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(Tableau 3); cependant dans I’étude infra-rouge menée
parallélement, un déplacement faible de la fréquence
de vibration de valence de O-H a été observé et la
présence de liaisons hydrogéne importantes estainsi
exclue.

Conclusion

Les études radiocristallographiques et infra-rouges
entreprises parallelement font apparaitre dans la série
M'Fe(Cr0O,),.2H,0 lexistence d’un seul motif struc-
tural, la chaine #[Fe(CrO,),.2H,0]~, mais de symétrie
plus ou moins grande suivant M'. Deux types struc-
turaux ont été déterminés: le type potassium, le plus
symétrique, correspondant aux éléments monovalents
M!' de grand rayon ionique (M'=K, TI, NH,) et le type
sodium, moins symétrique ou M! a un petit rayon
ioniquc (M!=Na). Lc Tableau 4 indique les caractéris-
tiques cristallographiques des divers compcsés dont
nous disgposons.

Les calculs nécessaires 4 ce travail ont été effectués
au C.I.LR.C.E. (C.N.R.S)).

Acta Cryst. (1972). B28, 2337

ET ANTOINE HARDY 2337

Références

BiBIAN, F. (1965). Colloque sur les calculs cristallographi-
ques, Grenoble.

BisiaN, F. & TouRNARIE, M. (1966). Rapport S.P.S.R.M.
n° 31, C.E.A.

BonnNIN, A. (1970). Thése, Rennes.

BONNIN, A., HARDY, A. & LECERF, A. (1968). C. R. Acad.
Sci. Paris, Sér. C, 266, 1227.

CROMER, D. T. & WAaBER, J. T. (1964). Los Alamos Scien-
tific Laboratory Report, LA- 3056.

Harpy, A. & GRAVEREAU, P, (1970). C.R. Acad. Sci.
Paris, Série C, 271, 1304,

HARDY, A. & GABORIAUD, F. (1972). Acta Cryst. B28, 2329.

International Tables for X-ray Crystallography (1952). Vol.
I, p. 95. Birmingham: Kynoch Press.

International Tables for X-ray Crystallography (1962). Vol.
I1I, p. 215. Birmingham: Kynoch Press.

MELLIER, A., GRAVEREAU, P. & BoNNIN, A. (1972). J.
Chim. Phys. A paraitre.

TokoNami, M. (1965). Acta Cryst. 19, 486.

TOURNARIE, M. (1969). J. Phys. Radium. 30, 737.

TourNARIE, M. & HARDY, A. (1972). C.R. Acad. Sci.
Paris, Série B, 274, 128.

Formulas for the Cosine Seminvariants, cos (¢1+ @2)*

By HERBERT HAUPTMAN
Medical Foundation of Buffalo, 73 High Street, Buffalo, New York 14203, U.S.A.

(Received 22 November 1971)

Expressions fcr the cosines cf those structure seminvariants, ¢; + ¢,, which are linear combinations of
two phases, are found in terms of the observed magnitudes, |E]|, of the normalized structure factors.
These formulas have found important application in some recent crystal structure determinations.

1. Introduction

Explicit formulas for the cosines of single phases which
are structure seminvariants (the so-called >, formulas)
were first found almost twenty years ago (Hauptman
& Karle, 1953). Again, expressions for the cosines of
those invariants which are linear combinations of three
phases were obtained some fifteen years ago (Haupt-
man & Karle, 1957; Vaughan, 1958). However, despite
the fact that the space-group dependent linear com-
binations of two phases which are structure semin-
variants have been known since 1953 (Hauptman &
Karle), explicit formulas for their cosines in terms of
the magnitudes of the normalized structure factors

* Presented at the Ames Meeting of the American Crys-
tallographic Association, August 15-20, 1971; Abstract El.

have been discovered only recently (Hauptman, 1971).
A Dbrief sketch of the derivation is presented here only
for the space group P2. Analogous formulas and gene-
ralizations in the space groups P2, and P2,2,2, are
merely quoted.

2. Space group P2

In the space group P2, @uui;+ Pnpxai, i @ structure
seminvariant (or invariant) if and only if A; +4, and
l,+1, are both even and k, +k, is zero. Only the special
case that k;=k,=0 is considered here although the
more general case is readily treated in the same way.

If there are NV identical atoms in the unit cell then the
normalized structure factor Ey, is defined by means of

5 N2 '
Epy= S Zl cos 2n(hx, +Iz,) exp 2miky,) (2.1)
=
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whence it follows that

N/2
VEpa 2= %— > cos 2n(hx,+1z,) cos 2n(hx,+1z,)
u,v

1

xexp 2mik(y,—y,)] . 2.2)

If the double sum (2.2) is decomposed into two parts,
a simple sum, when g =v, and a residual double sum,
when u+# v, one obtains, after some simplification,

1
’Ehkl |2— 1= N—l,z Ejnoa

N/2

+ l;v cos 2n(hx, +1z,) cos 2n(hx,+1z,)
1

% cos 27k(y,—y,) . (2.3)

Multiplying (2.3) by the like equation obtained by
replacing /1 by 4’ and / by /'; decomposing the resulting
quadruple sum into two (equal) double sums, four
(equal) triple sums, and a residual quadruple sum; and
finally averaging over all integers &, one finds that only
the double sum survives the averaging process so that
finally

1
<(‘Ehkl IZ— 1) ('Eh'kl'lz— 1)>k= W EzhozzEzn'ozr

N/2
+ 73‘2' 2, {cos 2al(h+1)x,+(I+1z,]

u#
1
+cos 2nf(h— h)x, + (1 —1")z,]}
x {cos 2x[(h+h')x, + (I+1")z,) +cos 2x[(h
—)x,+ (=121} . (2.4)

After carrying out the indicated multiplication, the
double sum in (2.4) is seen to consist of four terms each
of the form

N/2

e uzv cos 2m(hyx, +1,z,) cos 2n(hyx,+hz,)  (2.5)
1
and it is necessary now to evaluate this double sum in
terms of normalized structure factors E. To this end
write [from (2.1)]
N/2

2
Eqor,= ~i7 Zl cos 2n(hyx, +1,z,), (2.6)
m
N/2
Epyo1,= i > cos 2n(hyx, +1z,) . 2.7
v=1

Multiplying (2.6) and (2.7); decomposing the resulting
double sum into a simple sum (when g=v) and a
residual double sum (when u+#v); and employing (2.1)
to replace the simple sum by its value in terms of nor-

malized structure factors, one finally obtains
N/2

~ 2 cos 2n(hyx, +1,z,) cos 2n(hyx, +1,z,)
Nu;xl;v

FORMULAS FOR THE COSINE

SEMINVARIANTS, cos (¢;+ ¢2)

1

= EmouEhzmz— ]*vm Eh1 +h2011+12

1

- 'N"'l/—z Eh1—h2011—12 > (28)
the desired expression for the double sum (2.5) which
is needed in (2.4). Substituting from (2.8) into (2.4)
after replacing first, Ay, I, h,, L, by h+h', I+1', h+ 1,
I+ respectively; second, Ay, I, hy,, I, by h+h', I+,
h—h', =1’ respectively; third, Ay, 1, hy, I, by h—H’,
I=1', h+#', I4+]' respectively; and fourth, h,, I, h,, I,
by h—h',I-1I', h— k', -1’ respectively, one finds, after
some simplification and neglecting terms of order
l/N”Z,

N
EvinorerEy-por—r ™ 3 {UEwt?=1) (| By P = D)

—_ 12
JfEZhOZIEZh'OZI' _7Eh+h’01+ 1

—3E} w0zt - 2.9
Making the substitution
h+h‘ =hl’ [+1’=Il 5
h=h =hy, 1-I'=1,, } (2.10)

where h, + h, and /, + ], are all even, one finally obtains
the basic formula for the cosine seminvariant

08 (@ny01, + Pna012)s

Ens011En301 = | Enyory Enyora] €08 (@ngo1; + @hgor)

N
= 5 <(|E(h1 +h2)/2 k (11+12)/z|2— 1)

X (lE(Iu-—hz)|2 k (11—12)/2[2— D

2 2
_%Elu +I12011+12Eh1—h2011— 1~ lz“(Enlou + Elxzolz) .

(2.11)
However, the right side of (2.11) contains the term
_%Eh1+l|2011+Ithl—hzou—lz (212)

only the magnitude of which is, in general, known.
Since
(h1+h2)+(h1_h2)=2h1 } (213)

(ll+[2)+([1_[2)=211

are both even, (2.12) is itself a structure seminvariant
and (2.11) may be employed, with A, replaced by
(hy +hy), hy by (hy—hy), 1y by (I, +1,), and I, by (I, —1,) to
yield an expression for (2.12) which however depends
on the structure seminvariant

(2.14)

Hence (2.11) may be employed again to determine an
expression for (2.14). Proceeding iteratively in this
fashion one finally obtains the desired formula in the
form of two rapidly converging series:

EhlollEhzolz = IEMOllEhzOIzl Ccos (¢I11011 + (/7112012)

N
= 2 <(lE(h1+ltz)/2 k (u+12)/2|2_ 1)

E2h10211E2h20212 .
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X (|Echy—nysz k g —1s2l* = 1)

_'%(IEhlku‘Z_ 1) (IEhzklzlz_ 1)
+%(|Eh1+h2 k l1+12|2_ 1) ([Eiu—hz k 11—1212— 1)— e ->k
_JZ(Ehlou 2012)+44“(Eﬁ1+h2 0 11+12+Eﬁ1—h2 0 11—12)

_%(E2h10211+E%h20212)+ cet (215)

in which A; + A, and /; -/, are all even.

3. Space group P2,

The analogue of (2.15) in the space group P2, is,
surprisingly enough, simply

EmouEnzozz | Enroty Enzota] €08 (@nyo1; + Phsora)

= '2— <('— l)k (]E(h1+hz)/2 k (l1+12)/2|2_ 1)

X (| Ey - nayiz k ag—172P =1 s 3.1

in which h; + Ak, and [, + /, are all even. More generally,
if hy + h, and [, +/, are even, then

Eh1k1l1Ehzi1lz = IEh1k1l1Ehzk112I cos ((ohﬂqll + (ﬂhz'hlz)

N
= 5 (=DMEwm 112 & ag+172* = 1)

X (]E(h1—h2)/2 ki—k (11—-12)/2l2—' D). (3.2)

It should be noted that, if k,#0, then k ranges over
the negative as well as the positive integers in (3.2)
while in (3.1), the special case k, =0 of (3.2), it is suf-
ficient that k range over only the non-negative integers.
Finally, it should be emphasized that (3.1) and (3.2)
are useful in practice only if the magnitudes of the cal-
culated cosine invariants are extremely large so that
one may infer that the values of certain cosines,

Cos (¢h1k111+ ¢hzillz)’ are t1.

4. Space group P2,2,2,

There is a great variety of formulas for the cosine
invariants, cos (¢, + ¢,), in the space group P2,2,2,.
Only twelve of these are listed here. If k, +k, and
I, +1, are even,

| Eokyiy Eokatal €08 (Poky1y + Poicaty)

i+ @D Ey ey ekprr2 ar+ipal* = 1)

E0k111E0kzlz
=5 <(—

x(|E, (k1—k2)/2 (11—12)/z|2— Dn

4.1

N
:7«—

D+ L=k By ) vigygz ag—-2l— 1)

X (1En (ky—kpys2 g+ 123721 = D - 4.2)
If [, £+, and h, + h, are even,
EmozlEhzozz | Engors Enzorzl €08 (@nyo11 + @izors)

=75 ((— DD EG cnoye b agvigal*—1)

X (| Emy-npi & ar-1pz2l> = 1D (4.3)

AC28B-3

2339

1)k+“1—12)/2+h1(|E(h1—i12)/2 k (i1+12)/2|2_ l)

(4.4)

N
:7«—

X (1 Ewy +h232 & (a1—129721* — 1)k -
If hy+ h, and k, +k, are even,

Erik10En2k20= | Enyky0Enziz0l €OS (@nkpo+ Phakz0)
N
= 3 {(=1)t+tu +h2)/z(|E(h1+hz>/2 4z 12— 1)

D (4.5)

X (|Emny~n2r2 ey ~kpyjz 11> —

N
17((—

D W=D RAAE G iz tg ka2 11— 1)

D). (4.6)

X (|Eny —h2)/2 (k1 +k2)/2 2=

Next, if /; +/, are even,

Eoky11Eok112= | Eoky1y Eokyizl €08 (@oky1; + Poryiy)

N -
= a5 (== E, (u+12)/2|2— 1)
X(1Eo k41 a1=12y2)* = D -
Ew01,Eni01,= [Enio11Enjo1,] €OS ((”hloll + Onyor,)

N
=5 G ) i (VTR LE )]

X (Ensny 0 ar—1p2l> =D -

If h; + h, are even,

4.7

(4.8)

Eh[Ol]_EhzOIl IEh1011Eh2011| Cos ((Ph1011+(ﬂh2011)

N
~ > (=D O=mDRE, oy 02— 1)

X (IE(hl—hz)/Z 0 1+u|2'— D).

Entk10Enak10= | Enyk10Enzxs0l €08 (@n1x10+ Phoio)
N
= 5 (- 1)k+kl+h1(|E(h;+h1)/2 kol?—1)

X (|Ehy-nayz x4x1 oF = 1)k«

If k, + k, are even,

4.9)

(4.10)

Eh1k10Eh1k20 = |Eh1k10Eh1k20| Cos (¢h1k10 + ¢h1k20)
N -
= > (=D E=RDIEy 1 wkgyrz o= 1)

X (|En+n1 (k1—k2)/2 ol?— 1)>h .

E0k111E0k211 [ Eoky1y Eoxaty] €08 (Porqiy + Pokaty)
= 23 <(_ D! HHRE) g vryrz )2 —1)

X (1Eo teg—rzys2 14112 —= 1)1 - (4.12)

In addition to (4.1)-(4.12) there are the straight-
forward generalizations [analogous to (3.2) in the
space group P2,] which the interested reader is invited
to derive for himself. Again, the formulas given here,

@.11)
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and their generalizations, have practical utility primari-
ly in the case that the magnitudes of calculated cosines
are so large as to imply that cos (¢, +¢,)= + 1.

5. Applications

The formulas derived in this paper have been incorpor-

ated into recently secured techniques of crystal struc-

ture determination by direct methods and have played

an important role in the solution of a number of crystal

structures. Among these are:

(1) 2B,178-diacetoxy-4-androsten-3-one, C,3;H;,0s, in
the space group P2,2,2, (Duax, 1971);

(2) valinomycin, C5,0,5NgHg,, in the space group P2,
(Duax & Hauptman, 1971).

Acta Cryst. (1972). B28, 2340
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I wish to thank Drs William Duax and Charles
Weeks for helpful discussions. Dr Weeks did the com-
puter programming, thus making possible the initial
applications which were mostly carried out by himself
and Dr Duax.
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Structure Cristalline de ’'Hydrechlorothiazide, C;HsCIN;O,S;

PArR L. DupPoNT ET O.DIDEBERG

Laboratoire de Cristallographie approfondie et Physique de I’ Etat solide,
Université de Liége au Sart Tilman, B-4000, Liége, Belgique

(Regu le 26 janvier 1972, revit le 14 février 1972)

The crystal and molecular structure of hydrochlorothiazide C,HgCIN;O,S, has been determined by
X-ray diffraction techniques. The space group is P2, with two molecules per unit cell of dimensions
a=7-419+0:006, b=8-521+0-003, ¢=10-003 +0-002 A and f=111-72°. Three-dimensional intensity
data were collected with a Hilger four-circle diffractometer. The structure was refined by least-squares
methods to a final R value of 0-:066 for 956 observed reflexions; the average standard deviations in
bond lengths and angles not involving hydrogen atoms are about 0-015 A and 1-0°. The molecule,
apart from two nitrogen and the four oxygen atoms, is planar. A short N(sp?)-C(sp?) bond is observed
(1-344 A), which is explained by a delocalization of the nitrogen doublet towards the benzene ring.
There are four intermolecular NH- - -O hydrogen bonds in the unit cell, in the range 2-88-2:94 A. All
other bonds are greater than the sum of the van der Waals radii.

Introduction

L’hydrochlorothiazide (dihydrochloro-6-sulfamoyl-7
benzothiadiazine-1,2,4 dioxyde-1,1) est un sulfamide
diurétique de la série de la benzothiadiazine, dont le
type est le chlorothiazide (Fig. 1). Ces composés
agissent en inhibant un ou plusieurs des mécanismes de
transport qui assurent la réabsorption du sodium par
le tube rénal. Le chlorothiazide résulte de I’action de
I’acide formique sur I’amino-3 chloro-1 benzéne di-
sulfonamide-4,6 ou salamid. La saturation de la
double liaison située en 3-4 accroit environ dix fois
Pactivité salurétique du chlorothiazide et donne
I’hydrochlorothiazide qui se forme également par
cyclisation du salamid avec I'aldéhyde formique. En
greffant des radicaux variés sur le carbone 3 de I’hydro-
chlorothiazide, on obtient toute une série de benzothia-
diazines substituées a action diurétique renforcée, et
parfois intense. On a remarqué que la substitution du

groupement trifluorométhyle a ’'atome de chlore en
position 6 ne modifie pas sensiblement ’activité de la
molécule (Bierbaum, Traverso & Whitehead, 1963;
Gantt & Synek, 1961; Heinemann, Demartini &
Laragh, 1959; Pignard, 1960). L objet de ce travail est
d’obtenir des informations sur la configuration de la
molécule, principalement au voisinage de la liaison 3-4.
Une étude radiocristallographique préliminaire de
quelques thiazides a été publiée (Dupont & Dideberg,
1970).

Expérimentation

Les cristaux d’hydrochlorothiazide ont été obtenus a
partir d’'une solution de la substance dans I’éthanol.
Celle-ci provient des laboratoires Merck, Sharp et
Dohme (Haarlem, Nederland). L’hydrochlorothiazide
est aussi soluble dans I’acétone, le méthano! et dans
NH; dilué et sodé.

Les cristaux incolores se présentent sous forme de



