label the atom in the 3D
visualizer.

e The Propensity scores table shows all possible H-bond interactions for the

molecule, with N2-H9---O1 giving the highest propensity. You can see this
interaction is not observed in the DEDMUXO02 structure.

01+

i, S D)
-, DEDMUX02 E
(1 pair) o

3
@ _ @ o _©

5
@

[mBEr of INtermalecUlar 1-0and pairs

Min. donor co-ordination P{n) value

Min. acceptor co-ordination P{n) value

a Reset

(@) of

Highlight by table cell selection:

BVt

(@ tayoutt () tayout2 () Layouts

Observed

Hydrogen-bond propensities for DEDMUXD2 caleulated using ‘logit_model_1'
1 L 1 L L L L Intermolecular Intramolecular
/140 > Donor A
onor
St Donor Acceptor Propensity H-Bonds ||
1 M2 of acyclic_amide 01 of acyclic_amide 0.47 0 1
2 M2 of acyclic_amide 02 of ar_nitra 0.18 0 1 W
< >
Left-clicking table items visualizes H-bond o
groups/contacts and interacts with chart e
Z Co-ordinati
‘o-ordination scores
© O __0__©
- (To refresh table: left-click chart point)
0.1
Atom (D/A) =0 =1 =2 =3
3 01ofacyclic_amide(a) 0319 0.660 0018 0.002
() vighight () show only 4 Q2 of nitro (a) 0105 0.006 0.000
Recalculate
Logit model: | logit_model_1 | Target structure(s):  DEDMUX02 group - 1item ~ Recalulate
Propensity scores
Hydrogen-bond propensities for BEDMUX02 calculated using 'logit_model_1'
Intermolecular Intramalecular
- D A
lonor cceptor
Donor Acceptor Propensity H-Bonds P DEDM a
ranking  ranking
1 N2 of acyclic_amide O1 of acyclic_amide 0.47 0 1 1
2 N2 of acyclic_amide 02 of ar_nitre 0.18 0 1 2

3 N2 of acyclic_amide 03 of ar_nitre

5 N2 of acyclic_amide §1 of cyclic_thioether 0.01

& N2 of acyclic_amide 52 of cyclic_thioether 0.01
<

0 1 & (¥
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14. Co-ordination Scores Table:

(d) stands for donor and (a) for acceptor.

=0, = 1, = 2 etc. denote the number of times a functional group donates or
accepts.

The numbers that are coloured relate to the outcome present in the selected
H-bonding network; if this is green it indicates that the outcome is optimal,
whereas if it is red that indicates the outcome is sub-optimal.

For DEDMUX02, for the observed H-bond the donor N2 of the acyclic_amide
(d) has optimal co-ordination (donates once, = 1). The acceptor N1 of
acyclic_nhn (a) is sub-optimal as it accepts once (= 1) while there is a slightly
higher likelihood for it not to accept (= 0).

15. To summarise our observations, Form Il (DEDMUX02) is represented as a white
circle in the propensity chart; the N-H:-N hydrogen bond interaction present in
this form gives a very low propensity score (0.08). If this was the first solid form
discovered, you would see that there are clearly other putative H-bonding
networks that exhibit both better propensity and better coordination, so the
conclusion would be that there is a significant risk of polymorphism based on H-
bonding in this case.

5

Mean H-Bond Co-ordination

Co-ordination scores

(To refresh table: left-dlick chart point)

Atom (D/A)

=0 =1

1 N2 of acyclic_amide (d) 0.081

2

3

4

5

6

7

N1 of acyclic_nhn (a) 0547 0.453

01 of acyclic_amide () 0319 0.660

02 of nitro (a)

03 of nitro (a)

0.105

0.105

51 of cyclic_thioether (a) 0.026

52 of cyclic_thioether (a) 0.026

0.030

0.000

0.013

0.006

0.007

0.000

0.000

Mean H-Bond Propensity
07 02 09

04 05 08

0.000

0.000

0.002

0.000

0.000

0.000

0.000

Number of intermolecular H-bond pairs

3
= (@ @ (@
rdination P(n) value '
2-ordination P{n) value '

Reset

5
@

Highlight by table cell selection:

(@) off

7
© © ©
() Highiight

W]

(@

() showonly

Propensity scores
Hydrogen-bond propensities for DEDMUX02 calculated using logit_model_1'

Intermolecular Intramolecular

3

Don
Denor Acceptor Propensity H-Bonds rankin

3 N2 of acyclic_amide O3 of ar_nitro

5 N2 of acyclic_amide 51 of cyclic_thioether 0.01

<

Left-clicking table items visualizes H-bond

aroupsfcontacts nd interacts with chart L

Co-ordination scores

(Ta refresh table: left-dick chart paint)

Atom (D/A) =0 =1 =2 =3

2 N1 of acyclic_nhn (a) 0.547 0.453 0.000 0.000

3 O1of acyclic_amide (a) 0.319 0680 0.018 0002

4 02 of nitro (a) 0105 0.006  0.000
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To see where Forms | and |l are located in the chart you can load them by clicking
Target structure(s) drop-down menu in the Recalculate section and then click
Select multiple... In the Search Structure Section dialog box, click the T icon, then
tick the box for Enter refcode family, then click OK. You can see the three DEDMUX
refcodes in the Selected Structures pane. Click OK, then click Recalculate.

All three polymorphs are now plotted on the chart. To identify where each
polymorph is represented on the chart, check the legend shown on the left-hand
side of the dialogue indicating the structures displayed. You can see that Form |
and Il (DEDMUX and DEDMUXO01) have the same H-bond network (N-H--O) with
the highest propensity and best coordination.

If we compare the Propensity scores of Forms | and Il (DEDMUX and DEDMUXO02),
we can see that the highest propensity H-bond pair is used in Form |, while Form
Il alternatively uses a low propensity pair.

Mean H-Bond Propensity
o0 01 02 03 04 05 08 07 08 09 10

17 0.0 1 1 1 1 1 1 1 1 1 1
0.1 -
0.2 -
. DEDMUX | .8 0.3 -
“pan fEBC /WOS
i DEDMUX01f S 0.4 — Ney, l/'/re
: (1 pair) & l’l/o/,~ /J//Y
© 05 ks “bo
!, DEDMUX02f 2 Noy
1= {1 pair) =)
X
é Ty Y
P 18
Form IlI
0.9 7 Forms | and Il
1.0 -

Number of intermolecular H-bond pairs

n @ (@ @ M (@ (@ @ () (] (@

Recalculate

16

Logit model:

logit_model_1

DEDMUX02 group - 1item

~ | ITarget structure(s)

~ Recalculate

DEDMUX02 group - 1item
Load from file...

x @ Search Structure Selection

Use the buttons to select/deselect tems you wish to use:

Available Structures

W Databases
CsD5.44
Junz3
Sep3

@ Enter Refcode x

Refcode: |DEDMUXDZ

Refcode | pEDMUX
Famib: | pEpMUXDT
DEDMUXD2

Enter refeode family

Cancel

%/ mm

Selected Structures (3)
' RefeodeLists
W search refcodes
DEDMUX

DEDMUXD!
{DEDMUXGZ

Cancel ‘

Recalaulate

Logit model:

logit_model_1

“ | Targetstructure(s): |DEDMUX group - 3 item({s)

Recalculate
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19. If we compare the Co-ordination scores of Forms | and Ill (DEDMUX and
DEDMUXO02), we can see that there are two sub-optimal acceptors for Form lll. N1
donates once but slightly prefers to donate zero times, and O1 accepts zero times
but prefers to accept once. In Form | the co-ordination scores for all donors and
acceptors are optimal.

Conclusion

In conclusion, one of the polymorphs (Form IIl, CSD entry DEDMUX02) is observed to
have a noticeably less likely H-bonding network than the other two experimentally
observed polymorphs (Form |, CSD entry DEDMUX and Form II, CSD entry DEDMUXO01).
To evaluate the similarity of the two polymorphs with the same H-bonding network,
we would follow this up by looking into the molecular conformations, packing density
and the 3D geometry of the intermolecular interactions.

19

Co-ordination scores

{To refresh table: left-dick chart point)

Form |

Form Il

Co-ordination scores

(To refresh table: left-dick chart point)

Atom (D/A)

M2 of acyclic_amide (d)

ra

N1 of acyclic_nhn (a)

w

01 of acyclic_amide (a)

.

02 of nitro (a)

wn

03 of nitro (a)

o

51 of cyclic_thicether (a)

-1

52 of cyclic_thicether (a)

=0

0.105

0.800

0.329

0.888

0.888

0.9

0.9

0.866

0.200

0.652

0.105

0.105

4 0.026

4 0.026

0.029

0.000

007

0.006

0.006

0.000

0.000

0.000

0.000

0.002

0.000

0.000

0.000

0.000

Atom (DFA)

1 M2 of acyclic_amide (d)

2 N1 of acyclic_nhn (a)

3 01 of acyclic_amide (a)

4 02 of nitro (a)

5 03 of nitro (a)

6 51 of cyclic_thicether (a)

7 52 of cyclic_thioether (a)

=0

0.081

0.347

0.319

0.888

0.888

0.974

0.974

0.889

0.453

0.660

0.105

0.105

0.026

0.026

0.030

0.000

0.018

0.006

0.007

0.000

0.000

0.000

0.000

0.002

0.000

0.000

0.000

0.000
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Example 2 Using Mogul to assess molecular conformation.

Mogul is able to provide an assessment of a given structure’s conformation by
comparing it to the data from the hundreds of thousands of structures already in the
CSD. By using the statistical distributions of similar fragments, Mogul can confirm that
a 3D geometry is appropriate, or flag values that are too far outside the norm.

In this example, you will see how to use Mogul to correlate the HBP findings for N'-
(1,3-dithiolan-2-ylidene)-4-nitrobenzohydrazide polymorphs with the geometric
performance. Mogul can be run as a stand-alone application or from the Mercury
interface. For this tutorial, we will use Mercury to run Mogul.

¢
@

Mogul search - Bond length - N2 N1

Value in query: 1,418

w
=

Numh;:r hits
£

a0

- -,

1275 1 1325 135 1375

N’-(1,3-dithiolan-2-ylidene)-4-nitrobenzdtytézide (CSD entry DEDMUX02) an

14 1425 145

1475 1

d the

distrubtion of N-N bond lengths identified by Mogul in similar fragments in the CSD.

=

Close all HBP-related dialogue boxes and with DEDMUX02 (Form IIl) loaded in
Mercury, click on CSD-Core menu and then select Mogul Geometry Check from the
dropdown menu.

2. In the Mogul Search Settings window, you can typically use the default settings,
but we can streamline our search by unticking the box for rings and ticking the
boxes for Apply Filters, Exclude Organometallics, and Exclude Powder structures.
Click Search to start.

3. A dialogue box will pop up to warn you that you are going to check the entire
molecule. Click OK to continue.

4. The search will begin to run. You can follow its progress in the Search Progress

1 CSD-Core CSD-Materials CSD-Discc

dialogue box.
3

‘ . Launch WebCSD
ConQuest Hit Highlighting...
| . Launch ConQuest
Data Analysis Module...
Mogul Geometry Check...
. Launch Mogul I}
Mogul Settings...
IsoStar Interaction Check...
' Launch IsoStar
IsoStar Settings...

Select Databases...

o No atoms selected X

A complete analysis of all loaded molecule(s) will be performed.

To analyse just part of the displayed molecule(s), hit 'Cancel'
and select atoms before starting the analysis,

Cance

Fragment Types

Bond Length Valence Angle Torsion Angle  [] Ring

Search Filter Options

Available filters

O Rfactor  ==5.0% -

[ Excude  Solvents K

[ HeaviestElement 1 -

Apply fiters

Excude | Organometalics i

Exclude

Search Mode

Powder structures

(O Only find fragments that match exactly

@ Find similar fragments if number of exact matches is less than

Bonds Angles Torsions Rings

Customise fragment cassification ...

Help

4

o Search Progress

Search

1

15

Close

Bond -
C6C5

Performing exact search

15%
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When the search is complete, your results will be displayed in the Mogul Results
Viewer.

The results are color-coded. Unusual values are flagged in red. You can see that
the N2-N1 bond and C1=N1-N2 angle are flagged in red. It is worth noting that the
unusual bond and angle contain the N1 and N2 atoms which are involved in
forming a more unlikely H-bond interactions, as observed in the HBP results.

Scroll through the results until you find the bond for N1-N2. Double-click this
line to bring up the data from the Mogul library.

The red line marks the value of the bond distance from your molecule (the query).
The histogram shows the data from the CSD, color coded by update. (Note, you
can double-click the color swatches to change what color is shown.). To see which
structures contribute to a certain bar on the histogram click Deselect.

Click the bar directly under the red query line. This will highlight that particular
bar of the histogram.

@ CCDC Mogul 2023.2.0: DEDMUX02 (P21\c) - Mercury - o X
File Searches Databases Help
Results and analysis

Buid query View structures

Results Navigator Mogul search -Bond length -N2N1

Allhits: 2478 200
Accepted hits; 2478

-factor: Any  Heaviest Element: Any
Exclude; Organometalics, Porder structures

[Value in query: 14164

Number  Contribution
2478 100.0% 30

Relevance

1.00

240

Number of hits

160

View disgrams. Mre hits.

Statistics
Total: 2478
Selected : 2478
Mean : 13744
Standard deviation : 00164
Minimum : 1.2504
Lower quartie : 1,

0
1275 13 1325 1375 14

Bond length / &

1425 1475 15

Median
Upper quartle
Maximum
| z-score |

Click to (de)select bars; cick and drag to (deselectarange
2
2442 Dats lbraries

) o5

8D Jun23 update

Histogram display

Select

allhits in histogram

Displayed hits: Fiters... Cluster

Allfragments. View query.

its n histogram

Selected hits: CSD Sep23 update

Histogram: click in bar to deselect, click again to reselect. Right-click for options.

Number of hits

@ Mogul Results Viewer - o x
Show / hide : Fragments... Deselect all fragments Export...
Help [ Double click to view result in Mogul
~
Type Molecule Fragment Classification Ne.of hits Queryvalue Mean  Std.dev. |z-score| [x-mean| Minimum Maximum Median | d(min)| A
WV (bond
v DEDMUX02
CINT Not unusual (encugh hits) 44 1.283 1278 0.012 0.464 0.003 1237 1.296 1.280 0.000
(1) Net unusual (encugh hits) 6703 1501 1.496 0.013 0.363 0.006 1273 1.636 149 0.000
(1) Net unusual (enough hits) 387 1518 1482 0.047 0.756 0.036 1247 1M 1497 0.000
€6C3 Net unusual (enough hits) 15990 1.400 1391 0.013 0.663 0.009 0.298 1617 1392 0.000
67 Not unusual (enough hits) 18131 1387 1383 0013 0275 0.004 1127 1544 1384 0.000
c7cs Not unusual (enough hits) 8283 1385 1372 0016 0438 0007 1,096 1576 1379 0.000
cacs Not unusual (enough hits) 8283 1384 1372 0016 0373 0.006 1.096 1576 1379 0.000
ciocs Not unusual (enough hits) 15890 1391 1391 0013 0.023 0.000 0.898 1617 1392 0.000
C2N2 Not unusual (enough hits) 2537 1363 1351 0.013 0.936 0012 1239 1518 1350 0.000
C8N3 Not unusual (encugh hits) 7383 1473 1467 0.022 0.283 0.006 1130 1.907 1469 0.000
[} Re] Not unusual (encugh hits) 7842 1.224 1229 0.017 0.241 0.004 1.004 1423 1228 0.000
02 N3 Net unusual (enough hits) 8716 1.227 1221 0.021 0.277 0.006 0.909 1.604 1222 0.000
03 N3 Net unusual (enough hits) 8716 1.226 1221 0.021 0.227 0.003 0.809 1.604 1222 0.000
cist Not unusual (enough hits) 62 1756 1760 0012 0313 0.004 1736 1791 1757 0.000
6 cis2 Not unusual (enough hits) 62 1755 1760 0012 0363 0.004 1736 1791 1757 0.000
st Not unusual (enough hits) 735 1817 1805 0026 0453 0012 1603 1929 1808 0.000
cas2 Not unusual (enough hits) 735 1817 1805 0026 0433 0011 1603 1929 1808 0.000
clocs Not unusual (encugh hits) 18131 1395 1383 0.013 0.884 0012 h 1.544 1384 0.000
N2 N1 Unusual (enough hits) 2478 1.418 1.374 0.018 2442 0.044 1492 1376 0.000
v angle ~
< >
£10ce Blotunnsualiznongh hitsl 12131 1305 132 001 0884 0012 1127 1544 1324
I M2 N1 Unusual (enough hits) 2478 1.418 1.374 0.018 2.442 0.044 1.290 1.492 1.376
s Mot unusual (encugh hits) 59 96.175 93.682  2.994 0.833 2494 97.355 95.096
casact Not unusual (encugh hits) 39 24417 03682 2004 0.246 0.736 97.355 95.006
C1 N1 N2 Unusual (enough hits) 42 1.689 2325 3927 118.812 115.604
Mogul search - Bond length - N2 M1
400 =
= Value in query: 1.4184
320
240
160 M
80
a
1.275 13 1.325 135 1.375 14 1.425 145 1.475

Bond length / &

Click to (de)select bars; click and drag to (de)select a range
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Now click the View Structures tab, near the top of the window to see a list of
refcodes included in this bin. The default view for this window is the 2D diagram.
Note that only 13 structures are present in CSD with this particular N1-N2 bond
distance. Scroll through the refcodes on the right side of the window to view
different structures.

Click the 3D Visualizer button to see a 3D rotatable view of the structure. The
fragment of the molecule used for comparison will be highlighted with the value
displayed in green.

In the Structure Navigator window in Mercury, type the refcode “DEDMUX”, to
bring up the structure of Form | of N’-(1,3-dithiolan-2-ylidene)-4-
nitrobenzohydrazide. Launch Mogul Search Settings and start the search as
explained in Steps 2-5.

Scroll through the results and note that for Form | there are no red flagged bonds
or angles.

1

@ cCDC Mogul 2023.2.0: DEDMUX02 (P21\c) - Mercury - o X

File Seaiches Databases Help

Buid query Results and analysis View structures

Refcode: DEDMUX02  Data Library: CSD 5.4 DEDMUKD2

BEXTAB
CAKMOT

Information

Diagram

DEDMUX0Z
DUFQOL
GUIROS
LUBIQ
SEPVUI
WAWTIZ
XUTAN

Display fiagments <« >

Reset display

9structures

View entries

13

K

@ Mogul Results Viewer

Help Double click to view result in Mogul
~
Type Molecule  Fragment  Classification No.ofhits Queryvalue Mean Std.dev. |z-score| |x-meen| Minimum Madmum Median |d(min)| Local density A
v (bond
Vv DEDMUX

CINt Net unusual (enough hits) 44 1277 1278 0012 0113 0.001 1.237 1.296 1280 0000
(1] Mot unusual (enough hits) 6703 1.502 149 0015 0404 0006 1273 1656 1486 0000
(=11 Mot unusual (enough hits) 387 1.520 1482 0047 0793 0.037 1.247 1711 1487 0000
c6Cs Net unusual (enough hits) 15990 1208 1391 0013 0573 0.007 0.888 1617 1302 0000
c6CT Net unusual (enough hits) 18131 1383 1383 0013 0022 0.000 1127 1544 1384 0000
cce Net unusual (enough hits) 8283 1.386 1378 0016 0500 0002 1.096 1.576 1379 0000
coce Net unusual (enough hits) 8283 1385 1378 0016 0435 0.007 1.096 1.576 1379 0000
ccs Mot unusual (enough hits) 15990 1387 1391 0013 0455 0.006 0.888 1617 1382 0000
NZN1 Mot unusual (enough hits) 2478 1387 1374 0012 1269 0023 1.280 1482 1376 0000
N2 Net unusual (enough hits) 2537 1356 1351 0013 0417 0005 1230 1518 1350 0000
cenz Net unusual (enough hits) 7583 1.469 1467 002 0106 0002 1.130 1.907 1469 0.000
orcz Net unusual (enough hits) 7842 1.227 1229 0017 0407 0002 1.004 1.423 1228 0000
02N3 Mot unusual (enough hits) 8716 1.229 1221 0021 0386 0008 0.808 1.604 1222 0000
03N3 Mot unusual (enough hits) 8716 1.227 1221 0021 0297 0006 0.808 1.604 1222 0000
151 Net unusual (enough hits) 62 1754 1760 0012 0456 0005 1736 1781 1757 0000
cis2 Net unusual (enough hits) 62 1788 1760 0012 0707 0008 1736 1781 1757 0000
351 Net unusual (enough hits) 735 1.818 1805 0026 0474 0012 1,603 1.929 1808 0000
c4s2 Net unusual (enough hits) 735 1.814 1805 0026 0307 0002 1,603 1.929 1808 0000
cloce Mot unusual (enough hits) 18131 1388 1383 0013 0367 0005 1127 1.544 1384 0000

¥ angle

v DEDMUX

S1CTNI Net unusual (enough hits) 20 128,973 122.568 4471 1.433 6.404 116285 128973 122548 0.000
S2CTNI Net unusual (enough hits) 20 116.374 122,568 4471 1386 6195 116285 128973 122548 0000
< Nt tanviciral {neinh hite) 22 114 £51 14007 na07 o 112414 1S8R 11519 0o

<
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14. Click on N2 N1 in the bond section of the Mogul Results Viewer to bring up the
histogram of bond lengths. Notice how the query value in DEDMUX (1.397 A),
whilst still above the mean (1.374 A)%, is within a significantly more populated
region of the histogram than DEDMUX02.

Conclusion

In conclusion here, Mogul confirms that based on relevant structural data in the CSD,
the geometry in Form | is found to be statistically usual, while Form Il exhibits a
conformation that is unusual. This assessment that Form | is more optimal agrees with
the HBP analysis findings, the H-bonding network found in Form | is more likely based
on CSD data compared with that in Form IIl.

Exercise

Explore the histograms and structures for the C1=N1-N2 angles in DEDMUX and
DEDMUXO02.

! Note that the mean value may change (slightly) depending on the version of the CSD you
have installed.

Number of hits

400

320

240

160

80

Mogul search - Bond length - N2 N1

alue in query: 13974

1]
1275 L3 1325 135

Click to (de)select bars; dlick and drag to (de)select a range

1375 L4 1425
Bond length / &

1475

Statistics

Total : 2473
Selected + 2478

Mean : 1.3748
Standard s
Minimurm ¢ 1,2204
Lower quartile : 13654
Median : 13764
Upper guartile : 1,3368
Maximum : 14928

| z-score | : 1.269

L5
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Example 3. Using Full Interaction Maps to assess
intermolecular interaction geometry.

The stability of a given crystal structure is a balance between the intramolecular
conformation and the intermolecular packing of the molecules in the crystalline state.
One method for understanding the relative stability of crystal structures is to compare
the observed intermolecular interactions with preferred geometries for that type of
interaction.

In this example, you will see how Full Interaction Maps (FIMs) correlates with HBP
findings for N’-(1,3-dithiolan-2-ylidene)-4-nitrobenzohydrazide polymorphs. How do
the interactions in each polymorph compare with what is expected and observed from
HBP? You will learn how to produce Full Interaction Maps for a given structure and
how to interpret these maps.

2D diagram of CSD entry DEDMUX and corresponding Full Interaction
Map, with hydrogen bonds overlaid.

1. With DEDMUX (Form 1) loaded in Mercury, check that the H-Bond box in the
Display Options toolbar is not checked.

2. Click on CSD-Materials menu and then select Full Interaction Maps... from the
dropdown menu.

3. Inthe Full Interaction Maps window, you will see several options. On the left you
will find options to change the display contour levels. On the right, you will see a
list of functional groups to be used as probes. For the purposes of this tutorial, we
will keep the default options. These typically work well for most situations, but if
you know you are looking for a specific functional group, or if you want to change
the look of the map, you will want to change these settings. Click the Calculate
Maps button to start.

4. The generated map will now be displayed in the main Mercury window. Notice the
three different colors in the map. Red regions of the map denote areas in which
there is a high probability of locating a hydrogen bond acceptor. Blue regions
denote areas in which there is a high probability of locating a hydrogen bond
donor, and Orange regions indicate hydrophobic pockets.

E Display Options

Display

D Packing
D Asymmetric Unit

D Short Contact
[ 1H-Bond

D Auto centre

2]

CSD-Materials = CSD-Theory  C5D-Pi

Reset

Search »

Calculations »
Polymorph Assessment P
Co-Crystal Design »

Full Interaction Maps...

Hydrogen Bond Statistics...

Hydrate Analyser...
Solvate Analyser...

Aromatics Analyser...
Conformer Generation...

DASH has moved

Omu Interaction Maps

Options Maps Hotspats

Map Contour Levels

Display first contour with initial level of

Display second contour with inital level of

Display third contour with initial level of

Hotspots

[] Generate hotspots in the map

2]

Log Files

Probe Colour @

Uncharged NH Nitrogen [ NN
[ Charged NH Nitrogen

[ RNHS3 Nitrogen

[ Alcohol Oxygen

Carbonyl Oxygen
[ Water Oxygen

[ Oxygen Atom

[ Methyl Carbon
Aromatic CH Carbon
[ C-F Flucrine

[J C-Cl Chlorine

[J C-Br Bromine _
-Lndi 2

Defaults

Calculate Maps| dlear Maps & Hotspots| | Load Maps... | Save Maps... Close

o

ot l

W
-

-
e
“, -

b

¢
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Now we want to see how the overall packing of this polymorph fits with the Full
Interaction Map we have generated. Tick the box for H-bond in the Display
Options toolbar then double click the H-bond line to open the Define H-bonds
window

Use a D-H...A angle of 120° to define the hydrogen bond criteria. Then tick the box
for Require hydrogen atoms to be present. Click OK to apply the change.

Now you will see dashed red lines in the Mercury window that indicate where
hydrogen bonding interactions/contacts are present.

Click on these contacts to generate nearby molecules. You will see that in each
case, the interaction falls within the contour range for the expected type. This
indicates that the packing of Form | satisfies the expected interaction landscape
of this conformation of N'-(1,3-dithiolan-2-ylidene)-4-nitrobenzohydrazide.

Display Options

Display
D Eaday I:‘ Short Contact = (zum of vdW radii)
[ Asymmetric Unit H-Bond Default definition
|:| Auto centre
Reset
@ o<ine H-bonds X

Select optians and ciick OK or Apply when dane

I Require hydrogen atom to be present l

DH...Aange >= [1200 2] degrees
Donor atom types: Acceptor atom types:
[~ [ it donors ~| v O allacceptors ~
~ [ nitrogen ~ [ nitrogen
metal beund N metal bound N
imine N terminal N (cyano, etc.)
aromatic (6-ring) N aromatic (6-ring) N
amide or thicamide M other 2-coordinate N
planar N 3-coordinate N
pyramidal N unclassified N
ammonium N (NH4+, RNH3= . v & oiygen
unclassified N metal bound O
v [ oxygen v carboxylate O v

WARNING: atom types may not be dassified properly for non-Cambridge Structural Database structures
Contact distance range

(O Actual distance (@) Vdw distance

Minimum = sum of vdW radi minus ¥ | [5.00

Maximum = sum of vdW radi s+ | [0.00 =

Intermolecular

Intramolecuar: Donor and Acceptor separated by > bonds

Default Cancel Apply
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9. Now let’s look at the Form Ill polymorph. In the Structure Navigator toolbar, type
DEDMUXO02. Click the Reset button in the Display Options toolbar to remove all
the hydrogen bonding interactions.

10. In the Full Interaction Maps window click Calculate Maps again (see Step 2). You
should now have a Full Interaction Map surrounding the molecule. Following Steps
4 and 6 above, turn on the hydrogen bonding interactions.

11. Click to expand the interaction around N1. Notice that the interaction falls well
outside the predicted region for high probability of a hydrogen bond donor. This
suggests that this interaction has a non-ideal geometry and is likely to be
significantly less stabilizing than the interactions in Form I.

Conclusion

In  conclusion, the observed polymorphs of N’-(1,3-dithiolan-2-ylidene)-4-
nitrobenzohydrazide exhibit different H-bonding interactions as well as noticeably
different molecular geometry. We can use knowledge-based approaches to compare
the observed intermolecular interactions in two polymorphs with the preferred
geometries for these interaction types. Full Interaction Maps indicate that Form | has
interactions which are near to ideal, whereas Form Ill has non-ideal interactions. This
agrees with the HBP analysis.

@ DEDMUX02 (P21/c) - Mercury

Picking Mode: Pick Atoms
Style: |Ball and Stick ~ Colour: by Element v
Default view: b

~¥ ab ca b* "

[ Animate...

Display Options
Display

["] Padding [ Short Contact < (sum of vdW radii)
[ Asymmetric Unit [ ] H-Bond User defined

~ with Atom Label
~ | Atom selections:

X x+ y y+ - z+  x-90 x+90 y-90 y+90 z-90 z+90

Options
] show hydrogens (] Depth cue
[ Show cell axes [ -Clipping
[+7] Label atoms Stereo

Contadts...
More Info +

Powder...

File Edit Selection Display Calculate CSD-Community CSD-Core CSD-Materials CSD-Theory CSD-Particke CSD-Discovery CSD Python API Help
v Clear Measurements [{5] O @ 4] show Labels for [Custom
Manage Styles... Publication

~ | Select by SMARTS:|[c]

Structure Navigator

DEDMUXD2

€ =+ 4 T zoom- zoom+ Disorder: None

8 x

Find

Crystal Structures Spacegrouj )
I DEDMUX02 P21/c I

DEDROT
DEDNAB
DEDNAC
DEDNAD
DEDNAF
DEDNEF
DEDNEFO1
DEDNEG
DEDNE)
DEDNU
DEDNIK
DEDNIM
DEDNIN
DEDNOP
DEDNOPO1
DEDNOQ
DEDNOS
DEDNOT
DEDNUV
DEDNUW

<<

Tree View

LT
P21/a
P21/n
-1
P32
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Phca
Cmeca
P3221
P21/c
-1
P21/n
P21/n
P-1
-1
C2/e
P21
P21/n
Peen
P-1

pe

[] Multiple Structures
Structures...
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Summary

To summarise, in this workshop you have learnt how to use three complementary
tools to wunderstand polymorph stability in N’-(1,3-dithiolan-2-ylidene)-4-
nitrobenzohydrazide. Using Hydrogen Bond Propensity, we performed a detailed
analysis of potential hydrogen bonding networks based on the functional groups of
the molecule and observed that one of the three known polymorphs exhibits an
unfavourable hydrogen bonding network. Using other knowledge-based approaches,
including Mogul geometry check and Full Interaction Maps, the least stable polymorph
was confirmed.

You should now be able to:
e Set-up and run a Hydrogen Bond Propensity (HBP) calculation.

e Interpret the Propensity and Coordination scores.

e Compare the HBP results with reference structures.

e Run a Mogul geometry check on a structure and interpret the results.

e Generate and interpret simple Full Interaction Maps for a structure.
Next Steps

The last part of this workshop showed complementary methods to HBP to perform a
polymorph risk assessment analysis. To learn more about these methods, you can try
the Mogul workshop (available in the CSD-Core workshop area on our website) and
the Full Interaction Maps workshop (available in the CSD-Materials workshop area on
our website).

https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/

Feedback

We hope this workshop improved your understanding of the Hydrogen Bond
Propensity component and you found it useful for your work. As we aim at
continuously improving our training materials, we would love to hear your feedback.
Click on this link to a survey (link also available from workshops webpage), it will take
less than 5 minutes to complete. The feedback is anonymous. You will be asked to
insert the workshop code, which for this self-guided workshop is MAT-007 Thank you!

Form IIl: Low HBP and
Full Interaction Maps
unsatisfied.

Form I: High HBP and Full
Interaction Maps satisfied.


https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/csd-core-workshops/
https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/csd-materials-workshops/
https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/csd-materials-workshops/
https://www.ccdc.cam.ac.uk/community/training-and-learning/workshop-materials/
https://www.surveymonkey.co.uk/r/CCDC-Online-Workshop
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Glossary

Full Interaction Maps

Full Interaction Maps provide a way of visualising the preferred interactions of a
molecule. Regions around the molecule (maps), where chemical probe groups are
likely to be found, based on pre-extracted IsoStar data from the CSD, are calculated.
The program works by first identifying distinct functional groups in the molecule being
studied, then finds the relevant data in IsoStar. The group-based interaction data is
evaluated, taking into account the environmental effects of combinative factors and
steric exclusion to create a 3D picture of molecular interaction preferences.

Graph Sets

Graph set analysis of hydrogen-bonding describes the pattern of the hydrogen bond
chains or motif and includes the numbers of hydrogen-bond donors and acceptors.

A graph-set descriptor is written as G%3(n), in which G represents the type of pattern,
a is the number of hydrogen bond acceptors involved in that pattern, d is the number
of donors and n the number of atoms in the pattern. The pattern type, G, can be one
of four different options: C for an infinite chain, S for an intramolecular hydrogen
bonding pattern, R for an intermolecular ring and D for a discrete, finite hydrogen-
bonding pattern.

Relevant bibliographic references:

e M. C. Etter, Acc. Chem. Res., 23,120, 1990

¢ J. Bernstein, R. E. Davis, L. Shimoni and N.-L. Chang, Angew. Chem. Int.

Ed., 34, 1555, 1995

e W.D. S. Motherwell, G. P. Shields and F. H. Allen, Acta. Cryst. B56, 466,

2000

Hydrogen Bonds

Hydrogen bonding occurs between donor-acceptor interactions precisely involving
hydrogen atoms. The H-bonds interactions are classified as: strong (mostly covalent),
moderate (mostly electrostatic) and weak (electrostatic). Their strength is observed
to be between 12 and 30 kJ/mol.

The Full Interaction Maps for CSD entry
DEDMUXO02, a polymorph of N’-(1,3-dithiolan-
2-ylidene)-4-nitrobenzohydrazide. The blue
regions show the likely locations of donor
groups, the red regions show where acceptors
are expected to be found and the brown
regions indicate potential hydrophobic

In light blue, example of hydrogen bonds for refcode MULWIC.
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Hydrogen Bond Donor/Acceptor

If a typical hydrogen bond is depicted as X—H---Y—2Z, where the dots denote the bond,
X—H represents the hydrogen bond donor. The acceptor may be an atom or anion Y,
or a fragment of a molecule, Y—Z, where Y is bonded to Z. The acceptor is an electron-
rich region such as, but not limited to, a lone pair on Y or a m-bonded pair of Y—Z.
[Source: E. Arunan, G. R. Desiraju, R. A. Klein, J. Sadlej, S. Scheiner, I. Alkorta, D. C.
Clary, R. H. Crabtree, J. Dannenberg, P. Hobza, H. G. Kjaergaard, A. C. Legon, B.
Mennucci and D. J. Nesbitt, Pure Appl. Chem., 2011, 83, 1637-1641.]

Hydrogen Bond Propensity (HBP)

e The HBP tool in Mercury > CSD-Materials evaluates the relative likelihoods of
possible H-bonding networks in any observed polymorphs of a target system.

e Probabilities for hydrogen bond pairings to form in the target system are
calculated from a statistical model built from relevant structures in the CSD. The
model encapsulates information regarding the environment of the functional
groups, which ensures the prediction is specific to the target molecule.

e Combining probabilities of hydrogen bond formation with a statistical model that
captures information regarding how often a functional group participates allows
the generation of chemically sensible alternative structures.

e The view of the solid-state landscape of an active ingredient afforded through the
combination of propensity and coordination addresses questions such as how
likely polymorphism is and whether there is the possibility of a more stable form.
Specifically, you can:

o Predict likely hydrogen bonds for a given molecule.

o Assess crystal forms, e.g., by identifying sub-optimal hydrogen bonding.

o Calculate hydrogen bond propensities for individual donor and acceptor
groups.

o Perform a comprehensive analysis of hydrogen bonding on a set of
structures.

H-bond donor

Illustration of a hydrogen bond interaction with between hydrogen bond donor X—H and
hydrogen bond acceptor Y-Z.

H-bond acceptor

\

VAT
‘\ - )
Cp)

¢ wﬁf “o_gai ®
v s

-

Sulfasalazine exhibits 3 potential donors and 6 acceptors that might compete in forming H-
bond interactions. HBP can be used to evaluate which of these potential interactions are
more likely to form.
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Polymorph

Polymorphism is the occurrence of two or more crystalline forms of the same
substance. Where available, polymorph information can be displayed for Cambridge
Structural Database (CSD) structures. Structures known to be polymorphic contain
comments which include the word polymorph (when reported by the author), e.g.,
non-triboluminescent polymorph. There is also a CSD subset of polymorphic
structures.

Receiver Operating Characteristics

The ROC curve (receiver operating characteristics) gives a measure of how well
classified the predictions are using the training data as a test. It calculates percentage
classification using a variable cut-off, either side of which a propensity is considered
positive or negative. The sensitivity is the fraction of correct positive predictions and
the specificity is the fraction of correct negative predictions. The diagonal dotted line
is the outcome of a purely random model as there is an equal number of correct and
incorrect predictions. An AUC (area under the curve) greater than 0.5 indicates the
model predictions are correct more frequently than a random choice. An AUC of 1
indicates a perfect model: correct every time. An AUC above 0.8 is considered excellent
and above 0.9 indicates an outstanding model. The difficult middle section around
sensitivity/specificity = 0.5 needs a well discriminating model in less extreme cases,
and must be well described by the model parameters in order to obtain a high AUC.
One may observe that the example LHP model gives an outstanding classification of
the training data and achieves an AUC of 0.909. [Reference: P. T. A. Galek, L. Fabian,
W.D. Sameul Motherwell, F. H. Allen and Neil Feeder, Acta Crystallogr. B, 2007, 63,
768 — 782]

Example of polymorphic structures of 4-(1H-Benzimidazol-1-ylmethyl)benzoic acid: the
monoclinic polymorph (CSD Entry ABADIS) at the top, and the orthorhombic polymorph

(CSD Entry ABADIS01) on the right.
ROC Curve (AUC=0.909)

0.9 1

o
(=]

o o
= -~

Sensitivity
=]
[54]

0.4 1

0.3 1

0.2 1

0.1+

0 02 04 06 08 1

1 - Specificity
ROC curve using the model to predict the training set outcomes The diagonal dotted
line indicates the curve of a model with no predictive power: there is equal likelihood
of a correct and an incorrect prediction.
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Basics of Mercury Visualization
Mercury is the CCDC’s visualization software to view 3D structures of small molecules,
generate images, and animations of molecules.

In the following we will see some of the basics of navigation and visualization in
Mercury that you will find helpful to support your analysis.

In the Mercury interface we find:

o At the top: list of menus from which we can access visualization and analysis
options, and other CSD components such as CSD-Materials.

e On the right-hand side: the Structure Navigator, with the database loaded
(depending on your licence). The Structure Navigator allows you to select a
refcode to visualize in the main Mercury window.

e Beneath the main display window: Display options toolbar. You can quickly
view a packing diagram, display Hydrogen bonding and detailed information
about the molecule using the More Info option.

Using the mouse to enhance visualization:

Left mouse button and move — rotate molecules.

Middle Mouse wheel — move molecules up and down.

e Right mouse button and move up and down —zoom in and out

[ [] ‘ of molecules.

e Shift + Left mouse button and move - rotate in the plane

Shift .|. - molecules.
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Right click:
a) Near a molecule and

Ctrl + Left mouse button and move - translate molecules.

b) Away from a molecule
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