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Figure 0: Whole window of CrystalStructure. Molecular structure of sucrose.

Molecular structure of sucrose has been solved from diffraction data measured with CryAlist™

At first, “*.cif_od’ should be opened by clicking ‘Open Project’ in ‘(2] Flow chart’. The above
structure has been obtained only by clicking ‘[1] Auto’ button. This is a fortunate case for a
high-quality crystal of molecule with relatively simple structure.

The procedures shown in ‘(2] Flow chart’ should usually be done from up to down. The
molecular model can be three-dimensionally rotated by click&dragging the central part of the
window. Places around which indicated by ‘[3] In-plane rotation’, ‘(4] Zoom’, ‘[5] Horizontal
translation” and ‘(6] Vertical translation’ can be click&dragged to do these operations.

‘CrystalStructure 4.1” can be used also on a Dell computer that is placed near the entrance
of the room, other than the control computer for VariMax Dual in the same room (333). Dell
computer can be logged in by typing ‘hpxray’ both for user name and password.

In Appendix A [p.20], how reasonably defined the reciprocal lattice is, is described

In Appendix B [p.24], how to determine the space group from consideration on extinction rules.

In Appendix C [p.37], the reason for representing reflection vectors with four indices and
extinction rules for trigonal and hexagonal crystal systems.

Mathematical proofs for extinction rules described in Appendices B [p.24] and C [p.37] are
recommended to read for further understanding of extinction rules when the reader has time.
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Chapter 1

Making an account

If the user already has an account to login the A
‘CrystalStructure 4.1°; the present chapter does I US_E“’IG"’“"SI T50ks| s
not have to be referred. Go to the next chapter ;?Ivoie;:gs
2 [p.3], please. Sorseren
g Default Language: [Enelish =l
= .
T Versa structure i ok |  ocacel | Hep |

Figure 1.3: AdministrationCGeneral tab.

” T~
- . e T TS
Login Name: [Administrator | oK ” 'GeneraGvoupslTDols]Sevvevsl
Password: | Users
Cancel i
ministrator
Kouhei OKITSU (e ]
Edit..
. . . . Remove
Figure 1.1: Login window.
|
-~ User
Description: I Cancel
—
Parameters HKL Utilities Graphics Window  Hel
P P fPassword Default Language: |Enelish v
e T Adminizstration.. HNew: ~Member of (Groupsy —————————————
e ——— Preferences.. — [——- W Administrators
ontirm:
S Er=y
Evaluation tools  »

Refinement tools  »
Refinement mode  »

|

Figure 1.2: ‘Administration’ should be selected
from ‘Tools’ menu.

Figure 1.4: Administration, Users tab.

should be clicked after typing the login name
‘Administrator’ without password. While
‘General’ tab has been opened as shown in
1.1 Making an account Fig. 1.1, the default settings do not have to be
changed. Next, as shown in Fig. 1.2, click ‘Ad-
Click the icon of ‘CrytalStructure 4.1’ on ministration’ in ‘Tools’ menu, please to display
the desktop to display Fig. 1.1, please. To Fig. 1.3. Open ‘Users’ tab in Fig. 1.4 and click
make an account for the first time, ‘OK’ button ‘Add’ button on the upper right corner, please.
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CHAPTER 1. MAKING AN ACCOUNT

x|
AGeneraII Users| Groups| Tools
Servers
CRYSTALS Server bt
teXzan2000 Server fhede
Edit... |
Remove |
[ OK ” Cancel | Help |

Figure 1.5: AdministrationCGroups tab.

Then, ‘User Settings’ window as shown on the
lower part of this figure, opens. ‘Name’ should
be filled with a user name.

The name of laboratory is recommended to be
typed only with alphabetical characters. Kanji
character cannot be used. Password should
not be set. ‘Data directory’ can be arbitrarily
set. However, the name of laboratory is recom-
mended to be set as a new folder in C:\data\.

Figure 1.6: AdministrationCServers tab.

‘... (browse button) can also be clicked to se-
lect or make a folder. Only ‘Users’ should be
checked in ‘Member of (Groups)’. In Fig. 1.5
‘Group’ tab has been opened. ‘Add’ button can
be clicked to make a new group in the same
user name. In Fig. 1.6, ‘Servers’ tab has been
opened. After selecting ‘CRYSTALS Server’,
click ‘OK’ button, please. After that, close the
window of ‘CrystalStructure’, please.



Chapter 2

Determination of molecular structure
with ‘CrystalStructure’

Login by double-clicking the icon of ‘Crystal-
Structure’ on the desktop with the login name,
please.

Procedures in ‘2] Flow chart’ in Fig. 0 on the
cover of this manual should be done from up to
down.

5

e Structure

Login Name: [Haruka OKITSU oK ]

Password: |

Cancel

Figure 2.1: Login window.

2.1 Open Project

It is recommended to copy the folder where
*.cif_.od and other files created by CryAlist™
exist and to rename it. It should be opened
by clicking ‘Open Project’ on the flow chart
of CrystalStructure to display a file explorer as
shown in Fig. 2.2. Here, ‘Open’ in the lower left
corner of Fig. 2.2 should be clicked after select-
ing “*.cif_od’ to display a text window as shown
in Fig. 2.3.

B Open Project.... X
Gronosso: tmp -) ¢ @ ckE-
[ EZVIE)
i & #9b7-7 F &a
exp_6.cif 3173 (122314 arF 74l
2 Rigaku 22314 CEODIPAN
_Jexp_6.hkl @@ OneDrive 122314 HKL 774l
[ exp_6.ins - TRANSCEND (E) f1223:13 INS 774 )
) exp_6.pap Erc 122314 PP T4l
[Jexp.6redsun & 590-F 122314 SUM TPl
W 727byT

<
TP NEN):

TrAVOER(T):

< 0S(C)
CrysAlisPro_Data
K_Okitsu

exp_6

Figure 2.2: Project open

Summary for xcalibur

Formula: C12 011 H22

skikk Unit Cell Parameters sookiokrk

a:
b:

H
alpha:
beta:
gamma:
volume:

KKKk Space Group

7.75507(18)
8.70250(19)
10.8599(2)
90.000
102.940(2)
90.000
714.31(3)

Informat ion ¥xxkk

symbol : None
nunber: 0
centricity: unknown
(Z value: 4]
formula weight: 342.30
calculated density: 3.183
nu (em-1): 2.845
crystal system: monocl inic
laue group: 2/m
lattice type: P

FpprRek Ref lection
total § processed:
total # uniaue:

R merge (%):
Wilson B:

Figure 2.3:
project

Processing ¥kkkk
10071

0

0.00

0.00

KRRCORCKK Mode | Ref inement sokkxckriook

R1 factor[1>2.0sigma(1)]: 0.0000

R factorlall datal: 0.0000
wR factorlall datal: 0.0000
goodness of fit: 0.000
# of observations: 0
i of variables: 0
ref | /para ratio: 0.0
maximun shift/error: 0.00
Ref inement program: CRYSTALS
Ref inement mode: Single
Flack Parameter: 0.000

*xeek Ref lect ion Correct ions Xrkeek

absorption applied: Yes
abs. type: SM
abs. range: 0.878-1.000
decay applied: No
decay (%): 0.00
redundants averaged: No

*reex Experimental Information ek

radiation: Mo
wave|ength: 0.71073
max. 2theta: 0.0
sin(theta)/lambda: 0.0000
temperature (C): 23.0

Text shown after opening

the
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E CrystalStructure

File View Display (Parameters ) HKL Uti 2

Atoms

s SoT e e 2

LOUT WU

Space Group

[ Radiation

L e

Sunnngany

Figure 2.4: X-ray setting menu

Radiation

 cu  Ag  Other ‘

Wavelengths (A) (a)
al o2 o. -bar
I 0.7093 I 0.71359 | 0.71073

—Radiation

CMo € Ag " Other
Wavelengths (A): (b)

(ol o2 o -bar

| 154056 | 1.54439 | 154184
<

Attenuator factors:

E K E E
{JMonochromatorused Multi-layer mirror ~ «

Radiation >

© _ome |

Figure 2.5: X-ray setting should be changed

2.2 Change of the parameters

2.2.1 Setting of the X-rays

On the menu bar of CrystalStructure, ‘Param-
eter’ can be clicked to display Figs. 2.4, 2.6 and

2.8.

E CrystalStructure

File View Displayl Parameters | HKL Ut ra

Atoms

Atarac (Rlakalt
MLl LU

[ Diffractometer ]

Titla

Sutingy

Figure 2.6: Set of the diffractometer

Diffractometer menu x

SCX mini ~
XtaLAB mini

" AFC

" R-AXIS XtaLAB mini |
{* Rigaku HPAD/CCD al AB P200

alLAB P30u
€ Others XtaLAB PRO e

Cancel I

Figure 2.7: Set of the diffractometer and detec-
tor

E CrystalStructure 4.3.0
File View Display | Parameters | HKL Uti ira

Asmimmr

e o

[ Formula ]

I ania Grmann

Suningry

Figure 2.8: Set of the molecular formula

As shown in Fig. 2.5 (a) and (c¢) for Mo
and (b) and (c) for Cu, the wavelength in (a)
and (b), the attenator factors and the used
monochromator in (c¢) should be set.

2.2.2 Setting the diffractometer and
the detector

As shown in Fig. 2.6, ‘Diffractometer’ should
be clicked to open a window as shown in Fig.
2.7. ‘Rigaku HPAD/CCD’ and ‘XtaLAB P200’
should be selected and then click ‘OK’.
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_w |[Femerone)

e | [war]

Enter number of atoms in
formula unit for element:

|

e |
2 | o | o] ]
alsi| p|s| o a]

[0 5o | 1 { v [ o | | re | co | wi] ou 20| oo e 5e o]
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" Element information oK
Z value: |2

Cancel

Figure 2.9: Setting the moleculaar formula and Z value

Graphics' Tools | Window  Help

= = Administration...

Preferences..

Evaluation tools
Refinement tools

Cryzstals
4« Shelx|2013

Shelx97

Refinement mode

(a)

Graphics | Tools |Window Help

= Administration..

Preferences..

roselb6¥struct

Evaluation toolz  »
Refinement tools
Refinement mode *

v Crystals
Shelx12013
Shelx97

(b)

Figure 2.10: Selection of refinement tools.

CrystalStucture x

JA Do you want to chanee the refinement tool to the “CRYSTALS" 7

If you change the refinement engine from “SHELXL" to “CRYSTALS",
all restraints and constraints information will be lost !

O

Figure 2.11: Verification message for changing
refinement tools.

2.2.3 Change of the value of Z

‘Formula’ in Fig. 2.8 can be clicked to open the
periodic table of the elements in Fig. 2.9. If
the molecular formula shown on the upper left
corner is wrong, it should be changed by click-
ing the element and then typing the number of
atoms in a molecule to click ‘OK’ on the lower
right corner.

Since 1.55-1.73 is suggested as the estimated
Z value on the central lower part of Fig. 2.9, the
nearest natural number ‘2’ should be input as
the Z number. Z should be corrected because
‘4’ displayed in a red frame in Fig. 2.3 is wrong.

2.3 Selection of the refinement
tools

Figure 2.10 shows a window opened by click-
ing ‘Refinement tools’ submenu in ‘Tools’ menu
on the menu bar in CrystalStructure 4.1.
‘Shelx2013’ has been selected as default as
shown in Fig. 2.10 (a). However, ‘Crystal’ can
also be selected as shown in Fig. 2.10 (b). If
the refinement tool is changed to be ‘Crystals’,
a window as shown in Fig. 2.11 is displayed,
in which ‘OK’ button should be clicked to con-
tinue.
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Number of observed reflections:

4828 (86.98%)

4 Space Group: P21 (#4)

Range of transmission factors: 0.8876 - 1.0000

Internal consistency of equivalents: 0.0291

View output file

0K

Z.

Figure 2.12: Message for average and absorp-
tion correction.

After determination of initial phases, the ob-
tained molecular structure should be refined,
about which refer to description in §2.6 [p.9],
please. ‘Shelx2013’ is a newest tool and then has
sophisticated functions such that many proce-
dures can automatically be done. On the other
hand, referring to the usage of ‘Crystals’, the
sequence of refinement can roughly be grasped.
In §2.6 [p.9], the usage of ‘Crystals’ is mainly
described. However, referring to this descrip-
tion, ‘Shelx2013’ can also be understood to use.

2.4 Preprocessing measured

data

2.4.1 Averaging equivalent diffrac-
tion data

‘Evaluate Data’ button in the flow chart (on the
upper left corner of Fig. 2.12) can be clicked to
open Fig. 2.12.

In an old version ‘CrystalStructure 4.0,
There was ‘Average and absorption correction’
button in the central lower part in Fig. 2.12.
This has been abolished in the current version
‘CrystalStructure 4.1’. A message window as
shown in Fig. 2.13 has also been abolished such
that ‘Weighted average’ and ‘Absorption correc-
tion’ are necessarily done.

In an old version ‘CrystalStructure 4.0’
whether averaging ‘Friedel mates’ is done or
not, can be selected.
rent version ‘CrystalStructure 4.1°, averaging
‘Friedel mates’ is not done. ‘Friedel mate’ is
a pair of h k [ and h k [ reflections. According
to Friedel’s law, intensities h k - and h k [-

However, in the cur-

Average reflections menu |52 ]

v ‘Weighted average
[~ Friedel mates
v Absorption correction

[ De
oK Cancel

Figure 2.13: Verification message for averaging
equivalent diffraction intensities. This message
window has been abolished.

X
“0:‘ Finished the avarage reflections.
QK l

Figure 2.14: Option window for averaging re-
flections.

reflected X-rays are the same since ‘FE T 7}2 =
| Fy o l’2' Friedel’s law is satisfied under an as-
sumption that there is no absorption of X-rays
in the crystal. However, when the absorption
of X-rays is taken into account, it should be as-
sumed that Fy 7 # Fy ;. ;. Then, Friedel’s law
is broken.  As described later, whether left-
or right-handed structure the crystal has (ab-
solute structure), can be estimated from ‘Flack
Parameter’. Since the absorption effect is more
significant when using X-rays with long wave-
length, Cu Ka X-rays are more effective than
Mo Ka X-rays for determination of the abso-
lute structure. In the old version ‘CrystalStruc-
ture 4.0°, in a case of small crystal that includes
only light atoms, it was considered that good re-
sult can be obtained by averaging Friedel mates,
while the information about the absolute struc-
ture is lost. However, in the current version,
this was abolished such that Flack parameter
is necessarily estimated to determine absolute
structure.

By clicking ‘View output file’ button in Fig.
2.12, a text file ‘process.out’ can be displayed
of which a part is shown in Figs. B.1 [p.24]
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and B.2 [p.24], in which important informations
about extinction are described. If space group
determined by ‘CrystalStructure’ were wrong,
it should be reconsidered referring to Appendix
B [p.24].

‘OK’ button in Fig. 2.12 can be clicked to av-
erage equivalent reflections to display Fig. 2.14.
Here, click ‘OK’ button to continue, please.

2.5 Phase determination and
calculation of molecular
model

2.5.1 Direct method

In crystal structure analysis, there is a
difficulty called ‘phase problem’ that argu-
ment (phase) of crystal structure factor can-
not be measured while their amplitudes can
be directly measured. @ The direct method
is a very strong tool for phase determina-
tion developed by Hauptman (Herbert Aaron
Hauptman; 1917/2/14-2011/10/23) and Karle
(Jerome Karle; 1918/6/18-2013/6/6). It is
based on strong restrictions that are given for
phases of crystal structure factors by a very ev-
ident fact that electron density is positive real
function in the crystal. It was rapidly wide-
spread since Karle’s wife (Isabella Karle) coded
a computer program for phase determination
based on it in 1970’s. Hauptman and Karle was
awarded Nobel Prize in Chemistry for this work
in 1985.

2.5.2 Phase problem in cases of cen-
trosymmetric crystals

The crystal has symmetric center, the phase
problem is very simple, i.e. phases of all struc-
ture factors are zero or 7 (180°). This can easily
be understood with the following consideration.
The structure factor Fy, is defined by

F, = /ce” p(r) exp[—i2n(h - r)]dv (2.1)

= / p(r) exp[—i27(h - r)]dv
~+cell/2

+/ p(—r)exp[+i2n(h-r)|dv. (2.2)
—cell/2

Solve | | |

SIR2011
SIR2008

»

U’ Next E-map »
SIR2004 »
»

»

Model Patterson Methods »
Orientation Search  »
G Translation Search »

- [ Default |
Refie SIRSS > Hard
Y SAPI1 Rl

v Report | SAPI90 »

Figure 2.15: Selection of algorithm for phase
determination with the direct method.

SIR2002

SIR97

J eell)2 dv is a volume integral over half of the
unit cell, [ eell)2 dv is a volume integral over the
other half of it, p(r) is electron density at loca-
tion r. h(= ha* +kb*+Ic*) is reciprocal lattice
vector giving hkl reflection. With regard to the
reciprocal lattice, refer to Appendix A [p.20],
please. When the crystal has symmetric center,
since p(—r) = p(r) when taking it as the ori-
gin, contents in integrals of the first and second
terms in (2.2) are complex conjugate with each
other. Therefore, Fy, is necessarily a real value
with an argument (phase) of 0 or 7 (180°).

Symmetric center can frequently be found in
cases of racemic crystals that have both right-
and left-handed molecules with an identical ra-
tio. In cases of centrosymmetric crystals, the
molecular structure can be solved even when the
quality of crystal is relatively low. However, ef-
fort to obtain a high-quality crystal should be
made to decrease the R factor.

When the crystal has only either of left- or
right-handed molecules as a protein crystal that
consists of only L amino acid, it does not have
symmetry center absolutely.

2.5.3 Determination of initial phases
with the direct method

As shown in Fig. 0 on the cover of this manual,
the molecular structure can sometimes be
solved just by clicking ‘[1] Auto’ button au-
tomatically to phase crystal structure factors.
However, this is a fortunate case. In gen-
eral, a phase determination algorithm should
usually be chosen to obtain initial phases.

The following description is written under an
assumption that ‘STR92’ is selected.

In Fig. 2.15, ‘STR92’ has been selected as a
phase determination algorithm. ‘Default’ can
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Messages:
CRYSTALS DONE ‘
= C¥¥data¥¥k Okitsusy DL oot squares x|
Solve structure successful - Refine  Default | Advanced | Restraints | Constraints | Special | Weight | Twin |
iyl Number of cycles: |5 [ Gonvergence test
Figure 2.16: Success message of phase determi- e semotott ([ Jcunm: ee s tee)
. 5 [~ Refine extinction 000!
nation. = s I™ Refine Flack parameter
—_—y Refine on: -(“ F | F-squared
feights: Unit -
Correction Options
~ r (il

- Fourier Options
¥ Run Fourier after LS [V Scan Map for Peaks
Save Options

[~ Save current project IV Save current atom data
|

[ rn || cacel | 5 |

Figure 2.19: Least square fitting window (Crys-
tals).

Cycle: 4
I
[1\ 6 \ 6
Figure 2.17: Molecular model of solved struc- - R R

ture. \

\\\
1 2 3 4 5
CRYSTALS: Refinement Results
After 4 cycles:
g x|
= Refire  Main | Restraints & Constraints | Twin | R1 [1>2.0sigma(l)] 5.13
R [1>2.0sigma(l)] 5.13
e — : WR [1-2.0sigmal)] 6.24
1y Scale factor: [0.0000 ) Variables 208
Fourier Extinction parameter: [1000 I~ Edit input file before SHELXL run Observations: 2852
o Damping factor: 000 Ll st izt S le Goodness of fit 11.050
Min Max
- Report
Resolutions (2theta): [0.000 0000 Convergonce
Weight = 1/[sigma(Fo™2)"2 + (  [0.1000 * )2+ [00000 *P] Sum of squares of ratios: 0.00
~Select Prosram
@ SHELXL € ; Use recommended weights Maximum shift/error 0.007
Correction Options -
[V Apply absorption correction I= | Aipply decay c
Fourier Options
[V Fourier after LS Number of peaks: 25
Coefficients: [Difference  ~| [ Plot molecule
Save Options I™ Check Acta
I™ Save current project [V Save current atom data
[ oK ]] [ View output file ﬂ Cancel
[ ok | ] Gancel e 7

Figure 2.18: Least square fitting window Figure 2.20: Situation of least-square fitting.
(Shelx).
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PRINTER  connected to refine.out
Checking SPECIAL positions subject to tolerance of .60000
Refinement directives (LIST 12) processed to activate const
Floating origin in v direction

93 paranmeters in 1 block(s)
4573 elements for the least squares matrix - |

Ref inement of
requiring
36 Blocks,

Space required on DISK is 9 records,

1 Symmetry restraints written to LIST 17

Sucrose06

Structure factor least squares calculation number 5

h ko Fo Fe

3.37 2.78
3.19 4.36
3.17 4.07
5.91 7.29
3.04 2.18
37.97  44.59
6.61 7.89
3.28 2.17
14,93 17.50

~w©wwon s
oo o bk bbb
coocoooooo

Figure 2.21: Text window showing fitness of the
least square fitting.

be clicked to start the process of phase deter-
mination. Newer versions of ‘SIR’ have higher
functions but is time-consuming.

Figure 2.16 is a message found in bottom
part of CrystalStructure window that the crys-
tal structure has been solved successfully by
obtaining initial phases. Figure 2.17 in which
the obtained molecular structure is shown, can
be found by minimizing the white text win-
dow. If molecular structure cannot be solved
by using ‘SIR92’ with ‘Default’ option, try it
again with ‘Hard’ option. When it does not
go well, try newer versions of ‘SIR’, please.

If the initial phases were not determined
by using ‘SIR’, space group should be recon-
sider referring to Appendix B [p.24]. In such
a case, ‘CrystalStructure’ is recommended to
be finished. Retry the procedure described
in §2.1 [p.3] after copying five files, ‘Crystal-
Clear.cif’, ‘f2plus.dat’, ‘shelx.hkl’, ‘shelx.p4p’
and ‘texray.inf’ into another new folder.

2.6 Optimization of the molec-
ular structure

2.6.1 Optimization with
temperature factors

isotropic

‘Refine’ button on the flow chart can be clicked
to open ‘Least Squares’ and ‘Fourier’ submenu.
‘Least Squares’ can be clicked to display Fig.
2.18 or 2.19 depending on which ‘Shelx2013’ or
‘Crystals’ is selected as the refinement tool.

In the case of ‘Shelx12013’, the usage is eas-
ier than ‘Crystals’ since the refinement is au-
tomatically done only by clicking ‘OK’ button
after clicking ‘Use recommended weights’ but-
ton. When R factor decreases sufficiently us-
ing ‘Shelx12013’, ‘Refine extinction’ check box
in Fig. 2.18 should be checked. However, if R
factor increases by checking ‘Refine extinction’,
refinement should be done again without check-
ing ‘Refine extinction’.

The following description is mainly given un-
der an assumption that ‘Crystals’ has been
chose as the refinement tool as shown in Fig.
2.10 (b) [p.5].

In the case of ‘Crystals’, at first, Click
‘Run’button after set 2.0 for ‘Sigma cutoff’, F
for ‘Refine on’ and Unit for ‘Weights’. Result
of least-square fitting is displayed as shown in
Fig. 2.20. After repeating this procedure sev-
eral times, ‘Sigma cutoff’ should be changed to
be 0.00.

‘View output file’ button in Fig. 2.20 can be
clicked to display refinement results as shown
in Fig. 2.21 [p.9] in which reflection indices
of which the discrepancy between the absolute
value of observed structure factor |F,| and that
calculated based on the structure model |F¢| are
summarized. Green spheres found in Fig. 2.22
[p.10] shows positions of peaks that are not as-
signed for atoms. These can be hidden by click-
ing ‘[1] Peak ON/OFF’ button.

2.6.2 Optimization with anisotropic
temperature factors

‘Refinement Attributes’ appearing clicked by
‘Model’ button in the flow chart as shown in

Fig. 2.23, can be clicked to display Fig. 2.24.
Here, ‘xyz’ and ‘aniso’ should be checked
such thatoptimization of xyz coordinates and
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anisotropic temperature factor are applied. Af-
ter clicking ‘All non-hydrogen’ button, ‘Apply’
button can be checked to apply the checked con-
ditions to all no-hydrogen atoms as shown in
Fig. 2.25

‘OK’ button can be clicked such that atoms
in the molecular model are displayed as cubes
as shown in Fig. 2.26. The same procedure as
for isotropic temperature factors can be done
to display Fig. 2.27. Here, ‘OK’ button can be
clicked to continue.

X
{iva
All non-hydrogen
[~ Biso
All hydrogen
[~ occupancy
W Clear selections
. . . atom temperature factor xyz oCcupancy
Figure 2.22: Green spheres can be hidden by v : i
01 isotropic refine fixed 7
. . ¢ 9 02 isotropic refine fized
chcklng [1} Peak ON/OFF button. 03 isotropic refine fized
04 isotropic refine fixed
Q5 isotropic refine fized
Q6 isotropic refine fized
o7 isotropic refine fixed
[o}:} isotropic refine fixed
09 isotropic refine fixed
010 isotropic refine fized
011 isotropic refine fixed
c12 isotropic refine fized
c13 isotropic refine fized
Cl4 isotropic refine fixed
C15 isotropic refine fixed
C1l6 isotropic refine fized ;ﬂ

OK I Cancel I Apply |

Open Project
& Figure 2.24: Position refinement and
Evaluate Data anisotropic temperature factor are applied
Iy for non-hydrogen atoms.
Salve
Maod: x|
Mame and Renumber )
ERETTE TR - Refine type -
Refinement attribu I xy2 Ao
Add hydrogens Lo
- Ref v aniso () All hydrogen
Delete atoms e :
I riding Clear selections
Bonds+Angles R s —
Least Sc Distance atom  (temperature factor xyz occupancy
08 anisotropic | refine fixed d
O fnele 09 anisotropic| refine fixed
. 010 anisotropic | refine fixed
Err Packing 011 | anisotropic| refine fized
aurl ~ G512 anisotropic| refine fixed
S}f'mmetry Expansion C13 anisotropic | refine fixed
Cl4 anisotropic | refine fixed
MDVE atoms C15 anisotropic | refine fixed
G C16 anisotropic | refine fixed
Cc17 anisotropic | refine fixed
AtDmS On’/Off Cl8 anisotropic | refine fixed
- G19 anisotropic | refine fized
RB|: Peaks On}ro{f c20 anisotropic | refine fixed
c21 anisotropic | refine fixed
RBI’I’ICI'\"E EhOSt peakS c22 anisotropic | refine fixed
Spm atoms C23 \anisotropig/ refine fixed o
oK ] Cancel I Apply I

Figure 2.23: ‘Refinement attributes’ should be

licked. . . .
cheke Figure 2.25: Anisotropic temperature factors

have been applied for non-hydrogen atoms.
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Figure 2.26: Shapes of non-hydrogen atoms
changed to be cubes.

CRYSTALS: Refinement Results

After 4 cycles

R1 [1>2.0sigma()] 513
R [1>2.0sigma()] 513
wR [1>2.0sigma()] 624
Variables 208
Obsenations 2852
Goodness of fit 11.050

Convergence:
Sum of squares of ratios: 0.00
Maximum shifterror 0.007

[~ Check Acta

ok | View output file Cancel

Figure 2.27: Window showing the fitting situa-
tion.

folecular Draw;

ol o|s@|| & Nx

‘ ) Add hydrogens K%

Refinement Tool
CRYSTALS

Remove ghost peaks
Spin atoms

Figure 2.28: Process of fitting with hydrogen
atoms.

Figure 2.29: Selection of atoms with no hydro-
gen.

2.7 Optimization taking into
account hydrogen atoms

2.7.1 Automatic assignment of hy-
drogen atoms

Figure 2.28 can be displayed by clicking ‘Model’
button in the flow chart. ‘[1] Add hydrogens’
button in Fig. 2.28 can be clicked to display Fig.
2.29. The same result is given by clicking ‘Add
hydrogens’ in the menu appearing with ‘Model’
button in the flow chart clicked in Fig. 2.28.
In fortunate cases, All hydrogen atoms can be
automatically assigned just by clicking ‘Gener-
ate all hydrogen atoms geometrically’ button in
Fig. 2.29. In general, hydrogen atoms should be
assigned by considering solid geometrical con-
figuration of the molecular model.

2.7.2 Manual assignment of hydrogen
atoms

After checking ‘None’ radio button as shown in
Fig. 2.29 [p.11], atoms considered to be bonded
with no hydrogen should be clicked. Then, click
‘Apply’ button, please. Next, after clicking ‘Hy-
droxy’ radio button in Fig. 2.30, atoms that
are considered to be hydroxyl oxygen should be
clicked and then click ‘Apply’ button, please.

Similarly, atoms of methine carbon and
methylene carbon should be selected by click-
ing as shown in Figs. 2.31 and 2.32. After all
non-hydrogen atoms are assigned, ‘OK’ button
should be clicked to display Fig. 2.33.
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Figure 2.33: All hydrogen atoms have been as-

signed.
Solve |
&
Model
Mame and Renumber
4} Refinement attributes
- Refine fdd hydrogens
Delete atoms
Least Square Bonds+Aneles
Figure 2.31: Selection of methine carbon. Distance
'g" fnele
Fourier Packing
Symmetry expansion
2.7.3 Execution of least square fitting Iyl Move atoms
‘Model’ button in the flow chart should be - Report Atoms On/Off
. . . . Peaks On/Off
clicked to display Fig. 2.34. Here, ‘Refinement
. , ) . ) Remove ghost peaks
attributes’ should be clicked to display Fig. Spin atoms

2.35.
Figure 2.34: Refinement settings.

[Refinement x|
- Refine tiie o
All hon-hydrogen
[~ Biso

I~ aniso (L) All hydrogen

|~ occupancy

Flodie Clear selections

atom  temperature factor xyz occupancy
H7 fiwed refine| fixed Al
H8 fized refine| fixed
H9 fized refine| fixed
. . H10 fized refine| fixed
Figure 2.32: Selection of methylene carbon. e e o B
H13 fized refine| fixed
H14 fixed refine| fixed
H1S fixed refine| fixed
Hile fixed refine| fixed
H17 fized refine| fixed
. ¢ y ¢ H18 fized refine| fized
Here, after checking only ‘xyz’ check box, ‘All HLS  fixed zofine| fixed
H21 £ d fi fized
hydrogens’ buttons and then ‘Apply’ button can H2?  fined \Eotina) rined [N

be clicked such that positions of all hydrogen
atoms are optimized. Then, click ‘OK’ button,
please.

After clicking ‘Refine’ button in the flow Figure 2.35: Refinement settings for hydrogen
chart, ‘Least squares’ button can be clicked positions.
to display Fig. 2.36. After setting 0.00 for

0K l Cancel i Apply l
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nu
Default | Advanced | Restraints | Constraints | Special | Weight | Twin |
Mode: Refine =l
e o o S )

Siema cutoff (000 Use all data )
I™ Refine extinction [

I~ Refine Flack parameter

‘ ¥ | Apply assorption corresti I fipply decay correction
~Fourier Opt
‘ ¥ Run Fourier after LS 1% Scan Mep for Peaks. ‘

~Save Opti
‘ I~ Save current project [V Save current atom data ‘

[CRn ] Gemeel | 5oe |

Figure 2.36: Refinement settings
‘Sheldrick’ weights.

] X
" Default | Advanced | Restraints | Gonstraints | Special Twin |

Parameters for Sheldrick weighting:
Weight =

[l 00064 *Fo™2 + [10000 *sigmaFo™2 + |0.0000 )

Parameter | Parameter 2 Parameter 3
Defoult values | [ Caluiate vates |

Weight above is divided by 4Fo™2 for F-squared refinement.

‘0 Finished calculation.
oK

Figure 2.37: Calculation of weights.

with

N
| Cycle: 5
33

Ix

[N Refinement results

CRYSTALS: Refinement Results

After 5 cycles:
R1 [1>2.0sigma(l)] 2.86
R [all data] 3.05
WR [all data] 6.71
Variables: 274
Observations: 3062
Goodness of fit: 0.918
Convergence:
Sum of squares of ratios: 3.72
Maximum shift/error: 0.496
I™ Check Acta

0K | View output file Cancel

Figure 2.38: Refinement results.

‘Sigma cutoff:’, ‘F-squared’ for ‘Refine on:’ and
‘Sheldrick’ for ‘Weights:’, ‘Weights’ tab should
be opened as shown in Fig. 2.37. ‘Calculate val-
ues’ button can be clicked such that ‘Weights:’
used when doing least square fitting is calcu-
lated and displayed. Here, ‘OK’ button and
then ‘Run’ button can be clicked to display the
result of least square fitting as shown in Fig.
2.38.

Open ‘Weight’ tab again as shown in Fig. 2.37
in the refinement setting window and then click
‘Calculate values’ button to display Fig. 2.39
[p.14], please. By clicking ‘OK’ button, ‘De-
fault’ tab is found to be opened as shown in
Fig. 2.40 [p.14]. Here, parameters should be set
as in this figure.

Note that ‘Refine extinction’ and ‘Flack
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Loast squorcs rofinemont memy x
" Default | Advanced | Restraints | Constraints | Special Twin |

Parameters for Sheldrick weighting:

Weieht =
1/ ¢ 00002 *Fo™2 + [1.0000 *sigmaFo™2 + |0.0000 )
Parameter 1 Parameter 2 Parameter 3

Default valies || Calculate values

Weight above is divided by 4Fo2 for F-squared refinement.

CrystalStructure x|
‘0‘ Finished calculation
OK I

Cancel

Figure 2.39: Calculation of weights (again).

Least squares refinement menu x|
Default | Advanced | Restraints | Constraints | Special | Weieht | Twin |

Refine v
|5 [V Convereence test

[0 (000 Use all data)
{+ F-squared

Refine on: o

Mode:

Number of cycles:

Sigma cutoff:

Weights:  [Sheldrick -
Caorrection Optiohs
{» [V Apply absarption correction I Apply decay correction ‘

Fourier Options
’7 ¥ Run Fourier after LS [V Scan Map for Peaks ‘

Save Options
’7 [~ Save current project |v Save current atom data ‘

[ |

Cancel I Saye I

Figure 2.40: Refinement settings (again).

Parameter’ have been checked. ‘Extinction ef-
fect’ is a phenomenon that reflected X-ray in-
tensity decreases due to dynamical diffraction
effect. ‘Flack parameter’ is a parameter in a
range of 0 ~ 1 that indicates whether cor-
rect or notthe obtained absolute structure is.
Least square fitting can be started by clicking
‘Run’ button to display Fig. 2.41. Smaller de-
viation of ‘Flack parameter’ from 0 than from
1 means that the obtained absolute structure is
right with a high possibility. The value 0.833
as ‘Flack parameter’ shown here means that
the absolute structure is not right. Here, check
‘Check Acta’ for estimating the validity for pub-
lication in Acta Cryst. C to click ‘OK’ button,
please.

In Fig. 2.42, the value of ‘Max. Shift /

I
Cycle: 2
3.0 v 30
v R
53 A 53
wR
0 1 2 3 4 5
i
CRYSTALS: Refinement Results
After 2 cycles:
R1 [1>2.0sigma()] 2.85
R [all data] 3.05
R [all data] 6.29
Variables: 216
Obsenvations: 3062
Goodness of fit: 1.019
Flack parameter- 1195
Convergence:
Sum of squares of ratios: 1.12
Maximum shift/error: 0.301
ok | View output file Gancel |
4

Figure 2.41: Refinement results (again).

| Check forActa x|
Check for Acta

Mu x R 0.029

Data Completeness 0.990
Refl / Param ratio 11.094
Max sin(theta)/lambda: 0.6491
R1 B 0.0285
WwR. 5 0.0629
ALERT A Max. shift / Error 0.301 (>0.20)
Goodness of fit 1.019

Close

Figure 2.42: Checking window for publication
in Acta Cryst. C (#1).

|
Check for Acta
Mu x R 0.029
Data Completeness : 0.990
Refl / Param ratio  : 11.094
Max sin(theta)/lambda: 0.6491
R1 H 0.0285
WwR : 0.0629
ALERTB  Max. Shift / Error 0.114 (>0.10)
Goodness of fit 1.019

Close

Figure 2.43: Checking window for publication
in Acta Cryst. C (#2).
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File View Display Parameters HKL[[ Utilities |Graphics Tools Window

List Atoms
- Refinement Tool ———  List Peaks
| ----- Compare formula to model
s
Open Project | Hydrogen bonds
ic absence analysis
o Absolute configuration analysis
AR AIDRE Analyze LS results »
Sort atoms list »
[ Recover old atoms file
T PLATON »
COD Database Search
g Anele ..
Ii Rieid group ..
Mfe‘ Dummy Atom “

Figure 2.44: Inversion of absolute structure.

Cycle: 3

0 1 2 3 4 5
ﬂ
CRYSTALS: Refinement Results
After 3 cycles:
R1 [1>2.0sigma(l)] 286
R [all data] 3.05
WR [all data] 629
Variables: 276
Obsenations: 3062
Goodness of fit 1.019
Flack parameter: 0.205
Convergence:
Sum of squares of ratios: 0.07
Maximum shift/error- 0.012
¥ Check Acta
ok | View output file Cancel |
4

Figure 2.45: Checking window for publication
in Acta Cryst. C (#3).

Error’ has been displayed with red charac-
ters,which means it does not satisfy the valid-
ity for publication in Acta Cryst. C. There are
three levels of ALART, A, B and C. ALART
A means the most severe problem. After re-
peating the procedures of Figs. 2.39, 2.40 and
2.41 by several times, as shown in Fig. 2.43, the
ALART level has come to be B. Here, ‘Invert
structure’ should be clicked in ‘Utility” menu in
Fig. 2.44 for inverting the molecular structure.

The procedures of Figs. 2.39, 2.40 and 2.41
should be repeated such that ‘Max. Shift / Er-
ror’ is converged to be zero and ‘Goodness of fit’
approaches to unity until improvement in values
of R1 and wR cannot be found. Figure 2.46 is

15
x|
Check for Acta
Mu xR 0.029
Data Completeness 0.990
Refl / Param ratio 11.094
Max sin(theta)/lambda: 0.6491
R1 H 0.0286
wR. H 0.0629
Max. Shift / Error 0.012
Goodness of fit 1.019

Figure 2.46: Checking window for publication
in Acta Cryst. C (#4; final).

- Report I

[ Feport
SE
CIF
L

Walidate

Figure 2.47: ‘Report’ button has been clicked.

Tables menu I . x|
Structure factors Extra Bonds and Angles
xyz/Llij Bonds and Aneles | Tarsion aneles Planes

o

|v Separate hydrogen tables

Field width: |14

I~ Omit hydrogen atom
it No. of decimals: 4

[V Remaove parenthese

l—
~ Thermal parameters ———————
l—

™ Remove esds

Field width: |11
I~ Double space No. of decimals: |4
[ Create report " Cancel I Create tables I

Figure 2.48: Making crystal information file.

displayed when the optimization is completed.

2.8 Making a report

2.8.1 Making an rtf file

‘Report” button in the flow chart can be
clicked to display ‘Report’, ‘CIF’ and
‘Validate’ as shown in Fig. 2.47. Here,
‘Report’ can be clicked to display Fig. 2.48.
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a = T7713QA
b = 86642)A B = 103.014(5°
c = 10812(3)A
V = 704.0(4)A3

For Z = 2 and FW. = 342.30, the calculated density is 1.615 g/cm3. Based on the
reflection conditions of:

0k0: k=2n

packing considerations, a statistical analysis of intensity distribution, and the successful
solution and refinement of the structure, the space group was determined to be:

Figure 2.49: Crystal information (‘“*.rtf’ file).

ieﬁl Wite GIF reflection file 7

ok || #esta |

Figure 2.50: Making ‘Cif.Cif’.

Validate CIF X

CIF file
Ci¥data¥K Okitsu¥2014_09_28 VariMax_Sucrose¥structure_solved_2015_02_06_001¥CIF cif J

Copy to Clipboard

1) Copy above string of CIF file.
2) Open the internet browser and paste this string

3) Push “Send CIF for checking” button on IUGr web site.

OK

Figure 2.51: ‘Open a Browser’ button should be
clicked.

Then, ‘Create report’ button can be clicked to
make an rtf file in which crystal informations
are written partially as shown in 2.49.

2.8.2 Making CIF files

‘CIF’ button can be clicked to display Fig.
2.50. Here, ‘OK’ button can be clicked to make
‘Cif.Cif’ and finish the crystal structure analy-
sis. Then, close the window of ‘CrystalStruc-
ture’, please.

2.9 Loading a CIF file and
drawing a molecular model

After  starting  ‘CrystalStructure’  again,

#B http://journals.iucrorg/serv O ~ ¢ || % Yahoo! 7L >4 —: 20158

checkCIF/PLATON (basic structural check)

Welcome to the checkCIF/PLATON service, which is operated by the IUCr. Ye
Please upload your CIF using the form below.

File name:

[ i I Send CIF for checking I

Figure 2.52: Start window of ‘PLATON’.

2 v FLWIAILA—
apps: c Em
data || atoms_back
K_Okitsu || average.det

2014_07_07_001 || average.out

2014_07_31_004 | L average.sun

) |_| bond.tmp
2014_09_28_VariMax_Sucrose =
if || bond_h.tmp
structure_1992 | | CIFcif
structure_2011 =7 contact
structure_org || crfile.dsc
structure_solved_2015_02_06_001 | crfile.lis

Report

| crfile

Figure 2.53: ‘Cif.cif’ should be selected.

‘Open Project’ button in the flow chart can be
clicked to open the folder in which ‘Crystal-
Clear.Cif’ has been placed as shown in Fig. 2.58.
Here, ‘Cif.Cif’ should be selected for loading.

Figure 2.59 [p.18] has been displayed by se-
lecting ‘Ball and Stick’ from ‘Style’ submenu in
‘Display’ menu.  The molecular structure is
displayed with red (for O), white large (for C)
and white small (for H) balls and sticks.

Figure 2.60 [p.18] has been displayed by se-
lecting ‘Thermal Ellipsoid’ from ‘Style’ sub-
menu in ‘Display’ menu. Thermal oscillation
of O11 atom is found to be anisotropic.

2.9.1 Check of CIF file

By clicking ‘Validate’ button in Fig.2.46 [p.15],
the analysis result can be checked with a
software called ‘PLATON’ placed on the web
site of IUCr. Figure 2.51 is a window displayed
by clicking the ‘Validate’ button in Fig. 2.47
[p.15]. After checking the full path of ‘Cif.Cif’
in a red flame, ‘Open a Browser’ button can be
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#& http://journals.iucrorg/serv O ~ € || ¥z Yahoo!IL >4 —: 20154

checkCIF/PLATON (basic structural check)

Welcome to the checkCIF/PLATON service, which is operated by the IUCr. You
Please upload your CIF using the form below.

File name:

C:\data\K_Okitsu'2014_09 28 VariMax, £ Send CIF for checking

Figure 2.54: ‘Cif.cif’ is sent to IUCr web site by
clicking ‘Send CIF for checking’ button.

¥ http://vmO2b.iucrorg/cgi-bi O ~ & || wr Yahoo!IL->41—: 2015528 | 38

checkCIF/PLATON report (basic structural check)

CIF dictionary
Interpreting this report

No syntax errors found.
Please wait while processing ....

Datablock: Sucrose_2014_09_28 001

C-C = 0.0033 &

Sond precision: Wavelength=0.7107

Cell: a=7.712(3) b=2.662(3) c=10.812(4)
alpha=90 beta=102.983(5) gamma=90

Temperature: 273 K

Calculated Reported
Volume 703.8(4) 703.8(4)
Space group P 21 P1211
Hall group P 2yb T 2yb
Moiety formula C12 H22 011 Ci2 H22 011
Sum formula Ci2 H22 011 Ci2 H2z 011

Figure 2.55: ‘PLATON?’ for checking the molec-
ular structure has been opened.

aAlert level A

PLAT415_ALERT_2_A Short Inter D-H..H-X  H8 .. H18A 1.73 Ang.
PLAT417_ALERT_2_A Short Inter D-H..H-D H6 .. HS 1.58 Ang.

L] > < 3

PLAT420_ALERT_2_B D-H Without Acceptor 08 - H8 Please Check

9Alert level C

STRVAOQ1_ALERT_2_C Chirality of atom sites is inverted?
From the CIF: _refine_ls_abs_structure_Flack 0.800
From the CIF: _refine_ls_abs_structure_Flack_su 0.500

PLAT415_ALERT_2_C Short Inter D-H..H-X H8 .. Hi5A

PLAT482_ALERT_4_C Small D-H..A Angle Rep for 06 ., 010

9Alert level G
CHEMS02_ALERT_1_G Please check that you have entered the correct
_publ_requested_cateqgory classification of your compound;

2.10 Ang.
99,50 Degree

Figure 2.56: Alerts on solved molecular struc-
ture.

Figure 2.57: Thermal ellipsoid model of molec-
ular structure.

|
T4 IOIBPD: Structure 1092 o] € @ ek
i - |-| ErBs || 1828 [ 4% |- Al
|| averageout 2014/06/25 11:14  OUT J74 )1 214 KB
|| average summary 2014/06/25 11:14  SUMMARY 774 . 2KB J
__|bondtmp 2014/06/25 11:31  TMP J74)) 1KB
bond_htmp 2014/06/25 11:31  TMP J71 )} 1KB

2014/06/25 11:33

2014/06/25 11:31

74 )l

A= 1]

_|erfiledse 2014/06/25 11:23  DSC 274 )b 1182 KB
_erfilelis 2014/06/25 11:23 LIS 294 1KB
& crfile 2014/06/25 11:14  LOG 774 Jb 0KB
crfilepch 2014/06/25 11:23  PCH J74) 21 KB =
NN [OF B©)
7 AN [All Files () > Fevtl

Figure 2.58: Loading ‘Cif.Cif’.

clicked to open a window as shown in Fig. 2.52.
By clicking a button in a red flame in Fig. 2.52,
an explore window can be opened as shown in
Fig. 2.53. In this figure, ‘Cif.cif’ should be
double-clicked to select. About 20 seconds af-
ter that, a windows as shown in Fig 2.55 is dis-
played. In a red flame of this figure, lattice pa-
rameters, volume of unit cell and space group
are described. By slightly scrolling down, items
on which reconsideration is recommended are
shown as alerts level A, B, C and G as shown in
Fig. 2.56. By further scrolling down, as shown
in Fig. 2.57, a molecular model can be seen with
thermal ellipsoids.

2.9.2 Drawing the molecular model

After restarting ‘CrystalStructure’, click



18CHAPTER 2. DETERMINATION OF MOLECULAR STRUCTURE WITH ‘CRYSTALSTRUCTURE’

& CrystalStructure
File View Parameters HKL Utilities Graphics Tools Window Help

&|CrystalStructure

File Vfiew| | Display |Parameters HKL Utilities Graphics Tools

Window  Help

Labels » = 5 Labels
~Refinemer  Label size » MolecalagiDranmet=sG S1 SEEFUE| Refinemer  Label size
‘ Atoms > ﬁ"/li&]@lélﬂ ‘ C’.' —il b{l Atoms
L Peaks » Peaks
sy el 4= i — el
Lies
View »  Cylinder —— Miew »  Cylinder
Fragments » CPK = Fragments > CPK
Dummy atoms  » EEEIIEREREAS ———— Dummy atoms » Ball and Stick
Rotate/Zoom Atom Mavkgrs ) Rotate/Zoom Atom Markers
Evaluate Data Thermal Ellipsoid “Evaate Data . LA
—_———————  Polyhedra ———————————————  Polyhedra
& O
Solve Solve
& O
Mode| l Model
O O
v Refine l = Refine
v Report | S Report

Figure 2.59: Thermal ellipsoid model of molec-
ular structure.

‘Open Project’ button in the flow chart and
then open a folder in which ‘Cif.cif’ is placed,
please to display a window as shown in Fig. 2.58
[p.17]. Here, load ‘Cif.cif’, please. By clicking
‘Ball and stick’ in ‘Style’ submenu in ‘Display’
menu on the menu bar, the molecular structure

Figure 2.60: Thermal ellipsoid model of molec-
ular structure.

is displayed with balls (O:red, C:gray, H:White)
and sticks.

By clicking ‘Thermal ellipsoid’ in ‘Style’ sub-
menu in ‘Display’ menu on the menu bar, Fig.
2.60 can be displayed. An anisotropy of thermal
vibration of O11 atom can be observed.
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To be continued.
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Appendix A

Why should we define

Lattice’ ?

For many students working on crystallogra-
phy, the first difficulty is understanding of re-
ciprocal lattice. In spite that the Bragg con-
dition written by (A.1) or (A.2) can easily be
understanood, why such strange ideas as re-
ciprocal lattice and reciprocal space should we
use ? This chapter describes the equivalence
of Bragg’s reflection condition, Laue’s reflection
condition and Ewald construction (Reciprocal
lattice node exists on the Ewald sphere), from
which how reasonably the reciprocal lattice is
defined can be understood.

Every space group of crystal has an extinc-
tion rule owing to its symmetry with which the
crystal structure factor comes to be zero. How-
ever, it is neglected in the following description
for simplicity.

A.1 Bragg’s reflection condi-
tion

Figure A.1 shows Bragg’s reflection condition.
This figure is also found in high school text
book. Bragg’s reflection condition can relatively
easily and intuitively referring to this figure.
When atoms (or molecules) are arranged on a
set of planes as shown in Fig. A.1. Optical path
length of X-rays drawn as a gray line are longer
than that drawn as a black line by |ab| + |bc| (=
2dsin0p). When this length is an integral mul-
tiplication of the wavelength, these rays inter-
fere constructively with each other. Therefore,
reflection condition can be described as follows,

2dsinfp = nA. (A.1)

‘Reciprocal

GB eB
O 0O o0
d ¢
N N a) N
\ A\ A4 v/

Figure A.1: Bragg’s reflection condition.

By redefining lattice spacing d’ to be d' = d/n,
the following equation is also frequently used,

2d'sinfp = . (A.2)

Now, let us consider why the angle of inci-
dence and emergence is identical. Is it evident
since the Bragg plane works as a mirror plane ?
Then, why are the angles of incidence and emer-
gence of a mirror identical 7 Sometimes, even
a veteran of crystallography cannot answer to
this question.

A.2 Laue’s reflection condition

Laue’s reflection condition was used to explain
the phenomenon of X-ray diffraction when it
was invented by Laue (Max Theodor Felix von
Laue; 1879/10/9-1960/4/24) in 1912, which is
described referring to Fig. A.2 as follows,

RoB — ARy

= ROR1 +S1 — ROR1 -Sg = no/\. (A3)

Here, sg and s; are unit vectors in the direction
of propagation of incident and reflected X-rays.
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When Ry and R; are equivalent lattice points,
difference in optical path length between black
and gray paths drawn in Fig. A.2 is given by
(A.3). When this difference in path length is
an integral multiplication of wavelength, X-rays
scattered by lattice points Rg and R, interfere
constructively with each other.

Incidentally, since Ryp and R; are equivalent
lattice point, there is a restriction as follows,

RoR1 = nja+nsb + nsc, (A4)

where, n1, no and ng are arbitrary integers. a,
b and c are primitive translation vectors. That
is to say the left hand side of (A.3) should be
integral multiplication of wavelength for arbi-
trary integers ni, ng and ns. Lattice points
Ry and R; can move freely with a restriction
that these are equivalent points. The value
of left hand side of (A.3) is evidently positive
when RgR; -s1> RgRy - sp and is negative when
RoR1-s1< RoRy-sg. Figure A.2 is drawn under
an assumption of the latter case.

However, Ry and R; can also be taken such
that RgR1 - s1= RgR1 - sp. In the following dis-
cussion in this paragraph, Ry and R; are fixed
such that RgR; - s1= RgR1 - s9p. When Ry, R
and optical paths drawn as black and gray lines
are all on the drawing, there should be a plane
perpendicular to the drawing that include those
points and optical paths. When X-rays are scat-
tered at any point on this plane under a condi-
tion that the angles of incidence and emergence
are the same, the optical path length is always
the same. This is also the reason for that the
angle of incidence and emergence for a mirror is
always identical.

In Bragg’s reflection condition, under an im-
plicit (the first and second dimensional) restric-
tion that optical path length are always the
same for a defined Bragg plane when the an-
gle of incidence and emergence is identical, the
third dimensional condition is given by (A.1)
or (A.2). Behind the simple condition given by
those equations, the above mentioned first and
second dimensional restrictions are hidden.

Now, for description in the next section, the
following equation is prepared by dividing the
both sides of eq. (A.3) by the wavelength A,

(A.5)

Figure A.2: Laue’s reflection condition.

By substituting (A.4) into the above equation
and considering that the wave vectors of inci-
dent and reflected X-rays are given by Kg=sg/\
and Kj=s;/A, the following equation can be ob-
tained,

(n1a+ nib + nlc) . (Kl — Ko) = nyg. (AG)

A.3 Ewald’s reflection condi-
tion (Ewald construction)

A.3.1 Foundation of Ewald construc-
tion

Fig. A.3 [p.22] shows the situation that the ori-
gin O of reciprocal space and a reciprocal lattice
node Hpy; simultaneously exist on the surface of
Ewald sphere. Its center is the common initial
point of wave vectors Kg and K.

In the description of Ewald construction, at
first, reciprocal fundmental vectors a*, b* and
c* are defined as follows:

. b xc
A= T bxo) (A-7a)
c X a
b= —— A.
a-(bxc)’ (A.b)
. axb
¢ = albxo) (A.7c)

The denominator of (A.7), a- (b x ¢) [= b-
(c x a) = ¢ (a x b)] is the volume of paral-
lelepiped whose edges are a, b and ¢c. From
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Figure A.3: Ewald sphere

the above definitions, the following equations
are evident,

a-a* =1, (A.8a)
b-b* =1, (A.8b)
c-c'=1. (A.8c)

Further, bxc is a vector that is perpendicular
to both b and ¢ and has a length of the area
of parallelogram whose sides are b and c. Here,
vectors b, ¢ and bxc construct a right-handed
system. Since the above is the same for cxa and
axb, the following relations are also evident,

a-b*=a-c"=0,
b-c*=b-a" =0,

c-a"=c-b*=0.

(A.9a)
(A.9b)
(A.9c)

That is to say, a*, b* and ¢* have been defined
such that (A.8) and (A.9) are satisfied.

A reflection vector giving h k [ reflection is
defined in general as follows:

OH,; = ha™ + kb* + ic*. (A.l())

Here, O is the origin of reciprocal space. The
Ewald sphere is a sphere whose center is P. The
wave vector of the incident X-rays Kg is P
When a reciprocal lattice node Hyy; exists on
the surface of the Ewald sphere, reflected X-
B 4 .

rays whose wave vector K; is OHpy; are excited.
Then, the following equation is satisfied,

—
K1 — Ko = OHpy

= ha* + kb* + Ic*. (A.11)

Let us calculate the left-hand side of (A.6)
[p-21] by substituting (A.11) into the second
term of the left-hand side of (A.6) [p.21] and
considering (A.8) and (A.9) as follows:

(nxa + nyb + nzc) . (Kl — KQ)
= (nza +nyb +n.c) - (ha* + kb* +Ic”)
(A.12)

= ngh + nyk + n,l. (A.13)
Since nzh + nyk + n.l is evidently an integer,
Laue’s reflection condition described by (A.3)
[p-20], (A.5) [p.21] and (A.6) [p.21], is satisfied
when the reciprocal lattice node Hpy; is on the
surface of Ewald sphere. Therefore, Ewald’s re-
flection condition is equivalent to Laue’s reflec-
tion condition. Furthermore, Ewald’s reflection
condition is also equivalent to Bragg’s reflec-
tion conditions, which is more clarified by the
description in the next section A.3.2

Bragg’s reflection condition can easily be
understood by referring to Fig. A.1 [p.20].
Laue’s reflection condition is more difficult than
Bragg’s reflection condition. However, it can
also be understood by referring to Fig. A.2
[p-21]. The drawing of Fig. A.3 in reciprocal
space was invented by Ewald.  This way of
drawing is extremely effective when consider-
ing various difficult problems in crystallography
that cannot be understood by drawing figures as
shown in Fig. A.1 [p.20] and /or Fig. A.2 [p.21]
in real space. It is strongly recommended to
use the Ewald construction by using Fig. A.3
by paying respect to Ewald (Paul Peter Ewald,
1888/1/23~1985/8/22).

A.3.2 Relation between reciprocal
lattice vector and Bragg reflec-
tion plane

Reciprocal lattice vector is a vector whose di-
rection is perpendicular to the Bragg plane and
length is 1/d’', where d’ is the lattice spacing
of the Bragg plane. These are verified in the
following paragraphs.

By considering ng = nzh + nyk + n;l, (A.10)
and (A.12)=(A.13), the following equation is
obtained.

—
OHppi - (nza+nyb+n.c) =ng.  (A.14)
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A
a“ b

Figure A.4: Drawing of Miller and Miller indices

—
By multiplying 1/|OHpk| to the both sides of
the above equation, the following equation is
obtained,

OHpp no

—_— (nxa%— nyb —+ nzc) =

|OHp k| |OHp k|
(A.15)

A plane is described in general as follows:

[Unit normal vector] - [Location vector]

= [Distance from the origin].
(A.16)

Therefore, np € { ---, =2, —1,0, 1,2, ---} in

(A.15) means that location vector nga+ nyb +

n.c is on Bragg planes piled up with a spacing

of d'(= 1/|OHpg|), which reveals that the recip-
. T -

rocal lattice vector OHyy; is the normal vector

of Bragg plane whose length is 1/d'.

A.4 Drawing of Miller and

Miller indices

Fig. A.4 shows the relation between the Miller
indices and the Bragg plane and is found in
almost all text books describing the crystal-
lography. This way of drawing was invented
by Miller (William Hallows Miller; 1801/4/6-
1880/5/20). However, it should be noted that
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he was a mineralogist of the 19th century be-
fore X-rays and X-ray diffraction were invented.
Figs. A.1[p.20] and A.4 are found in many text
books. However, it cannot be recommended
that the students and researchers attempt to
understand the X-ray diffraction phenomena
only by referring to Figs. A.1[p.20] and A.4.

Points A, B and C in Fig. A4 exist on a, b
and c axes, respectively. Distances of them from
the origin O are a/h, b/k and ¢/l. Miller in-
vented that a, b and ¢ axes can be defined such
that all facets of crystals are drawn as shown in
Fig. A.4 with small integers h, k and [.

When h = 0, distance of A from O is inifinite
and then the plane ABC is parallel to a. This
is the case for k, B and b and for [, C and c.

h, k and [ are indices of reciprocal lattice
nodes, which was clarified several decades af-
ter Miller’s invention. ABC is a plane whose
direction is parallel to the Bragg plane and dis-
tance from O is d’. These are confirmed in the
following description.

By referring to Fig. A.4, AB — —a/h +b/k
and then AB - OHyy, is calculated as follows:

AB - OHpy = (—a/h +a/k) - (ha* + kb* + Ic*)
— 141

= 0. (A.17)

Therefore, line AB is confirmed to be per-
pemdicular to OHpg;. Similarly, lines BC and

. —
CA are confirmed to be perpendicular to OHyy;.
Further, from this, the distance of ABC from
the origin O can be obtained from scalar prod-
uct between the unit normal vector of plane

ABC and vector O—A>, (ﬁ or (ﬁ as follows:

N
OA - OHpy/|OHppi

—

- %(ha* + kb* + Ic*)/|OHp|
=

= 1/|OHpp|

=d (A.18)

As described above, the explanation of Fig.
A .4 needs complex descriptions. It cannot be
recommended to understand the phenomena of
X-ray diffraction only referring to the drawing
of Miller as shown in Fig. A.4.



Appendix B

Determination of space group from

extinction rule

==> general reflections sorted into even/odd parity classes

eee eoe

ee0
totl  obsd <I/sig>[1:] totl obsd <I/sig> totl obsd <I/sig>
205 196 30.0 253 240 29.2 289 272 32.1
€00 oee oeo
totl obsd <I/sig> totl obsd <I/sig> totl obsd <I/sig>
370 354 39.4 337 322 40.5 419 392 40.3
ooe 000}
totl obsd <I/sig> totl obsd <I/sig>
318 297 33.6 356 343 38.6
==> Special reflections sorted into various classes

A x indicates a potential systematic absence and is used if the average
[/sig(l) for a particular class is less than 3.5.

/ ee e0
tot|  obsd totl  obsd
24 36 35

<1/sig> A/sig>
hhi refl 27 49.5 58.0
h=hl refl 309728 49.2 37 35 55.7
Okl zone 89 80 43 110 108 540
(hO1 zone 34 31 43.8 40 11 2.2% )
nkUZone 0. o7 9. 00 00 V3.0
oe 00

totl obsd <I/sig> totl obsd <I/sig>
hhi refl 40 39 45.4 47 4 68.4
h-hl refl 40 [3] 38 48.0 44 40 66.9
Ol ey Q Q4 52 .0 10Q 10 48.Q
\hO! zone 36 36 73.1 43 13 2.5% )
szone Al 64 46.7 4 7 46.5
7~ e 0

tot! sd  <I/sig> totl obsd <I/sig> % of o/e
hhh line  2[4] 2 3.3 7 71.6
bl o r 42 g g 98 6
0kO line 17 17 74.6 16 2 1.7% zAs]
001 line 10 8 102.3 9 1 2.4x 2.4
\R0U Tine 3 5.0 G 5 8. 0.3

: . ¢ ’

Figure B.1: Content of ‘process.out’ (#1).

[Taurine; monoclinic P2 /c(#14)].

One of the most important process in the
crystal structure analysis is determination of
space group. CrystalStructure 4.1 determines
the space group automatically as sown in Fig.
B.3.

In this chapter, how the computer determines
the space group, is described. When the com-
puter failed to determine the space group cor-
rectly, it should be determined manually refer-
ring to the description of this chapter.

Figs. B.1, B.2 and B.3 show contents of ‘pro-
cess.out’ displayed by clicking ‘View output file’
button in Fig. 2.12 of Part2a manual. In this
file, information about the extinction rule based

==> reflections sorted for identifying 4n type conditions
a and b represent h, k, or |

atb=4n [5] atb not equal 4n
totl obsd <I/sig> totl obsd <I/sig>
zone 106 102 49.6 299 281 50.1
zone 37 20 18.2 116 71 30.8
zone 69 66 38.9 206 192 48.8
a=4n a not equal 4n
totl obsd <I/sig> totl obsd <I/sig>
l'ine 8 77.5 25 11 .
zone 4 2 60.2 156 7 54.3
zone 1 1 81.3 8 8 41.4
2h+1=4n 2h+| not equal 4n
totl obsd <I/sig> totl obsd <I/sig>
refl 3 32 47.5 116 110 59.9

==> reflections sorted for identifying 3n and 6n type conditions

h+1=3n;1 odd [6] h+1=3n h+l not equa%
totl obsd <I/sig> totl  obsd <I/sig> totl obsd <I/sig
h-h01 24 541 54 52 64.6 97 89 51.8
-h+1=3n;| even -h+1=3n -h+| not equal 3n
totl  obsd <I/sig> totl  obsd <I/sig> totl  obsd <I/sig)
h-h01 26 22 621 49 43  55.6 102 98 6.7
1=3n I not equal 3n
totl obsd <I/sig> totl obsd <I/sig>
0001 line 7 2 32.5 12
[=6n | not equal 6Bn
tot|  obsd [/sig> tot| obsd <I/sig>
gool line 2 2 185.7 17 7 4.2 J
: 3 ?
Figure B.2: Content of ‘process.out’ (#2).

[Taurine; monoclinic P2y /c(#14)]

on which the space group can be determined,
are summarized.

Information about extinctions of reflections
whose three, two or one indices are not zero,
are summarized on parts [1], [2, 3] and [4], re-
spectively, of Fig. B.1. For example, ‘eeo’ found
on the upper part of [1] in Fig. B.1 means that
indices of hkl are even, even and odd. ‘totl’ and
‘obsd’ are numbers of total and observed reflec-
tions. <I/sig> are mean values of I /o, where I
is observed intensity of reflected X-rays and o is
standard deviation of background. Since values
of ‘obsd’ and <I/sig> are sufficiently large,
there is no extinction for three nonzero hkl. On
parts [2] and [3] in Fig. B.1, hOl reflections are
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Table B.1: 14 Bravais lattices and ‘Face-centered monoclinic’. Refer to the last paragraph of §B.2
[p.27], please about why ‘Face-centered monoclinic’ is added.

Axial distances
Crystal system Base-centered | Body-centered Face-centered
L (a, b,¢) Primitive lattice
aue grou i i i
ot group Axial angles (P, R ) lattice lattice lattice
(No. of space group) @4 7) (A, B, C) (]) (F)
P
Triclinic arbre | p=—L—"]
Monoclinic twoof a, 3, v " M
one# 90° X X
P —— —
. atb#c S \ ,.7*3}\'/
Orthorhombic 5 =l N 1( N/
=f= A Y
mmm (#16 ~#74) % 4 / —
=90° N7 IANS i
& X/
Twoofa, b, c | p
are the same. - \
Tetragonal Orieofiemis D S
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[Space group # 14] [setting i 1]
The selected space group symbol is:

P21/c:

Figure B.3: Content of ‘process.out’ (#3) [Tau-
rine; monoclinic P2; /c(#14)]. [setting #1] cor-
responds to ‘[1] CELL CHOICE 1’ in Fig. B.5.

recognized to distinguish since value of <I/sig>
is extremely small when [ is odd. This is indi-
cated by an ‘«’ mark. Similarly, in part [4] in
Fig. B.1, 0k0 and 00! reflections are recognized
to distinguish when k is odd and [ is odd,
respectively since values of <I/sig> and ‘% of
o/e’ are extremely small. In parts [5] and [6] in

Reflection conditions

General:

hol : 1=2n
0kO: k=2n
00/ : I=2n

Figure B.4: Reflection condition of P2;/c(#14)
described in International Tables for Crystal-
lography (2006) Vol.A. 0kO reflections when k is
odd and, R0l and 00! reflections when [ is odd,
extinguish.

Fig. B.2, information about reflection in-

dices when indices or summation of them are
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Table B.2: Symmetric elements (planes). Pro-
tein crystals do not have these symmetric ele-
ments absolutely.

Name of symmetric plane Graphic symbol | Graphic symbol
Symbol | (perpendicular | (parallel o the
to the space) space)
Mirror plane m L I /
a, borc | (Ghide parallel
Axial slide plane o I ‘
to the space)
e (Gilide
‘Axial glide plane a bore =
perpendicular to
the space)
Double glide plane e G 1
Diagonal glide planc o e ' :
Diamond glide plane d b e /jl":
Big

divided by 4, by 3 and by 6, from which exis-
tenceof four-, three- and six-fold screw axes can
be discussed.

Fig. B.3 [p.25] shows that the space group
of taurine crystal has been determined to be
P2y /c(#14).

Fig. B.4 shows reflection condition of
P2y /c(#14) described in International Tables
for Crystallography (2006) Vol.A. The informa-
tion described in Figs. B.1 [p.24] and B.2 [p.24]
coincides with the condition in Fig. B.4 [p.25],
from which the space group has been deter-
mined to be P21 /c(#14).

In the following description, how the extinc-
tion of reflections are caused by symmetries of
crystals depending on the space group, is ex-
plained.

B.1 Symmetric elements of
crystal derived based on

the group theory

Who showed the importance of group the-

ory to determine the crystal structure
for the first time was Shoji Nishikawa
(1884/12/5~1952/1/5). Wyckoff (R.
W. G. Wyckoff; 1897/8/9~1994/11/3)
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Table B.3: Symmetric elements of crystal (axes
and point).

Graphic symbol Graphic symbol
Symmetric axis or center Symbol (perpendicular to the (parallel to the
space) space)
1
Two-fold rotation axis 2 () =
2, screw axis 2y ‘ =
Three-fold rotation axis 3 A
3, screw axis 3 A
3, screw axis 3, A
Four-fold rotation axis 4 * =
4, screw axis 4, *Q’ =
4, screw axis 4, § j
4 screw axis 45 ‘§~ ¥
Six-fold rotation axis 6 ®
6, screw axis 6, "
6, screw axis 6 s
65 screw axis 63 [
64 screw axis 64 ‘
65 screw axis 65 ’*
Symmetry center 1 °
Three-fold rotatory inversion axis 3 A
Four-fold rotatory inversion axis 4 P g~
Six-fold rotatory inversion axis 6 &

who was strongly influenced by Nishikawa, sys-
temized and established the space group the-
ory that is widespread today and summarized in
International Tables for Crystallography (2006)
Vol.A.

As shown in Table B.1 [p.25], crystals are cat-
egorized into seven crystal systems depending
on their shapes of unit cells. Further, there are
several complex lattices whose backgrounds in
Table B.1 [p.25] are green, other than primitive
cells. Fourteen kinds of lattice except for ‘body-
centered monoclinic lattice’ are called Bravais
lattice.

‘Body-centered monoclinic lattice’ was added
by the present author’s own judgment. The
reason is that base-centered monoclinic lattice
can sometimes change to body-centered lattice
without changing the symmetry of monoclinic
lattice or changing volume of unit cell by rese-
lecting axes of unit cell.

In the first column of Table B.1 [p.25], Laue
groups and ranges of space group number are
summarized. Laue group is determined by sym-
metry of reciprocal lattice of crystals.

It has been clarified that crystals can be cat-
egorized into 230 space groups depending on
the symmetric elements as shown in Tables. B.1
[p.25], B.2 and B.3.

What is important to determine the space
group is the extinction rule, about which the
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Mmoo 4]
P2 /c G 2/m  Monoclinic

N(t.sﬁél Pl[%.fcl

lﬁjQUE AXIS b, f%l]L CHOICE 1

B.5:
P2, /c(#14) in International Tables for Crystal-
lography (2006) Vol.A. Protein crystals do not
belong to this space group absolutely.

Figure Drawings for space group

information can be extracted by referring to de-
scriptions in ‘process.out’ as shown in Figs. B.1
[p.24] and B.2 [p.24]. It can be viewed by click-
ing ‘View output file’ button in Fig. 2.21 of Part
2a manual.

B.2 Symbols of space groups

Fig. B.5 is a diagram on the first two pages
showing symmetric elements of crystal group
P124/cl in International Tables for Crystallog-
raphy (2006) Vol.A, Chapter 7. Marks [1]-[17]
are as follows; [1]: Hermann-Mouguin notation,
[2]: Schoénflies notation, [3]: Laue group, [4]:
crystal system, [5]: ordinal number of space
group, [6]: Hermann-Mouguin full notation, [7]:
unique axis, [8]: cell choice, [9]: graphic sym-
bol of ¢ glide plane, [10]: graphic symbol of
2; screw axis, [11]: graphic symbol of sym-
metric center, [12]: graphic symbol of 2; screw
axis, [13]: graphic symbol of ¢ glide plane, [14]:
graphic symbol of ¢ glide plane, [15]: position
of atom,[16]: position of atom (an image due to
21 screw axis), [17]: position of atom (an image
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Table B.4: Extinctions owing to complex lat-
tice.

Name of lattice | Symbol | Reflection condition(not extinct) Example

A base-centered A hkl: k+1=2n A 12/n1 (#15)

B base-centered B hkl: h+1=2n B2/nll (#15)
Chase-centered | € | hki: h+k=2n [c120e1 @15)]
Body-centered 1 hkl: h+k+1=2n 12/b11 (#15)
Face-centered F hkl : h+k h+1k+1=2n

Table B.5: Extinction rules owing to glide
planes. Protein crystals do not have glide plane
absolutely.

Name of glide plane Normal | Reflection condition
(Symbol) to (not extinct) Example
Axial glide plane (a) b hol: h=2n P 12//al (#14)
Axial glide plane (a) ¢ hkO: h=2n P 112)/a (#14)
Axial glide plane (b) a Okl: k=2n P2)/b 11 (#14)
Axial glide plane (5) ¢ | hk0: k=2n P112,/b (#14)
Axial glide plane (c) a Okl : 1=2n P2y/c11 (#14)
o (P 120e1(419))
Axial glide plane (c) b hOl: 1 =2n
Double glide plane (¢) a hkl: k+1=2n
Double glide plane (e) b hkl: h+1=2n
Double glide plane (¢) c hkl: h+k=2n
Diagonal glide plane () a Okl: k+1=2n B2/nll (#15)
Diagonal glide plane (1) b hol: h+l=2n |[C12/cl #15))
Diagonal glide plane () c hkO: h+k=2n | P112)/n#14)

due to c glide plane).

‘8] CELL CHOICE 1’ corresponds to ‘set-
ting #1” in Fig. B.3 [p.25]. ‘i’ described near
9] is the height of ¢ glide plane. About graphic
symbols of ¢ glide plane [9], [13] and [14], re-
fer to Table B.2 [p.26], please. About graphic
symbols of 2; screw axis [10] and [12], refer
to Table B.3 [p.26]. Atoms at positions [16]
and [17] are images of atom at [15] by sym-
metric operations due to 2; screw axis and c¢
glide plane, respectively. ‘%—i—’ near [16] and
‘21—’ near [17] means that locations of atoms
at [16] and [17] are —za + (3 +y)b + (53 — 2)c
and za+ (3 —y)b+ (3 + z)c, respectively when
that of [15] is za 4+ yb + zc. Comma (,) in ‘O’
at [17] means that this atom (or molecule) is an
enantiomer of those at [15] and [16].

Initial character of Hermann-Mouguin nota-
tion is P (or R partially for trigonal system) for
primitive lattice, A, B or C for base-centered
lattice, I for body-centered lattice or F' for
face-centered lattice. In many cases of base-
centered lattice, C' is mainly used for H-M no-

tations. However, there are four exceptions,
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Table B.6: Extinction owing to screw axes.
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Table B.7: International Tables for Crystallog-

Nameofscrew | | Reflection condition raphy (2006) Vol.A, A part of International Ta-
. Direction . Example
axs (et ey bles for Crystallography (2006) Vol.A, Chapter
2, screw axis a h00: h=2n (P2,2,2, #19)) 3.1
[Ij 12,1 (#4) | MONOCLINIC, Laue class 2/m
) 12,/c1 (#14)
2, screw axis b 0kO: k=2n ] _
C 12/cl (#15) Unique axis b Laue class 12/m 1
21212, (#19) Reflection condition Point group
2, screw axis c 00/: [=2n p°212121 (#19)
hkl hol
3, screw axis c 00/: 1=3n Okl hkO h00 00/ |0kO |Extinction symbol |2 m 2/m
3, screw axis ¢ 00/: [=3n P1-1 P121 3) [Plml (6) |P12/m1 (10)
- - ko |P12i1 P12,1 (4) P12,/m1(11)
h screw axis L 00/: I =4n h Plal Plal (7) |P12/a1 (13)
4, screw axis ¢ 00/: [=2n [1] h k |[P12/al P12, /a1 (14)
45 screw axis ¢ 00/: [ =4n [ el Plel (i) [E12/cl (13)
: [2](z k_ |PL2,/c1 P12,/c 1(14)
61 screw axis c 00/: I'=6n ht Pinl Plnl (7) |P12/n1(13)
6, screw axis c 00/: /=3n [3] h+1 k_[P12i/n1 P12 /n1(14)
- - h+k h £k |c1-1 C121 (5) [Clm1 (8) [C12/m 1 (12)
G Sorewiaxis ¢ 00/: 1=2n Btk i ko |clel Clel 9) |C12/¢1(15)
64 screw axis c 00/: 1=3n k+1 ! ko |A1-1 A121 (5) |Alml (8) |A12/m 1 (12)
65 screw axis ¢ 00/: [ =6n k+1 hl k Alnl Alnl 9) [A12/n1 (15)
h+k+1 |h+l |k (N4 Nn215) |nmi @) |112/m1(12)
h+k+1 |h k |Ilal Ilal (9) [112/a1(15)

ie.  Amm2(#38), Abm2(#39), Ama2(#40)
and Aba2(#41).

There are nine H-M full notations, i.e.
P12y/cl, P12y/nl, P12;/al, P1121/a,
P112y/n, P112:/b, P2:/bll, P2;/nll,

P2;/c11 for P2;/c due to arbitrariness to take
axes. There are plural H-M full notations for
an H-M notation in general. In some cases,
however, there is only one H-M full notation,
e.g. P212;2; (orthorhombic #19) since it
has an identical symmetric element all in the
directions of a, b and ¢ axes.

In the case of C2/c, one of H-M full nota-
tion is I12/al when changing the choice of unit
cell axes. This is the reason for ‘body-centered
monoclinic lattice’ is added in Table B.1 [p.25].

How to read extinction
rules

B.3

In this section, how to determine the space
group by reading ‘process.out’ as shown in Figs.
B.1 [p.24] and B.2 [p.24] and comparing them
with International Tables for Crystallography
(2006) Vol.A, Chapter 3.1, is described. When
the space group were determined not correctly,
it should be redetermined referring to the fol-
lowing description.

Table B.7 shows a part of International Ta-

bles for Crystallography (2006) Vol.A, Chapter
3.1. Here, relations between the extinction rule
and space group, are summarized. You can re-
fer to pdf version of International Tables for
Crystallography (2006) Vol.A, Chapter 3.1 that
is placed on the desktop of computers.

In part [1] of Fig. B.1 [p.24] reflection con-
ditions for hkl all of which are not zero, is
described. Since no extinction can be found,
the first column of Table B.7 should be empty.
h+k, k+1and h+ k41 in this column means
that reflection indices that satisfies h + k = 2n,
k+1=2n and h+k+1 = 2n do not distinguish.
In first, second and third column in Table B.7,
‘= 2n’ is omitted.

In the case of Fig. B.1 [p.24], 0k0 and 00/ re-
flections distinguish when k is odd and when [
is odd, respectively, which corresponds to [1],
(2] and [3] rows in Table B.7. Therefore, H-M
full notation of the space group of taurine is
P12;/al, P12;1/cl or P12;/nl. These all be-
long to P21 /c(#14).

For redesignating space group in Crystal-
Structure 4.1, ‘Space Group’ Menu window as
shown in Fig. B.6 [p.29] can be opened by
clicking ‘Space Group’ from ‘Parameters’ menu.
Since b axis is usually taken as the main axis in
the case of monoclinic crystal system, P12;/cl
should be selected. Then, click ‘Apply’ and
‘OK’ in this order, please.
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Summary #12 C2/m
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Current Symbol #13 P2a
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# 14 P21/a
4 P21
#15 C2ic
#15 12/a

Figure B.6: Redesignation of space group in
CrystalStructure 4.1. (in the case of small
molecular-weight crystal).

B.4 Examples of extinction

rules due to combinations
of symmetric elements

In this section, several examples are described,
in which the extinction rules are given by com-
binations of symmetric elements as summarized
in Tables B.4 [p.27], B.5 [p.27] and B.6.

of small molecular-weight or-
ganic crystals, frequently found space groups
can be listed up in order of decreasing
as follows, P2i/c(#14), P1(#2), C2/c(#15),
P212,21(#19), P2;(#4) . As many as 80% of
small molecular weight organic crystals are oc-
cupied by those with space groups that belong
to the above five.

In the cases of protein crystals, however,
Hermann-Morguin notations of their space
group do not have symbols of 1 (symmetric
center), m (mirror plane), a, b, ¢, d, e and
n (glide planes) absolutely since they need
both optical enantiomer molecules in spite
that protein molecules consist of only L amino
acids but not of D amino acids. (L and D
amino acids are optical enantiomer with each
other). Also in the cases of small molecular-
weight crystals, when they consist of chiral

In cases

0 b,

[¢] o o

ap
o o o

Figure B.7: Drawing for P1(#2) in Interna-
tional Tables for Crystallography (2006) Vol.A.
Since this space group has symmetric center,
protein crystals do not belong to it. The phase
problem is simple (0 or 7 (180°)).

Figure B.8: Drawing for C12/c1[{C2/c|(#15) in
International Tables for Crystallography (2006)
Vol.A. Protein crystals do not belong to this
space group absolutely since it has glide plane.

molecules, H-M notations of them do not have
1, m, a, b, ¢, d, e and n. In the cases of racemic
crystals, these symbols are frequently included
in their H-M notations.

Read the following description, please by re-
ferring Tables B.4 [p.27], B.5 [p.27] and B.6.

It can be read from Fig. B.5 [p.27] that space
group P2;/c (P12;1/cl) has ¢ glide plane and
21 screw axis in the direction of b. Reflection
conditions due to these symmetric elements can
be read from Tables B.5 [p.27] and B.6.

Reflection conditions are described in In-
ternational Tables for Crystallography (2006)
Vol.A dividing three cases in which one, two
and three indices of hkl are not zero. Fol-
lowing this rule, the reflection conditions due to
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Figure B.9: International Tables for Crystallog-
raphy (2006) Vol.A P2,212,(#19).

' / /

Figure B.10: International Tables for Crystal-
lography (2006) Vol.A P1211[P2;(#4)].

c glide plane and 2; screw axis are described as
follows,

ROl : [ =2n,
0kO : k = 2n,
001 : [ = 2n.

This is found as shown in Fig. B.4 [p.25] in
International Tables for Crystallography (2006)
Vol.A.

Symmetric element that space group P1(#2)
has, is only symmetric center. Therefore, there
is no extinction. Protein crystals and chiral
crystals do not belong to this space group, ab-
solutely.

However, the phase problem is extremely sim-
ple (0 or m (180°)). Therefore, the molecular
structure can be obtained frequently even for a
crystal with low quality.

Since the initial character of C'12/cl is C, it is
base-centered lattice. Since there are symmet-
ric centers indicated by small open circles, the
phase problem is very simple (0 or 7 (180°)).
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Then, the molecular structure can be solved
with high possibility.

Due to arbitrariness to take axes, there are
three kinds of base-centered lattice, i.e. A base-
centered, B base-centered and C' base-centered
lattice. However, let us focus the discussion on
C base-centered lattice, here.  The reflection
condition shown in Table B.4 [p.27] can be writ-
ten down dividing it into three cases in which
one, two and three indices are not zero, as fol-
lows, [hkl : h+ k = 2n], [hkO : h + k = 2n],
[ROl : h = 2n], [0kl : k = 2n], [R00 : h = 2n],
[0kO0 : k = 2n].

Referring to Fig. B.8[p.29], we can under-
stand the existence of ¢ glide plane, n glide
plane and 2 screw axis that are perpendicu-
lar to b axis. The reflection condition due
to ¢ glide plane and n glide plane perpendicular
to b axis can be read to be [ROl : h,l = 2n].
Further, that due to 21 screw axis can be read
to be [0k0 : k = 2n].

The logical product of the above conditions
can be written down as follows,

hkl : h+k=2n,
hOl : h,l = 2n,
0kl : k = 2n,
hkO : h+k = 2n,
0kO : k = 2n,
h00 : h =2n,
001 : [l =2n.

B.4.1 OrthorhombicP2,2,2;(#19)
It is evident from Fig. B.9 that P212;2(#19)

has 21 screw axes all in the directions of a, b and
c axes. Therefore, referring to Table B.6 [p.28§],
the reflection condition is given as follows,

h00 : h =2n,
0kO : k = 2n,
001 : [ =2n.

B.4.2 MonoclinicP12,1[P2;(#4)]

There are three H-M full notations for space
group P2i(#4). Here, the description is given
for P1241.

Space group P1211 has 27 screw axis as shown
in Fig. B.10. Therefore, as described in Table
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B.6 [p.28], it has a reflection condition as fol-
lows,

k = 2n.

B.5 Mathematical proofs of

extinction rules

When the reader has time, refer to this chapter,
please.

The extinction of reflection is caused by the
existence of complex latticeC glide plane and
screw axis whose background color is green in
Tables B.1[p.25], B.2[p.26] and B.3[p.26]. To
the contrary, only the above three symmetric
elements give the extinction. However, protein
crystals do not have glide plane absolutely. In
this chapter, mathematical proofs of extinction
due to the above symmetric elements are de-
scribed.

For later description, let us note the definition
of crystal structure factor, F; for hkl reflection
given as follows,

Fri = / . p(r) exp[—i2x(h - r)]dv.

= / . p(r) exp[—i27(hx + ky + [2)]dw.
“ (B.1)

Here, fce” dv is a volume integral over a unit
cell, p(r) is electron density at location r (=
za+yb+zc), and h (= ha*+kb*+ic*) is a re-
ciprocal lattice vector giving h k [ reflection.
With regard to reciprocal lattice, refer to Ap-
pendix A [p.20], please.

Symmetry element that makes N equivalent
points can be described as follows,
p[TW(x)] = p[TO(x)],

i€{0,1,---,N —1}.

Since Fyy; is zero when the N integral elements,

=

p[TO (r)] exp[—i27h - T (r)] = 0

Il
)

i
That is to say,

N-1

Z exp[—i27h - T (r)] = 0
=0

(B.2)
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Extinction rules due to com-
plex lattice

Table B.4 [p.27] summarizes the extinction rules
due to complex lattice. In the following de-
scription, mathematical proofs for those due to
base-centered, body-centered and face-centered
lattice are given.

B.5.1.1 Extinction due to base-centered
lattice

Symmetry of C base-centered lattice is de-
scribed as follows,

plTE ()] = plT (x)], i€ {0,1).
Téo)(r) = ra+yb + zc,
1 1
Tél)(r) =(z+ 7)21 + (y + 7)b + zc.

The extinction condition is described similarly
to (B.2) as follows:

1

Z exp[—i27h - Tg)(r)] =0.
1=0

(B.3)

Here, mathematical convenience to calculate
in (B.3), let us define fo(h,r) as follows,

fC(ha I‘)

= exp{—i2n[h(x + %) + k(y + %) +1z]}.

Therefore, the extinction condition is described
as follows,

fC(hv I‘)
x {expl—i-(h + k)] + exp[+i-(h + K]}
= 2fc(h,r) cos[%(h + k)] =0.

Since fco(h,r) is not zero in general, the extinc-
tion condition is given by

cos[%(h + k)] =0.

Since the above equation is satisfied when h+ &
is odd, the reflection condition (not extinct) as
shown in Table B.4 [p.27] is given by

hkl: @h+k=2n

Here, [ is an arbitrary integer.

Reflection conditions for A and B base-
centered lattice can be derived similarly to the
above description.
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B.5.1.2 Extinction due to body-centered B.5.1.3 Extinction due to face-centered
lattice lattice

Symmetry of body-centered lattice is described Symmetry of face-centered lattice is described

as follows, as follows,
i . i 0 .
o1} )] = o1} ()], i€ {01} [T< ><r>] = o1 ()], i€ {0,1,2,8),
TI(0 (r) = za+ yb + zc, (r):xa+yb+zc,
1 1 1
1) = (2 + 5 )a T(”(r) —za+(y+ )b+ (+ e,
1 1 1
+(y+ )b T (1) = (v + 5 Ja+yb+ (2 + 5 e,
1 1 1
+(z+ e (r) = (@ + 5 )at (y+ 5 )b+ze
The extinction condition is described similarly The extinction condition is described similarly
o (B.2) [p.31] as follows, to (B.2) [p.31] by the following equation,
- : )
Zexp[_igﬂh : Tl(i) (r)] = 0. (B.4) Z exp[—i27h - T}’ (r)] = 0. (B.5)
i=0 =0

For convenience for calculation of 3 in (B.4), Here, for mathematical convenience to calculate

let fr(h,r) be defined as follows, S in (B.5), let us define fr(h,r) as follows,
1
fr(h,r) = exp{—i2n[h(x + %) fr(h,r) = exp{—i2n[h(z + I)
1
+k(y + %) +k(y + T)
1
H(z + ) H(z+ Dl

. e Therefore, the extinction condition is given as
Therefore, the extinction condition is given as

follows, follows,
fr(h,r)x fF(h»r){eXp[—i%( h—k—1)]
{exp[ — i (h+ k +1)] +expli - (—h-+ k+ )
+exp[+i-(h+ k+ D)} +expli(+h— k+ )
= 2y (b x) cos[ - (h+ k+1)] = 0. texpl-i-(+h+k -]} (BO)
T
Since fy(h,r) is not zero in general, the extine. 2fp(h, r){exp(+i72rh) cos[ 2 (k+1)]
tion condition is given by + exp(—iTh) 005[7(19 — D]} =0.

cos[ (h+k+1)] = (B.7)

Since fr(h,r) is not zero in general, the extinc-
Since the above equation is satisfied when h + tion condition is represented as follows,
k+1is odd, the reflection condition (not extinct)
as shown in Table B.4 [p.27], is given as follows, cos[ 5 (k+10)]=0,

™
hkl: h+k+1=2n 008[7@4)]:
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[(k+1is even) and (k — [ is even)] is identical
to [(both k and [ are even) or (both k and [ are
od)] i.e. k41 = 2n. Here, h is an arbitrary
integer. Since (B.6) is symmetrical for h, k and
[, equations similar to (B.7) can be derived also
for h+k, h—k and h+1, h — . Then, The re-
flection condition (not distinguishing) as shown
in Table B.4 [p.27] is given by

hkl: h+k=2n,
hkl: h+1=2n,
hkl: 1+k=2n.

That is to say, reflection distinguishes when
even and odd integers are mixed in h, k£ and
l.

B.5.2 Extinction owing to glide axes

In cases of protein crystals, they do not have
glide axis absolutely since they consist of only
L amino acids but of not D amino acids (optical
isomers of L amino acids).

B.5.2.1 Extinction due to axial glide plane

Symmetry due to ¢ glide plane perpendicular to
b axis whose height is %b, is given by

4 0 .
TS (0] = TS (x)], i € {0,1).
T (r) = za + yb + 2c,
1 1
Télc)(r) =za-+ (7 - y)b + (7 —+ ,2;)(}7
Similarly to (B.2) [p.31], the extinction condi-
tion is given by

1

3" exp[-i2nh - T4 (r)] = 0.
=0

(B.8)

Here, for mathematical convenience to calculate
> in (B.8) [p.33], let us define fp.(h,r) as fol-

lows,

Foe(h, 1) = exp{—i2[ha + k- +1( + )]}

ch(h,I‘)X
{exp{%—iQw[k(% —y)+ l%]}
+exp{—i27r[k(% —y) + l%]}}

= 2fp.(h, 1) cos{%[k:(l —dy)+ 1} =0.
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Since fr(h,r) is not zero in general, reflections
distinguish when the term of cos{ } is zero, i.e.
when h is arbitrary, & = 0 and [ is odd, the
reflection condition as shown in Table B.5 [p.27]
is given by

hOl: [ =2n

B.5.2.2 Extinction due to double glide
plane (e glide plane)

Therefore, Symmetry due to double glide plane
(e glide plane) whose height is zero, is described
as follows,

PITE (x)] = pITS) (v)], i€ {0,1,2,3).
0)

Tée (r) =za+ yb + zc,

() = (2 + 5 )a—yb + zc,

T (r) = za—yb + (= + %)c,

Tg’e)(r) = (z+ %)a%— yb+ (z + %)c,

Similarly to (B.2) [p.31], the extinction rule is
described by

3
Z exp[—i27h - ng (r)]=0.
1=0

(B.9)

Here, for mathematical convinience to calculate
> in (B.9), let us define fp.(h,r) as follows,

el x) = exp{~i2alh(-p +2) + (- + 2]}

Therefore, the extinction condition can be de-
scribed as follows,

fBe(h7 I')X
{exp{—iZw[—h% + ky — l%]}
—I-exp{—iQw[—l-h% —ky — l%]}
JreXp{—iQﬂ'[—h% Y z%]}
+€Xp{—1271'[+h% + ky + l%]}}
= QfBe(h,I')X

{exp(—ikay) cos[%(h +1)]
+exp(+i27ky) cos[%(h - l)]} = 0.
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Since fpe(h,r) and exp(zi27wky) are not zero in
general, the above extinction condition is satis—
fied when cos[5(h + )] = Ocos[5(h — )] =

hkl reflections distinguishes when both h +l
and h — [ are odd, i.e. when k is arbitrary and
[(h,kareodd)or(h, k are even)]. The reflection
condition (not extinct) is given by

hkl: h+1=2n
With regard to other double glide planes, ex-

tinction rules as shown in Table B.5 [p.27] can
be derived in a similar way.

B.5.2.3 Extinction due to diagonal glide
plane

Symmetry due to diagonal glide plane (n glide
plane) whose height is zero, is described as fol-
lows,

p[ng@]
)
) = ( +z)a— yb+(%+z)

The extinction condition is described similarly
o (B.2) [p.31] as follows,

PITS)(x)], i€ {0,1}.
$a+ yb + zc,

P
b

1
3" exp[-i2nh - T (r)] = 0.
=0

(B.10)

Here, mathematical convenience to calculate >
n (B.10), let us define fp,(h,r) as follows,

1
Fion(,x) = exp{—i2nlh( - +

Therefore, the extinction condition is described
as follows,

fBn(b,r)x

{exp{—i?w[—h% +ky — l%]}
—f—exp{—i?w[h% — ky + l%]}}

= 2fpu () cos{—-[4ky — (h+ D]} =

Since fpn(h,r) is not zero in general, hkl re-
flections distinguish when the term of cos{ } is
zero. Therefore, the reflection condition (not
extinct) is described as follows,

hOl: h+1=2n

With regard to other orthogonal glide plane, re-
flection conditions as summarized in Table B.5
[p.27] can be derived.

x) + l(% +2)}.

B.5.3 Extinction due to screw axes

Table B.6 [p.28] summarizes extinction rules
due to p, screw axes. Here p € {2,3,4,6} and
qe{l,---,p—1}, p, screw axis makes p equiv-
alent points such that they translate by gc/p,
(ga/p or gb/p) when rotated by 27/p around
the axis. As summarized in Table B.6 [p.28§],
reflection condition [00] : [ = 2n] is given by
21, 49 and 63 screw axes since they make layers
of atoms (molecules) whose spacing is ¢, (a or
b).

Similarly, reflection conditions [000] : [ =
3n| for 31, 32, 62, 64 screw axes, [000 : [ = 4n)]
for 41, 43 screw axes and [000] : [ = 6n] for 67,

65screw axes can be derived. For mathemati-
cal proof of reflection conditions for three- and
six-fold screw axes, refer to Appendix C [p.37],
please.

In the following description, mathematical
proofs of extinction rules due to 21, 41 and 4o
screw axes.

B.5.3.1 Extinction due to 2; screw axis

Symmetry of 27 screw axis in the direction of ¢
located at %a + %b, is described as follows,

T (1)) = pITY (x)], i€ {0,1}.
T (r) = (% +x)a+ (% +y)b + zc,
T2(11)(r) = (% —z)a+ (% —y)b+ (% + z)c.

The extinction condition is described similarly
o (B.2) [p.31] as follows,

1

3" exp[-i2ah - T4 (r)] = 0.
=0

(B.11)

Here, for mathematical convinience to calculate
> of (B.11), let us define fs, (h,r) as follows,

fo,(h,r) = exp{—iZw[h% + k:% + l(% +2)]}

Therefore, summation in (B.11) can be de-
formed to give the following extinction condi-
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tion, tion,
fou (b, 1) Ja (B, r)x )
1 i 1=
{exp{—iQw[hx + ky — lz]} {exp[ 27 (+he + ky =1 3 )]
1
1 —i27(— S N
+exp{—i2n][—hz — ky + ZZ]}} +exp[—i2m(—hy + ke — )]
. 1
= f2,(h,r)X + exp[—i27(—hx — ky + lg)]
T
- - . 3
cos{ 2 [4(ha + ky) = 1]} = 0. + exp|—i27(+hy — kx + lg)]}

Since term of cos{ } is zero when h,k =0 and [
is odd, the reflection condition (not extinct) is
given by

l =2n.

Similarly, the reflection conditions due to ¢
and a screw axes can be obtained as summa-
rized in Table B.6 [p.28].

B.5.3.2 Extinction due to 4; screw axis

Symmetry due to 4; screw axis that is located
at the origin, can be described as follows,

PITL) (1)) = plT}) (v)], i€ {0,1,2,3}.

1
T\ (r) = +za+yb + 5C

3
T4(11)(r) = —ya+zb+ e

5
T4(12)(I') = —ra—yb+ 3°

7
Tﬁ’) (r) = +ya—zb+ e

Here, the extinction condition is described sim-
ilarly to (B.2) [p.31] as follows,

3

3" exp[-i2rh - T} (r)] = 0.
=0

(B.12)

Here, let us define fy, (h,r) as follows,

Fa (b, r) = exp(—ile%).

Therefore, summation in (B.12) can be de-
formed to give the following extinction condi-

= 2f41 (h, I’) X
{exp(—HZTrl%) cos{%[él(hx + ky) — 1]}

+ exp(—ile%) cos{%[él(hy —kx) + l]}}
=0.

When h,k =0 and [ is even, cos{ } in the first
and second terms of the above equation have an
identical value (1 or —1). Under an assumption
that this condition is satisfied, let us discuss the
condition that the above equation gives value of
zero as follows,

1 1
exp(7i27rl§) + exp(fiQﬂ'l?)
l

= QCOS(% : ?) =0.

The above equation means that reflections dis-
tinguish when [/2 is odd. Therefore, the reflec-
tion condition (not extinct) can be described as
follows,

00l: [ =4n.

Similarly, reflection condition due to 43 screw
axis can be obtained.

B.5.3.3 Extinction due to 4, screw axis

Symmetry due to 42 screw axis at the origin can
be describes as follows,

AT (@) = plT P (x)], i€ {0,1,2,3}.

1
T\ (r) = +za+yb + -C

3
Tg)(r) = —ya+ b+ 2

1
) = sn—yb e

3
T4(23) (r) = +ya—zb + Ve
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A point translates by %c when rotating by %T“
around the axis. Here, note that the heights
of Tg)(r) and Tg) (r) are >-c and —-c which
are equivalent to %c, %c due to translation
symmetry of unit cell.

The, the extinction condition is described
similarly to (B.2) [p.31] as follows,

3
3" exp[-i2rh - T{] = 0. (B.13)
=0

Here, for mathematical convenience to calculate

> in (B.13), let f4,(h,r) be dfined as follows,

‘ﬁb(h,r)::exp[—iQW(L%i)y

fa,(h,r) Therefore, deforming the ) of
(B.13), the extinction condition can be obtained
as follows,

fa, (hyr)x

{exp[—iQw(Jrhx + ky — l%)]
+ exp[—i2n(—ky + hx + l%)]
+ exp|—i2n(—hz — ky — l%)]

1
-ﬂmh%ﬁm—@+@%}

APPENDIX B. DETERMINATION OF SPACE GROUP FROM EXTINCTION RULE

= 2f42 (h, I‘) X
{exp(+i27rl%) cos[2m(hx + ky)]

+ exp(—iZwl%) cos[2m(kx — hy)]}
=0.

The above extinction can be discussed when the
content of cos| | is zero. Under the assumption
that the above condition is satisfied, the above
equation can be further deformed as follows,

1 1
exp(—iZwlZ) + exp(—i—iZwlZ)
= QCOS(lZ) =0.
Therefore, the reflection condition (not extinct)
can be described as follows,

00l: [=2n.

Reflection condition due to 63 screw axis is the
same as the above description. With regard
to this, refer to §C.2.5 [p.42] in Appendix C,
please.



Appendix C

Reflection indeices and extinction
rules in the cases of trigonal and

hexagonal crystals

P
MAAY A
3 3 3

Figure C.1: International Tables for Crys-

tallography (2006) Vol.A, Symmetric elements.
P3121(#152).

Read this chapter when the reader has time,
please.

In cases of trigonal and hexagonal crystal sys-
tem, reflection vectors are usually indexed by
four integers, h k i [(h + k + i = 0). This chap-
ter describes the reasonableness of this way of
indexing and the extinction rules due to three-
and six-fold screw axes.

C.1 Cases of trigonal system

C.1.1 Diagram shown in Interna-
tional Tables for Crystallogra-
phy (2006) Vol.A

Fig. C.1 is a diagram in International Ta-
bles for Crystallography (2006) Vol.A that

wir

0
+

Figure C.2: International Tables for Crys-
tallography (2006) Vol.A, Positions of atoms.
P3121(#152).

shows symmetric elements of space group
P3,21(#152). Fig. C.2 shows atomic coordi-
nates of P3;21(#152).

The unit cell is usually taken to be a rhombus
that consists of two regular triangles as shown in
Figs. C.1 and C.2. Space group P3;21(#152)
has three-fold screw axis in the direction of c
axis and two-fold screw axis perpendicular to
c axis. However, in the case of trigonal sys-
tem, there is no extinction due to the two-fold
screw axis. About this, refer to the description
in §C.1.4 [p.39], please.

37
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C.1.2 Real and reciprocal coordi-
nates

Fig. C.3 shows real and reciprocal primitive
translation vectors in the cases of trigonal and
hexagonal crystal system.

a, b and ¢ axes are usually taken such that
the angle spanned by a and b axes is 120° and
c is parallel to three-fold rotation or screw axis.
There are three way of taking a and b axes as
shown in Fig. C.3 i.e. combinations of ag and
by axes, a; and b; axes and as and by axes.

reciprocal primitive vectors are defined as fol-
lows:

ot — b xc
~a-(bxc)

cxa
b= X2
a-(bxc)

o = axb
~a-(bxc)

About the reasonableness of the above defini-
tion, refer to Appendix A [p.20], please.

By following the above definition, in Fig.
C.3, real (black) and reciprocal (gray) primi-
tive translation vectors are drawn. Referring to
this figure, the following relations can easily be
understood,

* *
ag = —bj
= —aj + b3,
¥ ok *
= —aj.

From the above relations, reciprocal lattice vec-
tor hag + kbg + [c* can also be represented as
follows:

hag + kbg + Ic*
= kaj +ib] + Ic”
= 1a3 + hbj + Ic*,
where, h + k41 = 0.

By using four indices h, k, i and [ (h+k+i = 0)
to describe reflections, we can easily understand
the equivalence of reflections due to three-fold
symmetry. For example, a reflection described
as 1 1 0 by using aj-bg-c* coordinate system is
equivalent to 1 2 0 by aj-b}-c* system and also
to 2 1 0 by aj-bj-c* system. This reflection
1 1 2 0 described using four indices can easily
be understood to be equivalnt to 1 2 1 0 and
2110.

®
b,
b,
a,
* *
32 a]
a b0
cCC
* *
b, b,
a
0
b, :
a,

Figure C.3: Real (black) and reciprocal (gray)
primitive translation vectors.

C.1.3 Derivation of extinction rule
due to 3; screw axis

Similarly to the description in Appendix B §B.5
[p.31], the extinction due to 3; screw axis can
be derived as follows.

Symmetry due to 31 screw axis at the origin
is described as follows:

T8 (x)] = pITiV ()], i€ {0,1,2}.
7% (r) = wag + ybo + 2c,

1
T4 (x) = 21 + ybi + (5 + 2)e,

2
T2 (r) = way + ybs + (5 +2)e (€D

On the other hand, referring to Fig. C.3, the
following relations are evident.

a; = by,
b; = —ag — by,
az = —ap — by,
by = ay,

Substituting the above equation into (C.1),
i 0 .
plT5) ()] = plT5) ()], i € {0,1,2).

Té?)(r) = zag + ybo + zc,
1
T4} (x) = —yao + (@ — y)bo + (5 + 2)e.
7 () 2
3 (r) = (—z +y)ag — zbg + (3 + z)e.
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The extinction condition can be described sim-
ilarly to (B.2) [p.31] as follows:

2

3" exp[-i2ah - T4 (r)] = 0.
=0

(C.2)

Here, for mathematical convenience to calculate
> of (C.2), let us define f3,(h,r) as follows:

f3,(h,r) = exp[—i2n(l2)].

Therefore, (C.2) can be deformed as follows:

f31 (h, I‘) X
{exp{—iQﬂ[hm + ky|}

+exp{—i2n[—hy + k(z — y) + z%}}
+exp{—i2n[+h(—z +y) — kz + l%]}}: 0.

Since terms [hx + ky|, [—hy + k(x — y)] and
[h(—z+vy)—kx] in exp{ } of the above equation
depend on value of x and y, the extinction can
be discussed only when h = k = ¢ = 0. Under
this condition, the extinction condition can be
described as follows:

1 2
1+ exp(—iQWl?) + eXp(—iQﬂ'l?) = 0.

The second and third terms of on the left-
hand side of the above equation are 1 and
1 not giving extinction when [ = 3n,
exp(—i2m %) and exp(—i2r-%) giving extinc-
tion and exp(—i27r%) and exp(—i27r%) giving
extinction. Therefore, the reflection condition
can be described as follows:

000l : [ =3n.

With similar consideration, the same reflec-
tion condition for 35 can be derived.

C.1.4 On the absence of extinction
due to 2; screw axis perpendic-
ular to c.

In Fig. C.1 [p.37], there are 2; screw axes per-
pendicular to ¢ at positions of =z = % and
y = % However, these 21 screw axes cause
no extinction. The reason is that the angle
spanned by a and a* and that spanned by b
andb* are not zero (not parallel). About this,

refer to the following description, please.

39

Symmetric operation due to rotation around
ag is represented by movement of point on a
plane perpendicular to ag. Referring to Fig.
C.3, reciprocal vectors perpendicular to ag are
c; and bj). A real vector parallel to by is repre-
sented by a linear combination of ag and by,
as %ag + bg. Therefore, Symmetry due to
21 screw axis in the direction of ag located at

(y,z) = %, % is represented as follows:

T ()] = pITY (x)], i€ {0,1}.

TQ(?) (r) = zay

1 1
+ (7 + y)(730 + bo)
+ (% + 2)c
1 1
=(z+ e + 7y)a0
1
+ (7 +y)bo
+ (% + 2)c,
1
13 () = (5 +2)ag
1
+ (5 ¥ (520 +bo)
+ (% —2)c
BN B
=@ - 71!)30
1
+ (7 —y)bo
+ (% e

The extinction condition (while not existing) is
represented similarly to (B.2) [p.31] as follows:

exp[—i27h - T2( )(r)] =0.

i
1

1
(C.3)
=0

Here, for mathematical convenience to calculate
> of (C.3), let us define fo, (h,r) as follows:

f2,(h,r) = exp{—i27r[h(% +z)+ k;% + l%]}

Therefore, Y of (C.3) can be deformed as fol-
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1
g !
1 L
fﬁi"l@w\’&' \‘i’ o4
A 3
Vi

Figure C.4: International Tables for Crys-
tallography (2006) Vol.A, Symmetric elements.
P6122(#178).

lows:

f2,(h,r)x
1 1

{exp{—iznln(- — ) — ky — 1]}

+ exp{—127r[—h(% - %y) + ky + lz]}}

= fo,(h,r)x
1 1
cos{27r[h(z - ?y) —ky—1z]} = 0.

The above equation reveals that there is no ex-
tinction due to 27 screw axis perpendicular to
c since terms of h, k and [ all depend to values
of y or z. The second term —h—3-y in cos{ }
of the above equation exists since ag is not par-
allel to aj. If there were a reciprocal primi-
tive vector parallel to the screw axis, we can
discuss the extinction under the condition that
k,l = 0. When there is no reciprocal primitive
vector parallel to the screw axis, there is no ex-
tinction due to it.

In a similar way, it can be verified that there
is no extinction due to screw axes parallel to by
or ag + bg.

C.2 Case of hexagonal system

C.2.1 Figure shown in Interna-
tional Tables for Crystallogra-

phy (2006) Vol.A

Fig. C4 is a drawing for space group
P6122(#178) in International Tables for Crys-

Figure C.5: International Tables for Crys-
tallography (2006) Vol.A, Positions of atoms.
P6122(#178).

tallography (2006) Vol.A that shows symmetric
elements. Fig. C.5 shows coordinates of atoms.

The unit cell is usually taken similarly to that
in the case of trigonal system as shown in Fig.
C.1 [p.37] and C.2 [p.37]. There are 2; screw
axes perpendicular to c. However they do not
cause extinction similarly to the case of trigonal
system.

C.2.2 Coordinates for describing six-

fold screw axes

For describing positions of atoms that are ro-
tated by %27‘( (1 €{0,1,2,3,4,5}) from the orig-
inal position, let us prepare combinations of a;
and b; as follows:

a; bz )
a( bo 0
ag + by —ag 1
bo —ag — bo 2
—a —b() 3
—ag — b() a( 4
—byg ap + by 5

By using the above coordinates, positions that
is rotated by 27 (i € {0,1,2,3,4,5}) from the
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original position can be written as follows:

To =T, Yo=Y,

T1 =T —Y, Y1 =1,

T2 = —Y, Y2 = — Y,
r3 = —, Ys = vy,

Ty =—T+Y, Ygs = —,

T5 =Y, Ys = —T + Y.

C.2.3

Derivation of extinction rule
due to 6; screw axis

Symmetry due to 61 screw axis located at the
origin in the direction of ¢, is described as fol-
lows:

T ()] = pIT O (x)], i€ {0,1,2,3,4,5}.

Té?) (r) = zag + ybo + zc,
1
T3 (1) = (¢ = y)ao + by + (- + 2)e.
@) ) — 2
Ti (r) = —yag + (v — y)bo + (f + z)c,
3
Téf) (r) = —xag — ybgy + (F + z)c,
4
Téf) (r) = (—x +y)ag — zbg + (? + 2)c,
5
T37) (x) = yao + (—a + y)bo + (= + 2)e.

Similarly to (B.2) [p.31], the extinction condi-
tion is described as follows:

5

3" exp[-i2ah - Ty (r)] = 0.
=0

(C.4)

For mathematical convenience, let us define
f6,(h,r) as follows:

fou (b, x) = exp[—i2n(L2)].

41

From (C.4), the extinction condition is obtained
as follows:

fo, (h,r)x
{exp{—i27r[h:c + ky|}

+exp{—i2n[h(x — y) + kz + l%]}
+exp{—i2n[—hy + k(z —y) + l%]}

+exp{—i2n[—hz — ky + z%}}

+exp{—i2nlA(—z +y) — kr + 1]}

+exp{—i2n[hy + k(—z +y) + z%]}}: 0.

The extinction can be discussed only when h =
k = i = 0. Under this condition, the above
extinction condition can be described as follows:

1

1
—i—exp(—iZwlF)

2

+ exp(—i27rlF)
. 3

+ exp(—127rlf)
) 4

+ exp(—127rl?)

+exp(—127rl%) =0. (C.5)

When [ = 6n, reflections do not distinguish.
When [ =6n+1 (i € {1,2,3,4,5}), reflections
distinguish since phase interval of the six term
is an identical value —277%. The reflection con-
dition (not extinct) can be described a follows,

hkil : 1 = 6n.

Similarly, the same reflection condition can
be derived also for 61 screw axis.

In Fig. C.4, 21 and 3; screw axes in the direc-
tion of ¢ are found. However, the logical prod-
uct of reflection conditions due to 61, 21 and 3
screw axes gives the same reflection condition
as described in the above equation.
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C.24
due to 65 screw axis

The extinction condition due to 69 screw axis is
given similarly to (C.5) [p.41] as follows:

1
. 1
+exp(—127rl?)
. 2
+exp(—127rl?)
+1
. 1
+exp(—127rl?)
2
+ exp(—iQﬂ'l?) =0.

When | = 3n, reflections do not distinguish
since the six term have an identical value unity.
When | = 3n + i (i € {1,2}), reflections dis-
tinguish since phase interval of the six term is
an identical value —27r%. Then, the reflection
condition (not extinct) is given by

hkil : | = 3n.

In a similar way, the same reflection condition

Derivation of the extinction can be derived for 6, screw axis.

C.2.5

Derivation of extinction rule
due to 63 screw axis

An equation for 63 screw axis that corresponds
to (C.5) [p.41] is given by

1
) 1
+exp(—127rl7)
+1
) 1
+exp(—127rl?)
+1

1
+ exp(fiQWl?) = 0.

When [ is even, all terms are unity giving no ex-
tinction. When [ is odd, reflections distinguish
since phase interval of the six terms is an iden-
tical value —277% giving extinction. Therefore,
the reflection condition (not extinct) is given by

hkil : Il = 2n.

End of the document.
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