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_fluoroberyllate compounds contalnlng. hydrazinium, -

‘ . ) o . N o
- played an important part-in~the'understandlng of hydrogen

s RN
\,
CHAPTER I

" GENERAL INTRODUCTION .

W.I‘This_work is:an investigation by X-ray and neutron
‘diffraction of the crystal Structures'of sulphate and

o~

q t.

N2H5 H
hydroxylammonlum, NH3OH P and hydrazonlum,_ 2 62+' There are
many reasons why these compounds are of 1nterest to |
crystallographers, SOlld state phy51c1sts and Chemlsts-

The compound llthlum hydra21n1um sulphate, L1(N )504,

'was"first prepared_by Sommerrand Weise (1916), ,Peplnsky,‘
Vedam, Okaya & Hoshino (1958) reported that it was a room
'~temperature ferroelectric,‘likening it to. the'othér o

V.,ferroelectrlc sulphatés ammonlum hydrogen sulphate,

(NH )HSO4 (Peplnsky et al., 1958a) and ammonlum sulphate,

(NH4)2504 (Matthlas and Remelka, 1956) . ~They.also correctly

‘reported thejspace group and 1att1ce parameters;i
Subseéuently,'Li(N )SO4 was exten51vely 1nvest1gated ‘

' crystallographlcally, spectroscoplcally and dlelectrlcally

(cf. Chapter IV), but no further ev1dence was found of

~ferroelectr1c1ty, nor of the ex15tence of a ferroelectrlc to

paraelectrlc phase change, nor as to what the p0551ble

sw1tch1ng mechanxsm.would,be. Neutron dlffractlon has




'Bonoed“ferroe}ectrics.-The-small shifts‘intatomié positions,

'and,especiaily those which'are inﬁolved:in'the-hydrogen
bonding, can be studied by'ooﬁparing the'orystal strnotures'
of the'ferroelectrio and'paraelectric‘phases. From these N

_ ShlftS, the nature of the phase tranSLtlon is determlned.
Examples of such studles are the order—dlsorder phase

‘tran51tlons in pota531um dlhydrogen phosphate, KH2P04 (Bacon & "'ﬂsf

';Pease, 1955); and colemanlte, CaB (dH)3.H20 (Halnsworth 5 T

| Petch 1965); and the phase tran51tlon—enﬁammonmummsu;phate
.(Schlemper and- Hamllton, 1966) in Wthh the hydrogen

gbondlng conflguratlon is stronger 1n the ferroelectrlc‘-

h ,phase. ThlS method is 1mp0551b1e'w1th Ll(N )SO4 aslno.

f
.paraelectrlc phase has been found between 77 °k and the

decomp051tlon temperature of 560=K | Our approach was to

1nvestlgate the ferroelectrlc sw1tch1ng mechanlsm whereby

ey

, the dlrectlon of spontaneous polarlsatlon is reversed by . L

fthe appllcatlon of a sultable electrlc fleld.' Thls\was to\&g/

N

accompllshed by de51gn1ng .and constructlng ‘a neutron

-dlffractometer (Chapter III) and by studylng the anomalous

‘neutron scatterlng from a 51ngle crystal of 6Ll(N H5)So4

L4

-(Chapter IV). _ A N

| | Componnds of the form 1MSO4 and LlMBeF4, where M 1s7
a monovalent cation, show lnterestlng structural
',cogaaguratlons.- ,LJ.SO4 'and LJ.BeF4 often form'

.three-dlmensronal frameworks of corner—sharlng oxygen or-

C fluorlne tetrahedra whlch are dlstorted forms of elther the



Coy . B ‘ t.

tridymite (space‘group.PGB/mmc) or tridymite-derivative -:

structure ._W Icmm).'. These structures are .'
'characterised by a si -member”xing of alternating Li04,l

S0, & or L1F 4 BeF 4 tetrahedra. In' the/former' 'space group,
‘alternate members of the rlng p01nt 1n opp051te dlrectlons

"from the plane of the rlng,'and in the latter, three,;

e e e {, - R 4

'ad301n1ng tetrahedra point above - the plane, while the " o ~
: _rema:.n:Lng three polnt belowthe plane, these are shown in ‘
:thelr ideal symmetry fbrm in Flgure 1-1.- It can be seen. d'
that large cav1t1es are formed between the layers made up

-of the s;x—memberepdpangs, and these caV1t1es contaln the

catlons; Wlth‘potaSSLum as-the cation (1on1c radlus' 1. 33 R),‘
. both leso4 (éradley, 1925) and LiKBeF, (Le Roy and AlEonard,
.11972) take on a dlstorted form of the trldymlte structure
'with space group 263? The 1ntroduct10n of rubidium tlonlc‘
| radiusllédjrg)_dOes not‘affecttthe fluoroberyllate:structure
ﬁhicn retains the pseudo-tridymitespace'group'PGB,lbutthe. :
‘sulphate changes to P21/n, a dzstorted form of the Icmm space
-"group (Hahn,- Lohre & Chung, 1969). The space group lecn
: occurs w1th the ammonium. ion. compounds (1on1c radlus 1. 43 ﬂ)
d LI(NH )SO4 (Dollase, 1969) and Ll(NH4)BeF4 (Chung & Hahn,
1972). “The . caesrum compounds (1on1c radius 1. 67 R) La.CsSO4
-(Wells; 1954) and LiCsBeF4 (Chung-& Hahn,.1972).have the

The source’ of the qguoted 1on1c rad11 is the

- Handbook of Chemistry and Phy51cs (1970).1

N ! . . -
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a'sa

space groups lecn andfPZ /n respectively. 'Thus, the }_ -

lntroductlon of.- progre551ve1y 1arger monovalent catlons .

‘modlfles the structure from trldymlte to trldymlte derlvatlve,

{
the tran51tlon occurrlng between L'le_BeE‘4 and LleSO4; and.

thlS would 1nd1cate that Ll(N “)Befd would'be”isostructural

' 1sostructural then they would be the only two known strdbtures o

_ (Ll.mlnga, 1'968) T (N

to the correspondlng sulphate whlch has a’ dlstorted ﬁorm of

the Icmm space group Pna21. We w1shed to conflrm thlS

f-;predlctlon by- determlnlng the crystal structure of

'“thN )Be% ‘and wrshed also to 1nvest1gate that of '

Ll(NH3OH)SO4 to see 1f the hydroxylammonlum cation would '

B create a dlstortlon of the Icmm space group or whether a

-:completely dlfferent structure would result L .'5 !

‘ If Ll(N )BeF and Ll(N )SO <proved to be

4

ft with chalns of. hydra21n1um ions where the —NH2 group was both

the donor and acceptor of the hydrogen bonds formlng the

chaln. The alternatlve type of chaln'ls cne in Wthh a 1ol
hydrogen bond donated by the,—NH3 group is accepted by the
—NH group, these two p0351b1e conflguratlons are shown 1n'

Flgure 1—2. A ‘number of compounds form chalns of the second -

type: 'N’H )Cl (Né 5)Br (Sakural & Tomlle, 1952), (N HS)AC ;l.

5 PO4 (lelnga, 1965), and (Nz,s)ch 4

(Ahmed, lelnga & Otpvsson, 1968). .There are also hydrazinium-

compounds whlch do not form chalns- examples of thlS type are

..-.

N ‘(‘N 5): so4 (L:Lm:.nga & Lundgren, 1965) and (N HS)CIO lsH

.

(I.imlngao 1967).

C .
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Figure ‘1-2.
‘The’ ‘tx;:c.:o p.oss“:ifblé ‘c'c;)nfigu‘rations' of hydrogen 'bonded
, 'c_hains‘ of hy.dr;t:ziz}iiﬁn :';_i;on's_:l a) -NH2 as both _donor[ and .
; adcepton—'; b). ;NHB-,'P as donor and -NHZ as acc‘:‘.-_?..p'tdr‘.' - N

. £
. .

Y







Another aspect of the crystallography of thlS type '
of compound that we w1shed to 1nvest1gate was the conformatron
'and hydrogen bondlng networks of the hydrazrnlum, o o
.‘hydroxylammonlum and hydrazonlum ions. ‘We have pornted out
. above that‘?he hydrazlnxum ion can act as both donor and
acceptor ‘of hydrogén bonds, when such a chaln of hydrazlnrum
ions is formed there are four. remarnlng hydrogen atoms
whlch form bonds to fluorlne-or oxygen atoms of‘the 7
tetrahedral frameworks.y In general there will: be more than
'four potentlal acceptors competlng for these bonds. In such
a: s1tuatron, complex hydrogen bondlng networks arlse w1th
.the occurrence not only of-sxngle.but of blfurcated and

trrfurcated hydrogen bonds. -To study these systems properly,_'

' accurate structure determlnatlons are needed, either by x—ray

;dlffractlon 1n Whlch the hydrogen atoms are correctly |
located or, preferably, by neutron dlffractlon Wsth 1ts

hlgher resolutlon of the hydrogen atoms. For thlS reason,
.the structure of Lr(N HS)BeF4 was examrned by. both methods,.'
and thoseof-Lr(N -)504, Ll(NH OH)SO and (N )BeF4 were
._determlned from accurate x-ray dlffractlon measurements made R
' ' Y

" ‘on a dlffractometer. ;-'. [ o D .

-

If the positions of the hydrogen atoms are not o
.known, 1t is st111 possrhle to predict therr posrtrons._x
Baur (1965) proposed a methoq where a simple point-charge.;
'model is used to predlct the hydrogen bonds from the Water

' molecules of 1norgan1c hydrates by searching for-hydrogen"'

. . E . .-



posrtlons glv1ng a mirmrimum 1n electrostatlc energy. He has__

v

also extensrvely studied the- bond geometrles of several
‘speC1es of hydrogen bond and uses thls to calculate the best
‘ posrtlon for probable hydrogen bonds (Baur, 1972)- These

;methods are qulte useful in compounds w1th few active
jl

//hydrogen atoms but are of little value 1n “our case. . Recently,’
k-Brown ‘and Shannon (1973) have shown that the ‘existence of a
hydrogen bond caq)be predlcted from the sum of bond—strengths--,
around oxygen atoms. ThlS 15 very useful when brfurcated
and trlfurcated bonds exist as 1t 1nd1cates the relatlve ;
iamount of bondlngﬁrecelved by. each of the acceptors.'

._Brown (1973) has extended this scheme for bond-strength

sums around fluorlne but as very few accurate H-F bonds ,

““have been reported has not yet refined an H-F bond—strength

.'curve.! It was hoped that with the two fluoroberyllate.
-structures, Ll(N2 5)peF4-and (N2 6-)BeFt4, an H-F. .

‘bondestrength.curve could now"béarefrnedﬁ

4 B -
3, '



CHAPTER I
DIFFRACTION THEORY AND ITS APPLICATION TO."

CRYSTAL STRUCTURE ANALYSIS

-

In thls chapter a hrlef outllne of the dlffractlon

_-processes in crystals wrll be given: along with a d15cusszon

 Of the methods of structure analysrs used in subsequent

- Diffraction by a Crfstal

’ of pornts in a crystal such that the atomic arrangement

_chapters. Attentlon wrll be drawn to the dlfferences and

relatlve merlts of x-ray and neutron dlffractlon, these w1ll'

“be exemplary, not exhaustlve, a .more thorough account of thls

‘and other aspects of crystallography is glven 1n .the many

texts avallable (e g. Stout & Jensen, 1968 Bacon, 1962-
Woolfson, 1961) ' '

-
S

. - ’ v
A crystal 1att1ce can be defined as a regular array

: around each p01nt is 1dentlcal. The fundamental translatlon

"-vectors, a, b and C, are such that if r' is the posrtlon

'vector of- a 1att1ce p01nt, then all other lattlce pornts,

r, are glven by-" o y o - ﬂ'\.
' r‘;-e r'-"'-i-.n a+n b + n,c (";g\;.l)r

—_— [

where,nl, n, and ng are 1ntegers._31f'g, Q-and,g‘are chosen
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_are said to be primitive. The~para11eh9p1ped formed by

. a, b and c is called the unit. cell Wthh is often, hut is

such that the volume a x b. C‘iS a minimem, then a, b'and c

s

i}

: lsot always, chosen to be prlmltlve,q' _:L. : -,.5 o -
‘ we W P - < .

Symmetry operatlons exast which en applled to the

r

= lattice leave it unaltered, The translatlon operators.

NG . . . . . 2

) i o . s L L
r.="n.a ¥+ n
- Ti= .
. N . ““ [l

. where a,, nz,and:nj.are integers, are oneﬂset of such’

T “ -

symmetry operators.. At each 1att1ce pornt there can exrst -

-

a number of other symmetry operatlons«whlch leave the atOmlc
5

arrangement unaltered- these define the lattlce p01nt group *”j,

and can 1nclude operatlons such’ as rotatlons, m;rrer planes,

1nversmons, screw rotatlons‘andﬂgllde planes. There are

"fourteen basrc klnds of lattlce (the Bravals lattlces) based

on . the seven dlstlnct crystal systems.r When these are

comblned w1th the 32 p05§lble lattlce pornt groups, one gets

‘ the 230 dxstlnct space grouPs (Internatlonal Tables for

 the crystal ;s given by: . ¥~,‘ - "j‘, a

' x—ray Crystallography, Vol I, 1952)

"0 K4

lefractlon of a beam of X—rays or neutrons by a

‘ficrystal occurs because the scattered radlatlon from the atoms

7l,of the crystal have a well-deflned phase dlfference and hence

llnterfere wrth each other. ‘The 1nc1dent beam can be

consrdereg,as a- plane wave, of wavevector k ([kl /A),-

and ﬁhe dlffracted beam, w1th wavevector k' far,out51de ‘

- 7 '

[

P ¢

r R

-
r
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e 11
. i . o - - - ‘ ¢ \_. _ ‘
h .I:‘ - ._1.-“:._.* . . ‘ - - 2']'[1 (k'—-k) r ) . . C.; . .
E + E(k'=k) = [p(mle - T Tap - . (2-3)
. “_r. . | ‘- - -- i . _.C_ry'Stal | . ,‘..‘ - . .. “,. “

.
>

P

o whege p(r) is the scatterlng den51ty at a p01nt r in the un1t

¥ o st T P

bl

ML =

cell ] We deflne the scatterlng vector s to be k'-k- N |
. . 5 - "/ . . . - . '
z ) k RERE ,,H
— >—

where 8 is called the Bragg angle._,,‘ | f'-;g_f
It can be shown that a dlffractlon peak w111 only R :‘_ 'gg

occur: when the scatterlng vector, s, 1s equal to a, rec:.procal

kattlce vector G def;ned by. R “-"j ff' 'f'i'f‘_. . ?*-g

S SempwmBrme T @)

L K o e : ’ V ‘. . -J. .- })’ )
fwhere'ml,_mz_and ﬁB afe’ integers and . - e

o b¥Xe . . gxac - axp ¢

A= - ., B= emee— C= o (2-5) :

- e 'E'EFE.' - ?EHEW_»-J: R
The vectors A, B and C are the'ba51s vectors of the set of B

i

%

rec1proca1 1att1ce p01nts {G}. The vector G is perpendlcular

, to lattlce planes 1n the real cell and 1ts magnxtude is

ﬂ
1nversely proportlonal to the 1nter-planer spacxng in the

?# real cell denoted by dhkzr Where hk£ are the Mlller 1nd1ces ;

of the plane.‘ Thus for elastlc scatterlng, |k| = |k'[, the

Al . T - - R A "\.
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magnitude of the scattering veCtor'is:i

-y

!
1o

2|k|sin®é

s - g
- Y oS
=zsino=1 .
:therefore_ D ,2dﬁk251n6 = A j'h - . (2-6) N

B

;‘whrch is Bragg s law.

\

The lntensxty of a dlffractlon peak (often called a

Bragg reflectlon) is glven by-' e e S : o

L | _ f _ . _ e _
I(G) = CAG)F(G).F (G) . ;o (2*7)
where C(G) is a constant 1nvolv1ng varlous known fundamental

quantltles whlch depend on the scattered radlatlon and the

scattérlng mechanlsm, F(G) is the amplltude of . the dlffracted

beam (the structure factor) and F (G) its complex conjugate
From.equatlon (2-3) and the dlffractlon condltlon

(k'-k = £ =G), g(g)'ls glven by:"

- 2TiG.r

n Fy@=jmyei‘?e‘“-f e
' f "ce11' | o
The scatterlng densxty of the cell is usually expressed 1n_: j@

terms of the 1nd1v1dua1 contrlbutlons of the atoms 1n the

cell. We deflne an atomlc form factor by.. -~

R S anG ri B R ;
5@ = Ip e~ tar, o (9).

o~
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) where p (r) 1s the scatterlng densmty of the th-atom at ‘rest
' at the orlgln.‘ Because of thermal motlon, the atoms are not

at rest and we deflne a temperature factor, T (G) (the

- +

Debye—Waller factor), to account for the dlfference between

'the scatterlng densrty at rest and that due to thermal motlon.

Varlous models of thermal motlon can be used the s1mplest
"b61ng 1sotrop1c harmonlc motlon where T (G) is glven by-.
. _8_" S I <__2 ! . N
T;(G) = e o - (2-10)
where'U is the mean square . amplltude of the v1bratlon. :The

"structure factor (2 8) can now be wrltten as._

N - ZﬂlG : . )
El@ = £ (9T, (G)e - ‘_‘? o {z-1)
‘ 1—1 o ‘ . o
where N is the number’ of atoms in the cell and rl is the
posrtlon of the 1th atom in the cell.
| We have now. expressed the 1ntens;§} of a Bragg |
rerlectlon I(G) 1n terms of. the atomlc pOSltlonS, the atomic
- form factors and the temperature factors. -In the next -
'sectlons ‘we shall develop the relatlonshlps between the :
'nfundamental scatterlng processes of x—rays and neutrons and

A

-ﬁhe atomic scatterlng factors.'n'-

N . — P '

‘X-ray Scattering
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scattered by.charged particles, Cla551cally, the fractlon

of the 1ncrdent radlatlon, IO’ scattered by a free charge 15'

glven by:
R 7 ' ’ ,’ . 2 ) | . | ' - V‘
I"' . Eg e2I 1+c05226 , g t2—12)
“scattered 4n) 270 : -

2

.where e and m are the charge and mass of the scatterer and
:28 is the scatterlng angle. The presence of the m2 term in
the denomlnatnor of equatlon (2 12) allows us- to neglect
-scatterlng by the nucleus and con51der only scatterlng by
atomlc electrons. The above expressxon is the Thomson

|)formula and accounts for the radlatlon emltted by an

N acceleratlng charge in the dr1v1ng fleld of the 1ncrdent-

‘-radlatlon. It 1nvolves no transfer of energy or mOmentum to

the charge, thus, the 1nc1dent and scattered radlatlon are of

'the same wavelength
In crystals where the electrons are bound to the

nuclel, the 1nten51ty of the coherent scatterlng, Ic, from a -
Tsxngle atom is glven by. K L I S : _g/;) _

,Ic --Iscatteredf'- ‘ . '(2‘13?_

) - ) : .
where f is the electronlc form. factor (cf equatlon 2- 9). For

- an atom, i, with n electrons the atomlc form factor, f (G), -
h_'can be expressed 1n terms of the 1nd1v1dua1 electron ane'

'“functions w, and equatlon (2-9) becomes*ul




- the Coulomb potentlal of the electrons or nucleus but is

-

'calculated by Hartree or Self Con51stent Fleld methods

scattered by the nuclear potentlal , The neutron does

15

n
f (G) = ¥
- §=

Iw Y.e dri'., . - (2-14)

l - 7 LT . } +
Thus, we have shown that the atomlc form factors,

f (G), 1nvolved in the structure factor expre531on, equatlon

{2 ll), can be calculated from the electron wave functlons

‘for the case of x—ray scatterlng. The values of f (G) can be
.(Cromer & Mann,_lQGB)

Neutron Scattering

The neutron, havlng zero charge, 1s not scattered by

)

'1nteract weakly w;th the electrons by way of their magnet1C'

,moments, but thls aspect of nentron scatterlng w111 not be

dlscuSSEd srnce 1t can. only be observed for unpazred electrons

[

'whlch were not present in this work : r s

@

In crystal structure analysrs, wavelengths of the

order of 13 -are used. at thls wavelength the scatterlng of

-.the neutrons by the nucleus is purely s wave, that lS, the o s o

'neutron wavelength is large compared w1th the nuclear 51ze"

parameter, Thls effect;ve hard sphere potent1a1 would

"suggest that the scatterlng should vary as Al/a, where A is

the atomlc mass number of the nucleus, but there are

resonance effects caused by both nuclear size and neutron

~capture excitation levels. The.slze resonance produces.ai



. _ - - ;9. ‘
16
:small change in the scatterlng cross~sect10n and the absorptlon
re- em1551on, v1a v1rtual energy levels, 1ntroduces large.
‘dev1at10ns from the hard sphere values., — l.
| The coherent scatterlng will also be affected by bothh
‘spln and 1sotope 1ncoherence.- If the Spln of the scatterer

is nonezero, then there are two spln states, I+%, avallable

for the compound nucleus, thelr probabllltles being:

cg= Ly ostate L B |
© - 2I+1 o
'-';h . e S _
T 1eg = - I-% state. ' o
2 '(2‘15)

K

As,the two states may have dlfferent ‘resonance levels and -
. ("\ . ‘O .
w1dths, the coherent scatterlng w111 be altered It 1s also

‘ev1dent that as dlfferent 1sotopes w1ll have dlfferent
scatterlng lengths,lthese must be summed aCCOIdlng to thelr
' 1sotop1c ahundances, Pn.

For a nucleus w1th a 31ngle resonance levelT E . of
IW1dth P the coherent scatterlng 1ength is’ glven by the |

- .

'fBrelt—ngner formula.

e
e

gPX I, /2(E -E ) igPX T /2T/2. o :t_" 1i N "
(€ ~E)%T%/q (5 -E) %417/

LGP X P-A I T
I r.n ;+% B 0 (2-16)
S LEUE sBpwin2 | T
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[

where r is the wrdth for neutron emrssron of the resonance

lrlevel E is the energy at whrch the measurement is made %’

~is the resonant wavelength d1v1ded by 2n and R is the mean |

nuclearJradrus. The summatron is over. ‘the varrous nuclides_

of the species. Thus at a partlcular'wavelength for a.

'.specrflc 1sotope, the coherent neutron scatterrng length can

be expressed as & complex number- a

;b._.;b-ﬁ-*b-.'-  em

'It should be pornted out that the b 's which take the place

\ Cor
of the f (G) s 1n the structure faétor, equatron (2-11),-a&§ ‘

'1ndependent of G and hence of the scatterlng angle. Figure

‘2-1 shows a- comparlson of the effectlve neutron and X-ray

scatt errng lengths as a functzon of srn e/x for two elements,

and Frgure 2 2 shows the dependence of the x-ray scatterlng

- length on A for two scatterrng angles and the non-systematlc

'behavrour of the- neutron scatterlng length wrth A.

—_———

The decrease in the X—ray atomrc form factor wrth

'scattefing angle arises because the X-ray wavelength rs of

'~“the same order as the spatral extent of the electrons and

rlrnterference occur between scatterlng frcm~d;fferent parts

- of the atom._ The neutron wavelength is very long compared '

gwlth the nudlear radlr 50 that the nucleus can be consrdered

: as a pornt scatterer.‘




Figure;g41;' : B . o N
._A comparison of the X-ray and neutron scattéring'iengﬁhs_i -

as a function of scattéring angle. o T

[x3
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‘ﬂFigure 2-2.

,Thé'depéndence:of thé.scatteriné‘léngtﬁs on atomic_number.'
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The non~systemat1c varratlon of the neutron scatterlng o
1ength with A can be of advantage in locatlng llght 1ements
in crystal structures and for dlstlngulshlng between atoms.
of adjacent atomlc number but for nost puﬁposes, X-rays remaln
the pre‘1;red radlatlon because of the avallablllty of

‘1nexpen51ve_hlgh tlux Xfrayssources. o : o ' S .

w

.'-.Crystal Structure Determlnatlon

. transform, to the atomlc p051t10ns in- the unit cell

.c

It was stated at the. beglnnlng of thls chapter that
a crystal lattlce whose lattice spac1ngs ‘are comparable.
‘to the wavelength of an X-ray or: neutron beam, w111 form a
_dlffractlon pattern whose 1ntensrt1es, {I(G)}. can be‘

measured ‘ It was also stated that the amplltude and phase

of the structure factors are related by thelr Fourler

‘(cf. equatlons 2 9 and 2- ll) It 1s also clear from.
, equatlon (2-7) that as we measure the 1ntens1t1es, {I(G)P
‘we can_only obtarn the magnltudes of F(G) since:

I(t_;) « F(G) .F_*(g) = lE@12 (2-18)

and the phase 1nformat10n is lost.- Thus it‘is impossible to E

r

. ‘obtaln the atomlc p051t10ns drrectly from the 1nten51t1es,

thlS is ca{ieg:§he phase problem 1n crystallography.__ f" A -
One method of overcomlng thls problem was suggested
‘by7Patterson,(1934),‘ He. showed that the convolutlon of the {

' soattering density, P(g), (the Patterson functlon) was



oy

: serles H
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indepepdent of the phases. ThefPatterson functionmi§y- T
defined as: - S
Pu) = Vjp(r)p (r+ufdr.» . (2-19)
S cell o :

T

The scatterlng denslty, p(r), is perlodlc w1th a volume

interval of the unlt cell and can be wrltten as a Fourrer .

-

- Substituting fer p(g) in equation'(2fi9) we haﬁe;'

o - 1 cell . | -21iG.x . =27iG'.x -2 __;g i
P{u) = 7 JE z F(G)e .F(G )e : e - ) dar .
- nleeT T o SN - |
. ‘='7 IF(G).F(-G)e '
t . e~ - - -
ti - 2 2miG.u R -
=5 T E@le . SRR C o
all G I s e 5

;All the quantltles in the R H.S. of equatlon (2-21) are

7

-measurable,.and the functlon P(u) w1ll have peaks .at all“pOLnts
u ‘where the vectors u correspond to 1nteratom1c vectors :Ln-'3

_ the. crystal Furthermore, the value. of P at such a peak

will be proport10na1 to the product of the- scatterlng

':factors ofythe two atoms‘ If_there are N atoms-ln.the_unit

—




cell, the Patterson functlon w1ll 1n general have N2 peaks'"V '77

N of whlch are superposed at the orlgln and so 1t 1s usual

o L]

to locate only those 1nteratom1c vectors between heau;/' - '
o ’ I .

scatterers. Sometlmes when all the atoms are approx1mately

the same 512e, 1t lS not p0551b1e to locate any vectors w1th

certalntykbecause of the hlgh amount of overlap.

Q L

_rlhe*peaks of the Patterson functlon are 1ntr1n51cally
- much'broader than those of the scatterlng den51ty functron,:_

~bthis- accentuates "the- problem of overlapplng of peaks and to"‘ <

| _avord thls, the Patterson is sharpened and the 1arge'a

superp051tlon of peaks at the orlgln remoued To sharpen
the Patterson, the structure factors are multlplled by a

"1factor‘wh1ch changes,the\dlffractlon.pattern todthatQ o 7?rd

:exﬁéétEdﬂfromha.set"Of'point;scatterersi -

.' 3_—]_ L -

) - | z f (0) . .
- ’ : - ' _. ’ ; J‘“l_ - ] o - o-.

where Z lS the atomlc number and U is the overall temperature
| factor. True pomnt scatterers w1th no spat1a1 extent~would

requlre an 1nf1n1te number of data, and use of the llmated

-,

set of measurable 1nten51t1es can cause the peaks to be o e

) surrounded by large rlpples, and 1n practlce U 1s chosen
" such that a compromlse is- obtalned’between the broad overlapplng_g__h

peaks and*the occurrence of large rlpples.ﬁ The large qugln

. B
= -'-_; S C- ) ) o - . -t - .0
- . o, . . . . - -

.

B |
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- peak 1sgremoved‘u51ng:’%,rsfft -
- ; - A ‘_U(sine N' o S
o L I = F(GJ A e (G) Co(2e23)
L . : P L — l b o]
'4’_ ’ ’ ’ i .‘ ot l 1 S .
h If a trlal structure is not- known.or cannot be 7""5 ~

. R 0,
Qb
- obtained from the Patterson functron,‘lt 15\99581ble to

.obtaln a set of trlal phases, and hence a trlal structure, e

.ifrom the 1nten51t1es alone.; The methods for determlnlng the _

' phases of a Bragg reflectlon in terms of 1ts 1nten51ty and

those of the other reflectlons are known as dlrect“methods."

o -

- In direct methods 1t is assumed,that the tdtal
hy

:scatterlng den51ty is the sum of the contrlbutlons from

-separate atomlc densrty dlstrlbutlons and that 1t is always f.ﬁ-r

-positlve. The latter assumptloﬁ'ls not always true ln neutron

hY

Qt,; 'dlffractlon. oIf these condltlons are true, 1t has been shownn .

@

(Sayre, 1952) that the structure factor, F(G), lS related to )

the.‘'sum of a11°product palrs of structure factors,

"F(G ) F(G"), where G! +G“‘" G..

F C Q‘“.“ S E'(f{) K(G) z F(Gl) E(G") - S (2-24) F
m_‘- . T .. S all G +G"—G . o | -

'where K(G) .is a scallng term._ If weAlimitaourselves tor'

g

‘jorystals whose space groups are centrb—symmetrlc, that 15,

»

:the phase factdr of a reflectlon is. elther +1¥or -1, we - can

‘?seefthatalf IF(G)l is large then the terms ?f the serles must

| be'elther mostly p051t1ve or mostly pegatlve. Thus, 1f a ’_3;,7;",

7
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o o
partlcular product palr has large F's, then the signs, S, of

|
the reflectlons are ‘given by the relatlon-

f z L STE(E) TN S(E(E') WS (EEM).
- ’ gs(;‘_(g)').s(_k:‘(g'n.smc").) VAL @m28)
P ‘ - LT S ‘- ) '
» : -~ o

where v 1nd1catef probably equal to.

77 In. h—ray scatterlng the sharp fall off in 1nten51t1esl
with scatterlng‘angle precludes us from extractlug-rnﬁcrmatlon e
from any reflectlons but those, at 1ow angles; To cvercome

. thls, 1nstead of u51ng the structure factors, F, unltary

!

. structure factors, u, or normallzed structure factors, E, are -

'used;_these.are defined as follows:.

~*
o —901nt(G) ‘ ‘.‘ : =
T ;
L fg@_) | R
h | ' - =U (sin | A k
b e ) Zf(O) (2-26) -
R . S S, '
- o _ - E‘ _ |
thhe {U(G)} have the same phase as the {F( )} and OGIU(G)|<1 - ¥
‘-E @:' g@‘.g(g)- _’
e L f, (6 - (2-27)
Ji=1 % , - -

LI
g
— .
= T

where € is an integer which reduggs'all'classes‘cf"Bragg
. . " ~ {f -., . ) : .. .



reflections to the same basis. The distribution of the E

‘ Values is'theoretically independent'of the size,'shape or -
contents of the unit cell but takes a. dlfferent form for a

non—centro-symmetrlc space group. - ‘

By deflnlng an orlgln for the unlt cell the phases

of three reflectlons are flxed and these are used to generate
nia set of probable phases using equatlon (2 25) The - _f
probabllltles of the correctness of these phases is tested
by using: |
SE(Q)) ~ I SEE))ISEE) % (2-28)

~all G'+G"=G -

_ and?are'given by;

N

o, : L .

L

P, (U(E) = 2+ %tanh'[-—% lu@| £ uh.uem| .
- o | 92 . all G'+G"=G | ‘
- | T (2-29)
L -)N‘. 3N 5 N\ H@
where g3 =ik Ry » Oy = Iny” andn ‘,‘ﬁ*““" . o -

Usually not only the-probabllltles are calculated but also

the occurrence of any lncon51stent phases wlthln the trlal

'set is noted;

N - A ‘ | RN
T With the- Patterson method the p051t10ns of the heavy -

scatterers are 'dete -“hed, and a set of calculated structure

R factors, {Ec}, u51ng:these atoms can be_computed; _The phases



-

'of the F_'s can be used with the observed magnltudes, {F }

-to calculate the scatterlng den31ty from Whlch the other atoms

can be located In direct methods a llmlted set of trlal

- phases is determlned whlch enable us t0'conpute a-scatterlng 4

"”value for all the atomlc positions and. temperature factors.

'

. ‘density map u51ng a subset. of the observed structure factors

- and. thus locate the atoms.'

tx

Refinement of the Structure
Once'we have determined the position of the.heavy_'
scatterers by either,of_the_above'methods}'itris then

necessary toiloCate'the remaining atoms and find’the.best

T3

~

This process is. called reflnement. _

| The llghtpscatterers can be located by u51ng ‘a
dlfference synthesis, Ap(r), where the phase factors, ¢(G),
calculated from the heavy scatterers are used wrth the |

dlfference Ain- magnltudes of the observed and calculated

/

Structure.factors;__l T },. S o ‘/kif

-

S2iiG.r  (2-30)

Cdplx) = (IF (GDI—IF (G)l)¢(e) .

- T
IfDH*

' Here we hate'subtracted'the contribution to the sbattering

densrty of the heavy scatterer, and the peaks corresPond to

.those atoms not located.~

To . test the correctness of the deé&ced atomlc L

: parameters, it 1s usual to _compare th‘ calc' ated and
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~observed structure factors. This;is\doﬁe by;computing'a;

residual'ihdex AR factor):

- S L LN e LR

. g o E a3

Thus as.the modelAparaﬁetets:areuimproved the value of R‘is
hfreduced., If some of the observatlons are khown with. greater -
: certalnty than othérs, it is usual to 1ntroduce a welghtlng
" scheme, {w(g)l, which gives a greater weight to the better

known reflect;cns, Thus we deflne a welghted re51dual 1ndex-

z w“FéI{-ch.Ijz

.{ _ | Rw‘= - :[2 o ..' ' fh . ;2_32)

.'The'wéights;-{w(gjj,.are.equal td:thewihverse-squa;e-of:the
-estimated stahdardrdeviation:offthe observatiehs,_{oigjf.

| Havihg feundfa set eflatomic parameters whi;h“giveSV?
a reasoaabie“agreement between the obsetﬁed.ahd calcuiateda
stricture factors, it 1s usual to obtaln the best set of
'ljparameters by the method of least—squares. That 1s, we
attempt to flnd a set of parameters, {p }. which glves values
of F (G, {p }) such that the function:

D=2 w@UF,@|-|F (G pg D" (2-33)

[q}




will be a minimum. If a better set of p; exist, say

. . _ 7 . - ~
then we have to find the set of-ﬁpi]where:

, B Pi+épi -
Aésuming-that:
AF (Q) _ |“§‘O(§_):.[—l§_c(_§, '{-p_.i})l
 and th#t{thetéi &rea;lsméil?vthen:f
IE(G) .

— Ap.*

AF(E) = I
=

&
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{p }.

C(2-34)

(2-35)

- (2-36)

and itlcan be shown (Hamilton, 1964) thét'if we have'many

_more‘observations, {F (G)} than-paraﬁeters,'{pi}, then the

set of n parameters, whlch will mlnlmlse ‘the fﬁnction D of

equatlon (2-33}, 1s glven by the solutlon of the n

'1ndependent normal equatlon

n
L. b Ap

. . j=1l....m
1-1 13771 %3 -

T

(2-37)

.where-there are‘m'observations3and aj_and bij are given by:

_ (3E (G). '
aj = I w(G [ ]AF(G)
& 9Py -
and - h o S e -
__ 3F (G)y (3E(G)
by -1 vie [ (B
- 1) : :

(2-38)




“To make the normal eduations (2-3?) linear ih'dp and' hence
solvable, we expanded_the structure factor as a Taylor series :5r
‘and neglected all powers of Ap hlgher than the flrst
(equatlon.z—Bo).- ThlS approxlmatlon is good as long'as the
1{Ap } are- small, although 1t may now take several cycles of

the least—squares process to achleve the best set of p

We can'also.obtaln the estlmated standard dev1at10n,t'

;{0(p")} from the dlagonal elements of the’ 1nverse of the

matrix formed. from the elements ‘b. 3' or more 51mply, the

-condltlonal estlmated standard devratlon glven by-—_

- {aF (G) e
2,00y 2 p-1 . | =2 ; -
(pil =b. ;= w(g_)[ S } 1. (2-39)

Thus;_the ﬁethod of least—squaresI?rovides,usvwlth
not only the best aet of parametere but armeasdre:of‘the
.reliahilitf of these and; consequently,,is Qidely used;tor“:
cryatallographio refinement,. |  . S ) ff .

' Corrections to the Observed Intensities

_‘Whatjwe-measdre in X-ray ahd,neutron_crystallographyrh
is that fraction of thé’énérgé. E(Gl; scattered ihto'a oouhterA
‘jas the crystal, whlcn is bathed in a unlform 1nc1dent beam of

'1nten51ty I |

0’ 1s rotated at a unlform angular velocrty W

ThlS is related to the 1ntegrated 1nten31ty J(G) by.



30

3G = —— . (240

To obtaln the structure factors from the 1ntegrated 1nten51t1es,
it as‘necessary to make a number of correctlons for exper1menta1
effects, the most 1mportant of these are dlscussed below,

. L :

a) Absorptlon‘

. The prln01pal attenuatlon of the X-ray beam is the_
excitatlon of eléctrons to higher energyclevels w1th1n_the'“
atom. -Thelenergy'lost from.the'beam by.this'probess is

greater than that from scatterlng, espec1ally for heavy

atoms, 51nce the cross- sectlon for this process 1ncreases
w1th atomlc number. With neutrons, absorptlon is not
~genera11y as large as the cross-sectlon for the absorptlon,
'processes; radlatlve capture, f1551on,7(n T) reactlohs, do
not domlnate over the scatterlng cross~sectlon. The

-absorptlon, A(G), for elther radlatlon 1s calculated by._'

' ‘, -u(p+q) . Co
A(G) Je dr . (2-41)

lcryStal f
hwhere P and q are the 1nc1dent and dlffracted path lengths
~and ¥ is the 11near absorptlon coeff1c1ent for the partlcular

,radlatlon used ' In ouxr work, the llnear absorptlon coeff1c1ents

o

'were so small that the effect of absorptlon was negllglble.
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'b)'Extinction

Extinctlon is the attenuatlon of the incident beam by
scattering. A normal crystal can be considered to consrst of a
. 'large number,of small,.perfect_crystallrtes all allgned w1th1n |

' a small angle to each othelr;‘ this smalzl'spread of angles is
called theqmosaic spread. Attenuation within the perfect :
crystallrte is termed‘prrmary extlnctlon,_and the reduced
scatterlng due to the attenuated beam at another crystallrte
further into the crystal, and perfectly alrgned wrth the
former, is termed secondary extrnctron.- The correctlcn for';

extlnctlon effects used in subsequent chapters was suggested

by Larson(1967) where corrected values of the calculated

. structure factor are given by-
g e =.KF'(‘I1‘+gB"(2e)'F'72)-"";’ R )
R - T gt ERIT e T - . o

,where K is a scale constant, g 18 ‘a varlable parameter in the
least-squares reflnement and 8(28) 18 a calculable angular

;;functron. o ,-f J. S o ‘_- ' o _.&__‘ . o
Extrnctlon is usually more of a problem 1n neutron_

'diffractron as -large crystals have to be used to overccme

the slow countlng rates resultlng from the low 1ncxdent flux.-

c) Geometrlcal CorrectionS‘

'L" There are two correctlons wh;ch ‘may have to be-.

_applied that depend upon the geometry of the experlment.{ . rlff_”



p051t10n. The second, whlch only applles t0'
is the.polarlsatlon of the x—ray beam by Bragg reflection;‘
‘Both these effects can be. corrected for by means of 51mple

analytlcal expre551ons, nanely-

_Lorentz. For an Eulerian cradle diffractometer L

in the equatorlal settlng, the lntegrated 1nten51t1es are
A

’

'multlplled by L } where L is given by:

IEeemw o o (243

—_—

iid Polarlsatlon. The polarlsatlon correctlon is

1ndcpendent of the method of data collection” (but is only

applled‘for X—rays), and the integrated lntensltles are'

multiplied by P?} where P is given by: -

2 '_l . “‘ " ‘r
P = 1+cos 25“._ - _ (2-44)
““‘?;f“‘”_ : o :

In. the preV1ous sectlons we have shown that

,/ .._t

'dlffractlon of both x~rays and neutrons w111 occur rn'_H
':crystals, and that from the lntenSLty of the dlffractlon
peaks 1t is p0551b1e to’ obtaln a model of the crystal structure

in terms of the atomlc p051t10na1 parameters and temperature

| a factors. In the next chapter a short rév;ew of the methods

of measurlng the 1nten51t1es w111 be glven along w1th a
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detalled dlscu551on of the neutron da.ffractometer whlch

- was des_Lgned and constructed by us at McMaster Unlvers:Lty.
e BN
N
[ . . o ‘ v E
. ) i
v o, . -



'.pthe former belng llmlted to X-~ray dlffractlon.

| CHAPTER III R .
METHODS OF INTENSITY MEASUREMENT AND A DLSCRIPTION OF

: THE MCMASTER NEUTRON DIFFRACTOMETER

In crystal structure ana1y51s, 1t 1s necessary to be . o
able to measure the 1nten51ty of a 1arge number of Bragg
ﬁqreflectlons on a srngle crystal sample. There are two main.

methods of d01ng thls.' fllm methods and dlffractometer methods,.

X-ray Methods.'

xﬂrays are generated by bombardlng a target material,
mhlch in our case was either copper or;molybdenum, w1th
_ electrons. The emltted Xﬂray spectrum has several characterlstlc
lines, and one of these (Ka) is: selécted elther by u51ng

»

a sultable filter or by Bragg reflectlng a colllmated beam _

'.1'w1th a 51ngle crystal set at the approprlate Bragg angle.

The angular dlvergence,and cross-sectlon of the beam are

_ governed by an’ ex1t colllmator.

| | Wlth fllm technlques the sample crystal bathed in thel
_the - X-ray beam, and a photographlc film are moved in such a’
manner that the dlffractlon peaks are 1nd1v1dually recorded-

fon the fllm, the amount of blackenlng of the fllm helng

"proportlonal to the lnten51ty of the peak The two main types

-5,(..0 ’ _ o EE . 7

| ¢ e .
o SRR ,f\"' o
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of X-ray cameras used in crystal structure analy51s are’
the Welssenberg camera and the Buerger Prece351on camera,-
both produce ‘a photograph of the lattlce points of a - L -0

partlcular reC1procal lattice plane.‘ I

[}

For the measurement of X-ray 1nten81t1es, dlffractometers
have recently supplanted film methods. A dlffractometer
. con51sts of.a gonlostat whlch can rotate the crystaliso‘that'-
\\ 'a partlcular re01procal 1att1ce vector is in the dlffractlng
p051tlon and also rotate an X—ray detector to‘measure the.
1nten51ty of the dlffractlon peak. The dlffractometers used -
1n thls work ‘were both of the four—c1rcle type, a three—c1rcle -

- .
' Eulerlan cradle gonlostat w1th a fourth 01rcle carrylng ‘a

detector in the normalﬁbeam equatorlal g\bqetry, thlS lS
schematlcaliy lllustrated in . Flgure 3-1. Although each -
dlffractlon peak is observed 1nd1v1dually, the exposure tlmes
: can be extremely short as the X-ray detector eff1c1ency 1s.
',_ very hlgh. In our case the: X-ray dlffractometer, a Syntex,
was controlled by an on-llne computer to make: eff1c1ent use

of the hlgh countlng rates..; g - < S _

Neutron‘Diffraction ' A o e e

lefractometers are- unlversally used 1n neutron
drffractlon, they are qulte 51m11ar to X-ray dlffractometers, 4f~.

dlfferlng only ln the radlatlon source and the type of
detector. o - SR R _ ]
The core of a nuclear reactor is the source of neutr0ns

” . “

hu

(‘ 11:.1
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Wthh when in equlllbrlum wrth the reactor moderator have a

Maxwelllan spectrum. For a moderator temperature of 293 K,'
™~ - .
7\ the peak neutron flﬁx is at a wavelengthfof 1.14 ﬂ A white

beam of neutrons from the core passes through the reactor s .
b1010g1ca1 Shleld 1n a beam tube whlch forms the prlmary

colllmator. A monochromatlc beam is' produced by Bragg

f

reflectlon of the whlte beam from a 31ngle crystal |

monochromatore The monochromator selects a 51ng1e wavelength
1,

at a partlcular angle deflned by a. second colllmatlng beam

tube The angular drvergence of the be?m and 1ts small '
res
wavelength spread depend upon the mosarc spregd of the

;J{crystal monochromator and the angular acceptance of the two

collimators. A diagram of,the experlmental-arrangement used

at beam port 6 of'the McMaster nublear reactor-is Shown in_:'

.fFlgure 3-2. ; The crystal monochromator 1n thlS case was a-

"s1ng1e alumlnrum crystal s‘t in the transm1551on geometry R
’ AN

for Bragg® reflectlon from th (220) plane, the Bragg angle

_‘ belng 21.8° and the wavelength being 1.062 R

' The neutron flux available at the sample is oﬁ}the "

6, -2 -1 .

J_order of X0 neutrons cm s Wthh is several orders of

magnltude 1ess than that of a typlcal x—ray beam il
(--101o x—ray quanta cm s 1), thus, larger cross—sectlon
.",beams and large samples are used in neutronri?ffractlon. lt_

is, essent1a1 to have as eff1c1ent a detecto s p0551b1e and

LY /

. jthe Hellumr3 type, whose efflclenc1es can-be very high,.

is now W1de1y used- even so,’the rate of observxng the s

e

. . .
N . . e



'Figﬁre 3-2,
The exper1menta1 conflguratlon of the neutron
‘dlffractometer at beameport #6 of the McMaster

nuclear reactor.
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dlffractlon peaks 1s con51derably slower than w1th an X-ray
dlffractometer. o

A detailed description of the neutron diffractometer
designed and built by;us_at'McMaster will be given in the

~ next section.. R L _ S

The McMaster Neutron Diffractometer

~h Thls neutron dlffractometer 1s a four-c1rcle | *

equatorlal geometry in trument (cf Flgure 3- l), and in its
de51gn.there were seyéral crlterla Wthh had to be met. .
I The cost wds not to exceed $15 000 and in‘fact, the

':flnal cost has~approx1mately $ll DOO.f It would have to'be

‘ both compact and portable as the crystallography group dld
-not have‘the exclu51ve use of-a-beam port‘at the reactor,_ p,:
and not only was the space 11m1ted at the shared beam ports, R
_but the dlffractometer had to be able to be used at any of ,_‘ -
thesepbeam porté; The need to run.thE‘drffractometer 24lhours
‘a_dayfmade eomeiform_of automatic control esSential,and,fas“a
1ar§e'number‘of'measurements-would he~made,eit‘was necessary -

~'that the ouput format be compatlble w1th the unlver51ty ' o f"
'-computlng centre s CDC 6400 computer. ‘

The cost crlterlon ruled out the use of a small o o

dlgltal computer to control the dlffractometer as it would

_have added a further $7 000 to the cost, 1nstead, a hard—w1r d

l,loglc controller Wthh cost $l 000 was de51gned. Cost a
-~ X .
-made the use of a commercxal four—c;rcle gonrostat 1mposszb1e,



' the useithroughout of solld statp Electronlcs_and by_u51ng
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v . I

and a much cheaper one. was bullt by ourselves (Plate 3—1)

All commer01al dlffractometer gonlostats are prlmarlly

-designed for X*ray dlffractlon wthh uses very narrow. beams

bﬂand small crystals, thls requlres thelr mechan1cal tolerances
‘to bervery small - Such precision is not requlred Wlth

" neutron dlffractlon, and our low cost gonlostat has been

hlghly successful. The ChOlce, on the basis of cost, of . ‘:. -

paper tape as.a_coatrol and output medlum'was uot'as

successful. . At'the time the diffractometer;was desiéned

it was understood that. the CDC 64001computer would be capable

',bothuof produclng punched paper control tapes and readlng the

Houtput—tapes. In éact, after a con51derab1e-delay only a

'"ipaper tape reader was 1nstalled. This meant ‘that the control

’ tapes have to be punched on another computer, a satuatlon
-,whlch*ls somewhat tedlous. ~Also, most of'the dlffractometer's”a
breakdowns have occurred in the 1nput/output Teletype,

| although it is only falr to comment that the Teletype is. by

' far the cheapest such dev1ce avallable, costlng about $900.

To make the dlffractometer as compact and portable as
possible, a modular form of coustructlon was used.k The three
‘mainhsections'(Plate 3—2)';ré stacked on top of ohe another,u
the lowest sectlon haV1ng castors for easy movement.- lhe
_ dlffractometer has been used at two of the reactor s 51x beamw
’fports (#5 and #6), and no major problems were encountered 1n

the move between éhese ports._ The de51gn was kept compact by o

i -

“‘
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The'foqrécixcle'goniosfat:df-the3negtron'diffréctémeter.
,A; X ﬁOtor;. | | |
B. ¢ motor.

d. 26 mbto;.

‘D;. w motﬁr:'

E. "X circle,’.
F,"-é’circl;;

6. 20 circle.

®

H. w circle.

3,  He3 detector pre-amplifiér-
u B M :

K. He> detector and its shielding.

L. Fiséion.chamber pre*;mpiifiei._" |
: ﬁ;i Goniometer head. . .- -j?; 5; g_I~
_ ﬁ. ‘Sample crystai; 5 e 'flf T '."' 1 .- | - | | _',“d

0. Motor stepper and power supply. . *

S






A general view‘of'thé neutron_diffractometér.'

A.
.B.

S C.

1

Plate 3-2.

Control electronics.

_Detector'amplifiers;

Ratemeter.

. Pre-set, scaler. - -

- Data scanner.

Beam stop.

..l -
Goniostat. -
° _‘-‘-—._‘. ' -

_ Teletype.

Motor sléwingland jogging

1Highﬁvbltage power'suppiies.*

' Tape reader (Teletype). -

controls;
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é Helium-3 (3He) counter rather than the then cOnventional‘,
Boron trifluoride. ( BF ) counter whlch requlres a large
amount of shielding. |
- The overall performance of the dlftractometer.has
been very good, although experlence has shown that a
different method of control tape 1nput would have been

advrsable. A detalled descrlptlon of the de51gn is given

in the next sectlons.

The Mechanlcal Design:

‘The frame of the dlffractometer is made up of three
Sections. .an - 1nterchangeable base sectlon, a centre sectlon
_contalnlng the gonlostat and a top sectlon hou51ng the control
.loglc and countlng electronlcs. All three sectlons can be
separated from one another. The base sectlon can be replaced
by one of a dlfferent size uf the helght of the gonlostat has
to be changed and 1t is fltted with castors for portablllty

-and 3acks for levelllng.

>

The gonlostat 1s mounted on an 1nverted U sectlon
steel glrder in the centre sectlon of the frame. The glrder t'
and its assoc1ated structure whlle belng rather heavy
(approxlmately 30 kg) provrde adequate stlffness to malntaln
. the gonlostat in correct*allgnment and-prOV1de support for.thel-
' dr1v1ng motors, llmlt sw1tches and anc1llary electr1cal .
equlpment.' On the mountlng feet of the glrder, adjustment |

is provided for lateral movement of the glrder w1th respect




rJ

to the frame;ﬂthis in conjunction ulthlthe_jaCks‘provides ‘|
full three-dimensional adjustment. : .
t%o nine—lnch Troyke'engineering'rotary-ﬁables o :' ':',

\
mounted«coaxrally on the glrder, one ‘above the ‘other, form .

, the basrs of the w and 28 c1rcles of the gonlostat. Thesep
tables are readlly avallable at low cost; théy also have the
necessary settlng accuracy (w1th1n 1' over 360 rotation of

 the. table) The upper table (28) has an alumlnlum bracket '
thdlng thetdetector tube, 1ts shleldlng and the. detector
pre-ampllfler, the bracket has prov151on for small

adjustment (+ 2.5 cm) of both helght and of the radlus at

P

which thefcounter is 51tuated. A nomlnal sample to detector

radrus of 28 cm lS used Wthh Wlth al cm2 ape ture at the

detector glves an adequate angular acoeptance A p?roxlmately _
{
2° )'wlth all modes of scannlng. ' shaft passing through the

'- centre hole of the 28 table is attached at 1ts lower end to
-5‘;

the W table by méans of a tapered shank and plate, this allows

v

_';;jit to berremoved and recentred-lf requlred. Attached to the
A“; top end of the shaft is a lO cm dlameter'dlsk onto whlch an |
. Electronlcs and Alloys s X and ¢ 01rc1es are bolted SR S
The motors drlvrng the 26 and w c1rcles are Slo—Syn
stepplng motors of 45 oz- in torque rating, each step belng 5
which, dr1v1ng through ‘the 90: l worm reductlon gear of the
E tables, results in a rotatlon of 1/18 per step about these

L] . -

axes. The x and ¢ motors whlch are similar to the ] and w

motors, but Wlth a reduced torque ratlng of 25 o: -in: are



. bracket whlch can be bolted onto either 51de of the. frame S0

mounted on their respecti3e circles. They drive-through
.gear trains resultlng in thetsame degree of rotatlon per
step as those of w and 20. A motor is made toistep by
applying an electrlcal pulse to a translator board
(manufactured by - Slo—Syn) consmstlng of an electronlc sw1tch
-.tall rlng counter provrdlng a serles of pulses which drlve
he motor through one step.' These translator cards,'one for -
A each motor, are mounted on a motor power supply cha551s Wthh“
”-also has c1rcu1try for slewrng and jogglng the motors durlng
_settlng—up'procedures. This cha551s is bolted to the centre

sectlon frame.x

:t‘. : A flSSlon counter used for monltorlng the 1nc1dent
+ beam and its assocrated pre-ampllfler are mounted on a .

that 1nc1dent neutron beams in either dlrectlon can be used.
The- countlng and control electronlgs\gre mounted in the top j'
'sectlon of the frame Whlch may . be removed and placed awaj

from the gonlostat so that cryostats, etc., can be mounted

C . - 7
.around_the sample. = ' I ,//
. . . . Lt . . .‘/A ‘_ -...\ ‘. ‘
Detectlon and Countlng Electronics ) | ' R
. a ‘ : e
A beam monltor counter lS used to control the

. diffraCted beam counter. ThlS s, an A E.C. L.‘type 5 flSSlon
235

counter on loan ‘from A.E.C. L.. It contalns f1551onab1e - :U ‘;d
'}1n the form of uranlum ox1de (90% 235U) coated on a central _ .g'

-

25 mm dlameter portlon of the two 0.5 mm thlck alumlnlum



wa.ndows.c The output slgnal 15 ampllfled by ‘a Canberra
"Industrles {C.1.) type 805 pre- ampllfler and a type 816

ampllfler, blas voltage for the detector is prov1ded by a.

—_— 3

‘ Hewlett—PacLard GSlGA hlgh voltage power supply. ZA _.5~f. - . @

Texas—Nuclear“Texllum Hellum—3 detectorptbbe is used for. tn//// o
dlffracted beam‘/“tector. Thls detector contalns 3He at

four’ atmospheres pressure and krypton, for quenchlng, at one

_atmosphere.: The blas supply, pre ampllfler and ampllfler are

| the same as’ for the monltor counter.‘

t

The ampllfler output -of the 3He counter feedSyboth‘ ' . o

T

llnear ratemeter (C.I. type 1480) and a prlntlng scaler'- o o :
(C I. type 1473}. Output of the flSSlon counter ampllfler
feeds a prlntlng tlmer/scaler (C 1. type 1492L The latter
lmodule operates ln its master modeoslav1ng the 1473 scaler.,h

The scalers are scanned by a data scannér (C I type 1488)

"

whlch prlnts out the contents of hoth scalers on a modlfled

L

"model A S R." 33 Teletype._

“

' The Canberra electronlcs unlts are'mounted in a
"standard b1n and power supply unlt (C I type 1400), the two -

'Hewlett—Packard hlgh voltage power supplles belng mounted

L) A

: dlrectlx.above this unlt in the top frame sectlon. A block - o

dlagram of the countlng electronlcs ?nd the control electronics

is in Flgure 3- 3. e '_,j“3, A
Y . . . L, T ry : ’

. V. . ) - - o..
n . P . :

Control Electronlcsé o l S :l.!;‘e}'

Ihe control instructions are read ‘from punched paper

a
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tape on the tape reader of the teletype. ' The output'data is
wrltten on punched tape and the page prlnter of the same_
teletype Wthh is used in the duplex mode (ct. Flgure 3~ 3). {f
Characters are read from the input tape, and each
‘character when decoded moves one of the motors one step,,
jelther forward or backward ¢ Or, at the end of a: sequence of
motor moves will start the count cycle. When the count- cycle..
'Starts, the reader is automatlcally sw1tched off, and the
teletype is left ready to print the results accumulated by
the data scanner. After prlntrnd/the results of the count '
Eycle, the teletype automatlcally starts to read the 1nput

'tape agaln, thls proceSs contlnues until the end of the tape

is reached where the tape sensor on the teletype sw1tches the

b ’-\.,»-- >
-

Foeow

——tr

'3ystem off._ ) - N _f,ﬁ

~_=T-' The reader output srgnal is electro—mechanlcally

converted from parallel to serlal format wrthln the teletype. .

'Thls serlal cutput is decoded by a hard—wrred logrc unlt
9'

Wthh lS bullt up with Dlgltal Equlpment Corporatlon S

i

fllp—chlp nodules. The loglc unlt electronlcallyrreconverts
the ser1a1 srgnal to parallel format and then decodeshlt from.
a five-bit binary form to a 32 valued deqlmal form._ Only

nine of the possrble 32 bﬁnary characters are used these 0o
‘correspond to forward and re@erse of each motor and the start
of the count cycle srgnal (Table 3—1).“ The electronrc control
for gating the teletype readLr and printer is also bullt of

.fllp-chrp modules and is mounted on the same panel.
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The Scan Control Paper Tape 74#

From the cell dimensions, lattice type,_principal

axes orientation and waverength, the settlng angles of the

four circles‘for the Bragg reflectlons are calculated._ This

is done usrng the programme DIFSET of the XRAY 71 programme

library. The programme DIFPCH is used to punch out a set of

\gards,'one for each reflectlon, contalnlng the Mlller 1nd1ces

ano the settlng angles.‘ A group of about 20 of these cards

is chosen and ‘using the FORTRAN programme MACDIF the

sequence of commands needed to set the angles on the gonlostat '

‘and to scan . the reflectlons is wrltten oh a magnetrc tape.‘
e @
This tape is read by elther ‘the PDP -9 or PDP 15 computer in.

?the Tandem Van de Graaff Accelerator Laboratory usrng the

MACRO programme ASTIG, and the commands are punched out on a-

paper tape which can be read by the dlffractometer Teletype."

jThe conver51on fron cards to paper tape via. magnetlc tape is

.necessary as the Unrversrty Computrng Centre s €DC 6400

computer does not have a paper tape punch and magnetlc tape

is the only compatlble transfer. medlum between the CDC 6400

;'and the PDP 9/15 for 1arge guantltles of 1n£ormat10n.

R i
The paper tape is prepared for an w step scan mode:

that is, the 29, X and ¢ values are set, and the crystal is

' then rotated in steps (1/18 ) through a- small angle about its

-

w-value; After each step of w, a Jdount of the dlffracted

-beam- is recorded and punched onto a paper tape. Thls .

dlffractometer output paper tape lS read by the CDC 6400

I
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computer using t e FORTRAN programme DIFDAT. 'The‘ualues of

the diffracted beam count are summed for each reflection, and-

those counts due to background are subtracted thus, the
integrated 1nten51t1es of the reflectlons are obtalned.

In the preV1ous sectlons we have descrlbed how the |
integrated 1nten51t1es of the Bragg reflectlons can be
measured. .In our work to be descrlbed 1n the follow1ng
chaptors; all the intensrty measurementS‘were.made u51hg
- dlffractOmeters, both x—ray and neutron. ‘x-ray'fiim |

methods were. conflned to space group analy51s and the '

allgnment of crystals ‘used for the neutron dlffractlon

experlments.

aden et
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CHAPTER IV. e
ANOMALOUS NEUTRON SCATTERING AND THE QUESTION OF
FERROELECTRICITY IN LITHIUM HYDRAZINIUM-SULPHATE

, The'aPParent'ferroelectric nature'of'lithiun;-
hydrarinium-sulphate, Li(N )804, was reported by Peplnsky,
Vedam,‘0kaya and HOShan (1958). Thelr measurements ‘were
"made u51ng a ferroelectrlc hystere51s brldge. and th;;\
observed well—formed hyster851s loops from about 258 K up to
353° K from Wthh they concluded that the crystal was .

'ferroelectrlc. Above 353° K, hlgh electr1ca1 conduct1v1ty

_ thlch lncreases w1th temperature prevented good measurements
: and below 258 K " the loops became dlstorted and dlfflcult to :

T'saturate. They found - no ev1dence of a phase tran51t10n elther

from dlelectrlc measurements in the range 77°K to 313 K or -

from spec1flc—heat measurements in the range 153 °x to 478 K.
-2 o

At ‘room temperature they reported a value of 0. 30uCcm .;for"

the spontaneous polarlsatlon and 32Qch = for. the coercive

| field. | | . o |

? 'd':'_-The crystal structure has heen investigated_several‘
times. Three x—ray determ;natlons were. publlshed in 1964:

<

(
Nllzekl & K01zum1, 1964 ﬁgrown, 1964 and Van den Hende &

o Qoutln, 1964. The former was onlyh;/prdjectlon and nelther

ﬁthe llthlum nor the hydrogen pOSlthHS were located.ﬁ f the

Cr At
Dol
e e, .
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1atter two, Wthh were based on three dlmenslonal measurements,.
nelther located the hydrogen p051tlons but Brown correctly
jocated the lithium posrtlon. In, the next chapter of thlS‘
work, an X-ray redetermrnatlonfof the structure in- whlch all
the hydrogen atoms were located is glven. A-neutron f-

o

dlffractlon determlnat on of a normal sample based on
measurements of three orthogonalhprOJectlons was’ made by
_Padmanabhan & Balasubramanlan (1967) .- and a recent more-
-complete determlnatlon u51ng a deuterated sample was made
by Ross (1970) The crystals are orthorhomblc, space group - \Q;
I{na2l (C ), w1th lattlce parameters a=9. 929(5), |

'g = B. 973(3); c. = 5 181(2) R and four molecules in the un1t

cell. The permanent dlpole 11es along the c dlrectlon. -The
-structure 15 composed of ‘an L:LSO4 framework of corner—sharlng o
oxygen tetrahedra with. channels whlch run along the c |
dlrectlon and contaln the hydrazrnlum ions (c£. Flgures.,
5-1 and 5- 2) The NH3 group of the hydra21n1um 1on forms‘
' hydrogen bonds to the framework, and the NH2 group forms one .
hydrogen bond to the framework and one to the. NHz group
"related by the c screw axis to give an ordered N-H....N-Hg"
chaxn dlrected along the negatlve c dlrectlon (cf Flgure

4-1). - “

Several nuclear magnetlc resonance studles (Cuthbert &

_ Petch, 1963-'Mac01ement, Plntar & Petch 1967*-Knlspel &

.Petch, 1970 Parker & Schmldt, 1971 and Howell & Schmldt,

1969) of both normal and deuterated mater1a1 have explalned
o o



. dlrectlon was carrled by protons.

‘D.C. conduct1v1ty was anlsotroplc, the conduct1v1ty 1n t_

in the aor b directioms and that;the current in ‘the c

54

3

the motion of the hydrazinium ion. These are reviewed in a

paper.on'the‘nuclear_quadrupole resonanoe 55 14N-in the'NHZ
group by Hastings‘&_dja (1972),.hThe conolusion*of'these |
works is that below‘SOQK there-is some osciilation oflthe.
NH, group about the N-N ax1s, ‘this oscillation 1ncreases
11near1y w1th temperature._ There is also some osc1llatlon
of ‘the NPB group below 100 K, ‘but above thls temperature the

group beglns hlndered rotatlon. At about 150 K, proton

exchange in the N-H-N plane of the NHz‘group beglns,-and

thls also 1ncreases llnearly w1th temperature to around

320 K where both the proton exchange and the 050111at10n

around the N—N axls 1ncrease rapldly with temperature, the |

'exchange process domlnatlng. Above 480 K, the p01nt whlch

" ‘Cuthbert- and Petch ascrlbed to a second order structural

phase tran51t10n, motlon of the whole NZHS 1on is observed.

Vanderkooy, Cuthbert & Petch (1964) showed that‘the

._IQ .

' dlrectlon belng more than two orders of magnltude greate than

a

The supposed ferroelectrlc sw1tch1ng in Ll(N )SO4

- was thought to result from one of two: mechanisms. The first .

_1nvolves only the reorlentatlon of the hydrogen bonds from

the negatlve to ‘the posrtlve c dlrectlon (Flgure 4 l)

Such a reallgnment would produce a change 1n/polarlsatlon of

‘the right order of magnitude. "As the L;LSO4 framework’ is

S




Flgure 4 1,
p0551ble ferroelectrlc sw1tch1ng mechanlsm in
.LL(N )SO4 whereby the dlrectlon ef spontaneous
polarlsatlon is governed by ‘the direction of the

hydrogen bonds which llnk the hydra21n1um ifons 1nto\,

chains.
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ngn—centrofsymmetric, oppositely-sﬁitched domainsiwoula.heve
_crystallographically distinct‘structores.. In the second
mechanlsm the hydrogen bonds reorient, and in addition the
framework changes from a rlght—handed to a- 1eft—handed form.u
The resultlng structure 1s the enantlomorph of the orlglnal
structure, but the two are otherw1se crystallographlcally ‘
equlvalent. Using a crystal. made w1th GLl whlch 1s.an
anomalous scatterer of neutrons,-we hoped to dlstlngulsh
‘between these‘twoumechanisms by examining theichanges wh;ch“
WOuld.occor‘ih the neutron st:dctuhefe920rs of Bijyoet peihﬁ.
during ferroelect:ic‘switchihg; |

Theory '-; T S ;' e ; \
'_ in X~ray dlffractlon the breakdown of Frledel s law,,
7 Wthh states. that I(G) = I(- G), is well. known in
non—centro-symmetrlc cr&stals contalnlng atoms- w1th complex
‘scatterlng amplltudes (Coster, Knol & Prlms, 1930) 5"
51m11ar effect o;curs in neutron dlffractlon when an atom .h
has a hlgh ebsorptlon and hence a complex scatterlng B

v

amplltude.. We can wrlte the- neutron scatterlng amplltude,

»

b, for such an atom as- a. complex number-
b = b‘+ih‘f- S S8 ¥

.where b' and b" are the real and 1mag1nary components._.

'_ 051ng the relatlon for a complex number:. =

.'j‘ . re18.= rcose+irsieg o h 17. (4-2)5
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we can rewrite the structure factor expression(equation 2-11) -

as: _ o _ ' . :
- ) ' K ’ ‘
N . N f\
F(G) = L biTin)COSZW(ngi)+l.z biTi(§)51n2n(§,£i)
i=1 ~ : i=1 : o _
> ) o ' (4-3)

5
Substituting equatlon (4-1) in equatlon (4 3) and separatlng'

Lo

those terms arlslng from the real and lmaglnary parts of b,

' wéﬁﬁave:
= T ‘ 3 1 .
E}g) —iilb iTi(g}0052ﬂ‘g.;i)+1iilb iri(g)51n2ﬂ(§,£i)
T E . . . . ‘ \—
1‘ . . N . . K
N - . - _
- Z b" T (G);:;EEYQ.r )+1 E b". T (G)cosZn(G?r )
N ) . - ' | (4-4)
. . . . \ ‘
~or more simply: ‘
., F(G) = A+iB - C+iD . .
=--(A—-C)'-i-i‘_(B+D) SR (4=5)"
where . A= E b, T (G)coszn(G T, ) .
' n i
. - . l_,,l - ‘G N . .
N ’ . . - .I .l
B‘=_E b lTi(§)51n2n(§_f_r_'i).
Ci=1 .
| )

C "I b", T (G)51n2ﬂ(G r. )
i=1

s




" .LN. B ' "‘ "
~ D=1 b", T (G)fcos?n(G r; ) .

. ' N 6o l_l ‘e Lo T kS
slmllarly, ‘we can wrlte F{- G) u51ng equatlon (4~ 4) and the
relatlonshlps cos(—B) % cos(e) apd 51n(-e) ; -51n(e), .

_ . , o _ . ‘ .
& F(-G) = A-iB + C+iD,
= (A+c)+1(D—B) I S 6)
Now I(8) = F(G) @ - [(A-C)+1 (B+D)] [(A—C) &%ﬂa)] o
| . | '°. - ; - .
- @o2e@mm? Cwen L
. - '."‘J'!‘ ' A - &t ’ * ) V i : ’ LV ) b
" and-similarly .
. . : . .-. ) ’ ; . * . . . .. ) ’ ; -'-‘ “‘. e .
L 1(e) = E(-@) . (-6) = [asc)+i@-B)]. [aeC)-i@B)]
m\ s mekent. " (4-8).
‘}TherefOreEJ  : fth‘ ’I(g) # IJTQ) S ."; o (4-9) -
' AT ' "t S . ,V;Je. B
when_there are atoms present whlch scatter anomalously._ \T“Qei\i'
“s;f;fs_..ﬁ n-«It should be noted that in a centro— ymmetrlc space__ '§§>__;‘
group--that 1s, 1f there is an atoT#at r, there w1ll be an - . \\
atom of the same type at —r——a closer examlnatlon of equatlon ,' .
(4—4) is’ needed.f ‘The terms which are-sﬁmmatlons of the sine

terms are zero as-for every term, b iT3 (G)SIHZW(G x. ). there

is a termr b iT5 (G)51n2n(G.wr ) ='-b T (G)51n2w(G X, )- Thusf

L : . _ : ST L
,the F' s reduce to: T < ‘ o
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i F(G) = Aa+iD N
' \.'“gg(rg) = Aa+iD .- .- I A fp -
hence in a‘centrOesymmetn%c“spaCe group{ L
. ' - ) Loe e N " -+
Y

. : . C / ] ) . '_ ‘_'
wheiner or not,/‘pmalous scatterers are present. It is onlyn_. -. Lo

* in a non- cent o—symmet 1c structure with anomalous scatterers

present that Frledel é law breaks dowh th t iss SR A

P

’!

, "I,(_g}- .f;f 1 (—g)‘

Thls effect can be used in Ll( 2H§QSO .since. the .

'structure 1s non—centro—symmetrlc an'_GLl has a comparétlvely

hlgh neutron ebsorptlon cross~sectlon and hence a complex {'
: ) : . S
scatterlng length. In thls experlmentlwe compared the ratlo,_

I(G)/I( G) = (x/y) ofda Set of reflectlons wrth the ratlo for‘p

these reflectLOns when - the crystal hal been poled ;n the‘

\ oppos;te sense.- After pollng, the. ratlowwould be y/x if the

s
o "

structure 1nverts. If pollng only reorlents‘the hydrogen‘bond, L

then a dlfferent structure results‘and the»lndlv1dual B

1nten51t1es Wlll change to glve a ratlo in general dlfferent .
' s 7_ 3 ) o . “' . LT ) T "_ i
from erther\y/x or x/y. o L e T e e s

PN

‘f'"=3 The verb pole 4s used to indicate: the process by 36 .
“Which ‘the - crystal is’ placed for a short period in an¢electric - "
" field .greater than the coer ive fielffy 'such a field ‘should- ;“f* g
’be sufficient to. oduce a srngle domaln n the crysf“i 1f S
it 1s ferroelect ‘ ‘ A



Although the pre icted effect is small and ‘would
‘normally be masked by experlmental errors arlslng from -
absorptlon and extlnctlon, it is p0551b1e to measure the
ratlo to much hlgher accuracy by maklng the measurements on

the same\reflectlon both before and after doma;n reversal.

_ 7 .
The ratio oflthe structure factors. is: - s
RO = F%”lﬂ)

- 4 ' . N . l‘ : ‘ ) - ..'- [ A..—‘ ‘V

- where (F) and (F ). are the structure factors before and a%ter
the- appllcatlon of a reversrng fleld. The ‘constant of
proportlonallty relatlng E. F to I 1s 1dent1ca1 for both

measurements smnce both are madea n\the same reflectlon p

under identical,condltlons.‘ Hence;

s . Lot . . -,

B o [ 411

i If the structure 1nverts on sw1tch1ng by a reversalw

~

.of the c dlrectlon, the reflectlon {G), whlch we shall now -

denote by 1ts Mlller 1nd1ces hkl becomes the hkl reflectlon,

and 51nce |FhP2I thkl in the space group PnaZl even.ﬁlth:j.t
| the presence of anomalous scatterers. R . T
\;;; f g EREE - o
P S-S SR ST o
T - R02'=_.= hkg . _hk% (4-12)
- PR AR LR S-SR
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The value‘s 'o"f x/y (=R (b)) and y/x (=R -'(C)) can be

' calculated from the known structure and compared w1th the'
observed values R 2. Values of R 2 ‘can also be calculatedr : -
for a mechanlsm in 'which only the hydrogen atoms move along

v

_ ' the chaln by calculatlng values of I from the coordlnates of
Padmanabhan & Balasubramanlan (1967) and values of I' from a ’
‘.SLmllar model. in whlch H(2) is moved to the. 099051te end of

1ts hydrogen bond._ A thlrd p0551b111ty is that no chahge

occurs in the crystal and 1n this case R 2(4) 1 for all

a

EAreflectlons.

Y

Sor e S h

Experimental
.

l ] Ll(N )SO 51ngle crystals were prepared by

evaporatlon from an aqueous solutlon of 1sot0pe separated

6L1C03 (atomlc % 6L1 95. 54) and (N HG}SO The crystal used

for the flnal exPerlment measured approx1mately 4 x 7 x 8 mm - ’a
and was mounted on a gonlometer head w1th pollng electrodes

on 1ts (001) faces._ This- ‘crystal was coated wrth f o

o

S per-fluoro—kerosene to prevent ‘slow decom9051t10n in the
8

very humld atmosPhere around the reactor, the fluorlne

compound belng used to prevent a hlgh background caused by

4 -

1ncoherent scatterlng from the.hydrogen rn conventlonaLaQLls-
re

»‘and spray—on plaSth f;lms._ Inten51ty measurements we ade

on the McMaster neutron dlffractometer at beam—port #6'151ng
“-n

an .w scan at a wavelength of 1. 062 R ' The reflectlons

-observed had 26 Values in the range 20 ®<20<40° and there were

4y . . .

- ‘\'- o ’ ’ . - -. - ;.-‘I'V" o : . - "-.

N e
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27 steps (1/189) in each scah. The firSt and last

ree

steps of each scan were used to estimate the backg ound
' level.f The approx1mate duratlon of an* 1nd1v1dual step was

';athlrty mlnutes at a reactor power of 1. 5 MW and was tlmed.by

a count.of 105 on the flsslon counter Wthh monitored the

maln beam. . R ’

‘ Values of"® F (G) andiF (- G) were calculated u31ng the
scatterlng lengths glven by the Neutron lefractlon Comm1551on
. (1969) (b'=0.18, b"=0. 025%10 ~12.0) and the coordlnates of '
Padmanabhan & Balasubramanlan (1967) From these a set ofdd
reflectlons was chosen whlch showed significant Frledel N o
inequalﬁtles. The crystal was poled by applylng a fleld

(630ch JY in excess of the coercive fleld (320ch ) and

the 1nten51ty of the Bragg reflectlon, I,'measured The

-

| crystal was then poled in the“OPPOSLte sense and the new

L)

';nten51ty, l',-measured. ThlS was repeated on‘a set of ten

T S - S o o
reflections. From these intensities, the ratios

R ( EO/E o = (L/1')7) were calculated._ o T

&

Results and Dlscu551on_,

_ The ratlo R of the observed structure factors and
'the error o in R arlslng from’ countlng statlstlcs are showg
in Table 4—1.‘”Also shown are calculated values of the_rat;o
R for several cases: a) no structural change, b} inversionpal?

'. of the cell hkl to hkl c) 1nversxon of~the cellr hki to:

‘hk2; 4) ?eorlentatlon of_the hydrogen ‘bond from —g to.+c;

po”
P
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.
Table 4-1. . The obSefved'and'calculated valués of the ratio
| i of the structure factors -
hke . Ry, 00 o R (a) Ry (R} * RC(F? ' Bc(q), Rc(e) o 4

031 1.015 0.025 1.000. 1.062 0.942 1.376 1.396 = .-
031 0.980 *0:033 1.000 1.062 - 0.942 1.376 1.396 '
151 -0.976 = 0.024 1.000 0.959 - 1.043 . 1.064  1.065
151 0.981 0.027 1.000  0.959_ 1.043 ~ 1.064. 1.065
151 1.021.- 0.025.  1.000 0.959  1.043 - -1.064 . 1.065
351 '1.040 0.030  1.000 - 0.959 * 1.043  1.064  1.065
113 1.010 0.062 = 1.000 1.051 0.952 0.985 -0.984
113 1.088 - 0.046 1.000 1.051 0.952  0.985° 0.984 .
113 0.997 - 0.044 1.000 1.051 0.952 0.985  0.984
113 0.962 0.038~ 1.000 _1.051 0.952 = 0.985 0.984
‘113 1,060 0.063 - 1000 1.051 0.952 0.985  0.984

iI3  1.002 0.053  1:.000 . 1.051 0.952 . 0,985 - 0.984
113 ° 0.909 . 0.071 1.000 1.051 0.952 0.985  0.984

e ‘ o _ . o -
i ‘- . . 2 . . L ’ \i “ . ) . i | . ./
‘Pable 4-2.  The valdes of x° and probability for each Qodel
| Model - x° ‘Probability |
. )y C11.19°0 598
' L) Ty 36.53 <1% -,
ey . T 37.67 Jo< 1
(ay 376:73, C<< 1%
(e) - 414.72 - << 1% .
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e) reorientation of the hYdrogen bond from +c to.ec;
The correctness of each model was tested using a

xz test:

(4-13)
s S
'where the sum was performed over the 15 1§dependent‘measurenents.
'n Table 4 2: shows the values of xz and . the’ probablllty that a- R
- second experlment would have a larger value of. xz‘lf the model
_‘1s correct. . o

V. It is ev1dent that model a is overwhelmlngly more:

probable and that no. structural change occurs. on reversal of

the pollng flEld. Schmldt, Drumheller & Howell (1971) have Vo
:exteﬁsrvely investlgated the dlelectrlc propertleé of ‘ |
_Ll(N )SO4 and have proposed a model in whlch the protonlc

‘ conductlon along ‘the c dlrectlon is partlally block d by
extr1n51c barrlers along the N-H....N-H chaln._ Using. this '
model they can predrct the dlelectrmc propertles qulte Well S
and conclude that L1(N )SO 1s not. ferroelectrrc‘ Our
fallure to observe any permanent alteratlon in the’ molecalar'
structure of the crystal as - a result of pollng rseln agreement
wzth thelr results and conflrms the fact that 1t 1s 1m90551b1e ‘
to. reverse the permanent dlpole moment of LL(N2H5)SO

:;'"-‘ A paper ‘on. the work described in. this: chapter haeLt?

.+ been published'by ‘Anderson . and Brown(l972)., o f\ ;_" T \\@f‘

. . . L . - . . L . - - . L
. - A -. ) o j‘ B ' LN . L - . ” ":&; . ' ; - . . . - .
B . o . o . '._



.CHAPTER V R o
AN ACCURATE REDETERMINATION OF THE CRYSTAL STRUCTURE oF

!
LITHIUM HYDRAZINIUM SULPHATE BY X*RAY DIFFRACTION

‘There have been several‘x-ray 1nveetlgat10ns of the
crystal structure of 11th1um hydra21n1um sulphate, Ll(N )SO
‘None Gf ‘those yet publlshed glves 11 the atomic p051t10ns to. .:' .
.a sultable accuracy for a study siaihehydrogen bondlng | .
dsystem as there are. large dlscrepanc1\§man“the sulphur—oxygen'

pond lengths. This work is. an accurate reflnement of the

structure, and comparlson is- made w1th the recent neutron-

dlffractlon reaetermlnatlon (Ross, 1970) u51ng a deuterated

v N . -~ . .- .' ) . - . . . . R
.\sam‘?}.e, L;(N2D5)$O4.’ P o R _ .
fExperlmental - e
;

‘Single crystals of L;} )SO were prepared by

i

evaporatlon from an agqueous

Iolutlon of L1C03

and (N2H6)504

fAll dlffraction measuremeﬁts)were
"a crystal w1th dimensions 0. 2 x 0 2 x 0 3 mm on the yntex

. four—01rcle X-ray dlffractbmeter u51ng MoKa rad1at1 n _'

(A= 0 71069 2) monochromated by reflectlon from a gra ite‘

crystal. The 1att1ce parameters: are glven 1n Table 5 1 and

o

were reflned by the method of’ 1east—squares from the 2

'settlngs of flfteen reflectlons (Table 5 -2). - Inten51t1es of

{



. Table 5-1. Crystallographic data for Li(N,H.)SO, -

PR

cagtzetet‘systém S _'j : S  _ prthbrhombic
S, : - R .

ipaee group . | ‘ A _}Pna2l jsz)
e a : - o ke
Coaly | o o S 9.929(5)
b (&) L 8.9T3(3)

I . . ‘ . ' -

A - : * ." . G‘

Cell volume &) Lo Qﬁisl 6(3)
D (g/cm ) S ;__-*... .

calc. . 1.958

L - | S | J

Absorptiop coefficient for MoKa (mm =) 0.603

Crystal size (mm) S 0.2 x.0.2.x 0,3
‘Wavelength MoKa (]) T o.71089 T 7

2n+l

Systematic absences - . ST o le kK+8

o : ~  ho% ~'h

-

- . . ’
. S ' -
. : v : _ R _
: N . .
-

Throughout this work, the estlmated standard dev1at10ns
are enclosed in parentheses R . o — A

N\
~ - ..
o )
o e o
T



" rable 5-2. Reflections used in the leastﬁsquarés'refineﬁent

of‘the-lattlce“péraméters-of ;1(N235)50

20
“Tcalc _ .
‘,'(S) . ’

-

Reflection S 2

8
bs’
h k 2 (8)

"9.96° 9.97.
1426 0 14025
12.70 . 12,71
15.77 . . . _15.77
9.07 ... - - 9.08 -
17.82 . o o17.81
'6.09 . - 6.12
12.71. - . 12,71
162300 . . - 16.30
21.54 . 21.54
‘20,58 . . 20.58
13.16 . 13.14
‘11.37 . .. 11.38
15.95 | 15.94 -

S 6.12 . - 6.12

HON = O O
!

I
=

1
’—l
TR O P O bW N R W H O NTW N

©C O MO N KO
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911 independent ref@éctions‘with sinf/A<0.76 were measured o o
and corrected for Lorentz and polarisation effects. No
correctlon was made for absorptlon as thlS was con51dered to

be negllglble (u 0. 603 mm 1).

Refinement of the Structure

Thelnoh-hydrogen atomic positions of Brownf(19ﬁ4f

were used as a bas;s for the reflnement.- After initial

' reflnement of the p051t10na1 and 1sotrop1c thermal parameters
of these atoms w1th the full matrlx least—squares programme
"CRYLSQ of the XRAY 71 programme 11brary system, all the

hydrogen atoms were located w1th a three—dlmen51onal dlfference

electron den51ty map. : urther reflnement w1th anlsotroplc_

temperature factors for all non—hydrogen atoms and 1sotrop1c

temperature factors for the hydrogen atoms gave a reSLdual s

.
"‘.j

> -

llndex, R (cf_ equatlon 2ﬂ31), of 0. 022. During the 1atter N N

cycles of reflnement the temperature factor of H(3) reflned

A
Y

to a negatlve, and hence unphy51cal value, and was set at a-

“typlcal value of 0 04 and not reflned further._ The flnal
cyc es 1ncluded an»exﬁlnctlon correctlon where the corrected
values‘of Fc' glven by:

r '*_=.KF&[1+9.94><10"3><§(26)5"22]'5_',_ o (5=1)

Ty

‘and a Cruickshank weighting scheme with weights'given”by;-' S
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w = (0.250-0.032|F_|+0.0016]F_|)™".  (5-2)

were used. ThiS‘gave'a final weighted residual index, R
(cf. eguation-2—§2), oﬁ_0.027.. The. final atomic positions

and temperature factors are given in Table 5-3.

Descr_ptlon of the Structure

2o

" Views of the structure along)the a and ¢ dlrectlons
"are given in Flgures 5-1 and 5- 2 The framework of L:LO4 and
‘804 tetrahedra has average Li-0 and S~0 dlstances ot
‘l 937(18) ! and 1. 473(9) R respectlvely. The 370(1) distance
is l 487(21 R almost mldway between the prevlously reported
'hx—ray dlffractlon values of 1. 45(3) R (Brown, 1964) and :
1. 557 b4 {(Van - den Hende & Boutln, 1964) and agrees well w1th
the. recent neutron dlffractlon value of 1. 484 R ond 1engths
and angles are glven in Table 5-4, o ‘
Tdble 5= 5 glves detalls of the nydrogen bonds..-N(l)%
"the nrtrogen atom of the -NH2 group, is 1nvolved in three o
srngle hydrogen bonds, tw1ce as a donor and once as an
acceptor. The -NH group forms three hydrogen bonds, one of

3
which- (H(5)) is blfurcated A staggered conflguratlon exrsts

between the —NH3 group and the —NH ‘group and 1ts 10ne palr,v"

the dlhedral angles, are glven in Table 5—6..

A bondustrength summatlon u51ng the method of Brown .

and ShannOn (1973) was calculated (Table 5 7) : The catlon . 'f.

r‘

el %
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Jdirection..
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Table 5— 6. Dlhedral angles of the (N H_ ) ion (X—ray)
compared w1th those of -the (NzD ) ion (neutron)

“
L. .. . " ¢ . o
™ .

Plane défined by.' ¢ Plane defined‘by‘ ; ? Dihedral angle . |
atoms‘ s e - 7. vatoms ‘ T x;ray Neutron .

| " Sy G T S T

CN(1) N(2) H()  N(1) N(2). H(2) 108 - 114
CN(L) N(2) H(1) . N(1) N(2)» E(2'} @ -114  -114

N(1) N(2) H(1)  N(1) N(2) H(3)-. 170 172

©N(L) O N(2) E(3) . N(1) N(2) H(4) - 122 120 .

N(1) N(2) H(3) N(1)  N(2) H(5) . =111 =19
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lbondedso(él was even lower at 1;8l(1) valence'units;_

4 ‘ “ . | . . -
sumsewere Satisfactdry,'but the anion SUms‘at"O{l) ahd
0(3) %re-81gn1flcantly low at 1. 86(1) and 1. 82(1) valence
% -

unlts respectlvely. Both O(l) and 0(3) are 'bonded to one

P

sulphur atom and one 11th1um atom, -and 0(1) accepts one -

'hydrogen bond ‘there are no other p0551b1e hydrogen bonds to

'elther oxygen atom. ‘Use of the x—ray determlned hydrogen

’

o;p051tlons would\tend to underestlmate the hydrogen bond

strengths, and ‘the calculatlon was repeated u51ng the-"
neutron p051t10ns of Ross (Table 5-8) QThere was some‘

1mprovement of the sum at 0(1), but-the'non—hydrogen

-
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i
. CHAPTER VI -
RETERMINATION OF THE CRYSTAL STRUCTURE OF LITHIUM HYDRAZINIUM
. FLUOROBERYLLATE BY X-RAY AND NEUTRON DIFFRACTION -

. The crystal strnctnres_of severaiihydrazinium‘oompounds
rhave been deterﬁined "but bnly'one'(Li(N'H?jsb d has been
,found w1th chalns of hydrogen bonded hydra21n1um 10ns where -
" the "donor. and acceptor of the hydrogen bonds lS the -NH2
.group. This lnvestlgatlon was tO‘determlne whether-the
'hydrarinium ions in Li(N :)BeF4 aiso”formed.this‘tyPe‘ofﬂ'

'chaln and to obtaln accurate detalls of all the hydrogen
~- e .

bonds in the structure.

Pregaratlon of the Crystals o -"};.'_ E -

thhlum hydrazlnlum fluoroberyllate L1(N‘H )BeF4

'was prepared by the reactlon of llthlum carbonate and '

s

;hydrazonlum_fluoroberyl}ate ;n aqueous solutlon:

co

Li, 3'+'2(N )Be 4 g 2L1(N Hs)BeF4 + Hzo + CO, | )
‘ ' | (6-1)
_ e Lo
) Ay Sy - ‘ :
using the'method of T‘denac et al. (1971). "The verYa&mall
(3.4x10 3mm ) single crystal used for the X-ray work. was.

'-ea511y grown by evaporatlon from an equeous solution of.
A
Ll(N )BeF The large sxngle crystals (Sﬁmm ) for the

4 R



neutron work were grown from a small Seed crystal by slowj‘

evaporatlon of-a saturated aqueous solutlon.

“
- 1 L4

L B 0 . - . L. =

Experimentéi (X-ravy)

X*ray dlffraction meesurements were ‘made at room
temoerature on a 51ngle crystal w1th dlmen51ons
0 13 x 0.13 x 0 2 mmn u51ng the Syntex dlffractcmeter.
Graphlte monochromated Mch radlatlon was used L : Y =
A= 0, 71069 R . The 1attlce parameters (Table 6-1) were
refined by a least—squere; analy51s of the 26 settlngs of"
fifteen'reflections (Table'ﬁ—é)'* The space group,.

Pna2 (CZv),*was conflrmed from systematlc absences observed

.—.,- ] '

&'on precession camera photographs and the successful reflnement f

_ -
of the structure.ln a-non—centro-symmetrlc cell. The .

"-1nten51t1es of 700 1ndependent reflectlons w1th

_51n8/l <'0 704 R - were measured and corrected for Lorentz‘

and polarlsatlon effects but not for absorptlon Wthh was A R
gnegllglble (p=0. 25 mm 1);: } s ; '-.' L A -i L .

-
[ .- .

Experimental (Neutron)

A single'crystal ‘wit:h.d'imensicu'ns2.5‘>'c 2@5.x ésb mh‘j e:
was used for- the neutron dlffractlon measurements.'_The
51ngleness of the crystal was checked by comparlng several fid

' x-ray precessxon photographs of dlfferent parts of the
‘crystal. Prece551on photographs were. also used to allgn theyi

o

c axis of the crystal c01nc1dent w1th the gonlometer head
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Table 6-2. Reflectlons used in the least—squares reflnement
\J%f the 1att1ce parameters of Ll(N H, )BeF_4

TR fl otfion . .t . ﬁ,.'29‘7‘ A S
efle : S v hiebs. .29calc“ "

S O S U o
' Cidmae o T aae o
:16.67 - 16.66 -
12.86 - . 1284
Ce.20 0 6.9
CoF-16.48 0 T 16,47 F T o XY
1 Sl 12:83 5 1208 L
1. ©. 2449 24,21 -
0 2+ ., 217.94 . 1mes -
-=2°1 - o 1z.82 . 1284
roo ST euse L a4,
0 ~2°" . L 17.99° . 17.96
-1 oo . 213, . 2138
=3-1 . . . o 1s.92 . .- 15,93 EE
-1 0 . - 1730, o 1729 0
201 . 4 17.43 .« 17.44 7
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'ax1s. To avoid p0591ble decomp051t10n caused by the hlgh

-

‘hm“ldlty around the reactor,’ the crystal was coated with
Per—fluof% ~kerosene. . s - SPEEE p: -
The d1ffract1on measurements were made u51ng the o

. neutron dlffractometer descrlbed in Chapter III at beam

B

port #5 of the McMaster nuclear reactor._ .The neutron beam, -
monochromated by reflectlon from the (111) plane of a 51ng1e
_copper crystal had a wavelength of 1 091 R The 1nten51t1es

-

~f0f 470 1ndependent reflectlons Wlth 51ne/l < 0 65 were

T

' measured u51ng the w- step scannlng technlque. The number of
/

"steps in the scan varled from 27,_for reflectlons whose 28

value*was < 20 to 45 steps, for those reflectlons ‘in the

T

= ?28 range 80- 2& < 100 ’ each step belng 1/18 . The flrst'

oy i
o . |

1/9th and last l/9th of the steps in each scan. were used to
">+ determine the background\\\mhe duratlon of each step was A'
controlled by a flSSlon counter whlch monltored the main

beam. A monltor count of 104

for each step was used ‘and
the approxlmate tlme for a step was one. mlnute at a }eactor
‘ifpower of 5 MW fThe measured 1nten51t1es were corrected for' .
Lorentz“effects,u51ng.the FORTRAN,programme DIEQATf

L]

Solutlon and Reflnement of the Structure (X-ray) '; _‘ - ; ‘%1]

thhlum hydraz;nlum fluoroberyllate was assumed to
be 1sostructura1 w1th llthlum hydra21n1um sulphate, and the
coordlnates of Padmanabhan & Balasubramanlan (1967) were used

as a ba51s for the refinement. Inltlal reflnement of the
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e— s

s°  positions and 1sotrop1c temperature factors of the heavy

atoms, uSLng the X-ray measuregents with the full matrlx
least—squares programme OhFLS of the XRAY 67 programme

: llbrary system, gave a. re51dual 1ndex, R# (cf equatlon 2 -31),
of 0 076.° A three~d1mensronal dlfference electron densrty
map ‘was used to locate the h}drogen atoms and, after further:.
reflnement w1th 1sotrop1c temperature factors for the
.hydrogen atoms and anlsotroplc temperatures for all other
toms, R ‘'was reducsd to 0-040.‘ Three reflectlons showed
51gn1f1cant effects of. extlnctlon, and the flnal cycles of

eflnement of the x—ray data used- the . local 1east—squares

programme ‘CUDLS in whlch extlnctlon corrected values of

'Fcr_glven by: . e .7
Te o

*- _‘: § - -6 i 2 _;‘!' ‘ _ o
F., = ngc[1+°f88x1°‘ xB, (28)F °] . (6-2)

v . . . T ' F

were used (cf. equation 2-42). The final wéi&hted'residual
inder,'Rﬁﬁ (cf..equatlon 2-32), was O 039 where the welghts'_”

- were glven by' -

” ﬁi=f(6:26fo.019|Fo[+o.boa59|r°|2)‘1 “(6-3)

—

and unobserved reflectlons were glven zZero welght 1f

|F.| < |F0|._ The final atomlc parameters and temperature

‘ : , ~ .
factors are given in Table-6—3, The observed and calculated
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X-ray structure factors are given in’ Appendix A.

_Reflnement of the Structure (Neutron)

0 The atomlc p031tlons of the X-ray work were used for

’_./
7.the 1n1t1al reflnement of the structure w1th the neutron

*measurements.- The coherent neutron scatterlng 1engths
reported by Bacon (1972) were used (Ll, -0. 214 N, 0. 94 .Jf‘_f
-0. 374- Be, 0. 774\\F '0.56x10.;2cm)e Reflnement of the

atomic p051t10ns and 1sotrop1c temperature factors -of all

]

:atoms, u51ng the full matrlx least—squares programme CRYLSQ

‘of the XRAY 71 programme lebwéry system, gave a re51dual

1ndex, RN; of 0. 122 Further reflnement with anlsotroplc -;,k‘_._
temperature factors reduced the re81dua1 1ndex, although the ~
_temperature factor for the llthlum atom reflned to a.

non-p051t1ve deflnlte value and had to be refined

1sotrop1cally Several of- the strong reflectlons showed - .
ev1dence of extlnctlon effects, and an 1sotrop1c extinction _:-
parameter was 1ncluded in the reflnement. The corrected

‘

values of Fc were ‘given by:
_ S Ly .,2-':_',;7 --'_,-.7
B = K[ aexl0T g 2o TR L (6]

JThe flnal stages of the least-squares reflnement used the local
programme CUDLS. The temperature factor of the 11th1um atom |
still could not be refined anlsotroplcally, A reflnement of |
the S_cafte'ringf -?1,«_angt1_1_f of lithium changed its value from '. g

.
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-12.. | i - i _ g
-0.214 x 10 cm to -0.185 x 10 12 om 1ndlcat1ng that,there ' =

could be a hlgher percentage of 6L1 (scatterlng length

.0.18><l0-'l cm) in thls ~sample than the .7. 42% 6L1 in naturally B | :

_ occurring lTithium. Even so, thls dld not enable an

. ag&sotropic,teﬁperature factor I‘be used er.thlS atom,
'and'in.the'subsequent staoes.oé;Zhe.refinement the 5cattering

_'1ongth was reset’ to its or1g1na1 value of -0. 214 % 10° =12 cm,
‘and an lsotroplc temperature factor was used. A WE1ght1ngt.

scheme was used durlng the final cycles of 1east—squares

' reflnement the welghts belng glven by. f, .

N - X o . ) : s

Al

WS = (6-5)
N

AN

o where UF: 1s the standard dev1at10n of F estlmated from the
{e)

countlng statlstlcs of the measurements.‘ The flnal welgnted

e51dua1 1ndex, R" ’ was 0 044, and the flnal atomlc .

wN
-parameters and temperature factors are glven in Table 6-4. .

The observed and calculated neutron structure factors are.

given in Appendlx A. f'- -,'- 5 o f 1‘;3'A;__-1'L”¥ L

Descrrptlon of the Structure 3 jf;._ g RIS N

Ll(N )BeF 1s 1sostructura1 with L1(N2H5)SO

4
- (cf. Chapter V) ‘but wlth dlfferenCes in the hydrogen bondxng

‘ 'arrangement. Vlews of the- structure along the a and c

o dlrections are given in Flgures 6—1 ‘and .6~ 2»

_QXJJ..'



[=)) ' .

L= - - .

: ’ S _ : - o A *POUTIOI JON}

L e i ﬁwnmummmlm;n.ﬂ “glEd e

_@au.mﬁ*w;nwxmmpm + Am*quWHaw +wtn»manHo~ T N&mms + N*nmxmma + N*mms In) 0T % Lie=] dxe
. ‘ ‘ .  ;. o taxe muouumm sanjersdwsy ay3 uom pesn mGOHmmwumxm

(€Tvz (ODET (eTVL (4D pT ANHVHHH Aoﬂvom o (et9t0  (wrzez o,;u..ﬁmvmhv 0 (S)H.
(ST)ST- (BT)TT -(¢bT)8F (62)E8 (€T)89  (02)68 , (8)926°0  ~ (£)SLZ*0  ~ (E)SPY*O .ﬁ Avvm
(6T)¥T - (ST)SZ- .(8)0T :(62)SPT (TTI¥8 - (L)0E - (6)0TL'O  (2)S6T*0 . (T)LvE"o Amvm‘
(ZT  (9T)2T  (2T)8Z- (Te)8z (ST)69 (9T)8B . (L)zLs'0  (E)TSY°O - (2)6T10"0 |lmmvm“
(LT ET- (ITIET- . vamﬂn (sz)98 (0T)y8  (L)ge  (L)I6L°0 (2)¥8E°0 - (T)9TT°0, (T)H

($)LT- - (s)e- (€)L-- «8)€s - (p)8Z. (V)OE (LE)OBES" 0  (8)LLepto . (8)s86Z'0 (WA
(¥)s (v)z-  (E)8~ (6)ze (v)oz (€£)8z (0EYL¥PT*0  (L)¥oLzeo-  (4)e9zz o~ (€)d
H(UTT- (9 (2)v- (9)9€  (€)BE (LT (T¥)S0Ez*o  (B)9TYT0  (9)T000°0 (o)X
H{S)0T  (SYL-  (€)S=--(B)6F ~ (¥)SZ - (¥Y)TE (LE)SOSG'O (6)850T°0 .~ (8)e9gT°0 (D&
(5)6  (S)T-  (2)T-  (S)TE . (2)€z  (2)ST (9E)89¥Z 0 (S)09ZT°0  (¥)§8ST0 o8

(999-  (9)z . (2)z  (9)8v. (€)Te  (€)9Z ~(6E)L6EL'0 . (9)6TZZ'0 - (9)8T¥Y°0 {ZIN
(s)o - (9)z ()L~  (6)19  (€)9g  (E)TE A+vmmvn.ow Khvhoa¢.o_¢. (9)8zzo'0  (DIN

o R 91 1 _Ammvomhm 0 (og)eseyro  (BTIETZE'O0 T
[ 2 PO 4 T 1 220 My 2z o K % co0
muouumu wusumummﬁma. : ‘ .w.. mmumcﬂﬁuoou Hmnoﬂuﬂmom : . _Eouﬂ

“ - | ‘mmmammmzvﬂq 363 ©3Ep WOT30eAFFTP UoIznau Jo . PN :‘.mx

JUowsuTjol todenbs-3ses] TEUTJ 9Y3l WOIXJ PoATAop sJaeojdueaed - p-9 o7del,

e
pics



. i —F
r
1
= ’
5 ! ~
) \
. , .
~ . “
) hd
¥ -
. Figure 6-1. X . .

‘The' crystal structure of Li‘(NZHS')BeF 4 viewed along. the a-

direction. = = e SN
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Table-G-S gives the bond.lengths and-angles. The

BeF , and LiP4 tetrahedra are nearly regular with mean .

Be-F and ‘Li-F bond lengths of 1. 546(13) R and 1. 353(20) 2

respectively.' The N-N dlstance is 1. 431 (5) R and the N-H

bonds of the neutron dlffractlon work are systematlcally |

1onger w1th a mearn length-dfn0-98{3) R compared to’ the

X-ray diffraction-valué‘of“0.89(4) R; 'Table 6—6 gives

detalls of the h%gfogen bondlng, and Table 6~ -7 glves the |

'dlhedral angles of the (N2H5) ion. The hydrogen bond formed"

:by H(l) is blfurcated and thatlof H(5) is. trlfurcated |

_although the arrangement is similar to tnat in L1(N H5}504

A fuller dnscu551on of the comparlson between the

x—ray and neutron dlffractlon results, the hydra21n1um ' A

- -
. ion and the hydrogen bondlng of thlS and other structures

¥

w1ll be glven in Chapters IX and x.
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‘ N(1)

S N{1)-

N(1)

SN
T N(L)
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" Table 6-7.

atoms

N(2)

N(2)
N(2)

N(2)
N(2)

Hti)-

HI{1)

H(1)
‘H(3)
;313)7

' N(i),
- N(1)

N{(1)

N(L)
U NA(LL)Y

. Plane defined by
 atoms '

N(2) H(2)

u(z)‘ngzu‘

N(2)  H(3)
“N(2). H(4)
N(2) -H(5)

Dihedralxangles of the iNzﬂs) ion;?_‘

Dihedral angle
_ 'X:raY Neutron

136 . 118
-94  -108
176 186
125 s
L. -114 -124

¢

“n
A
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- CHAPTER VII S

. . . . o . “ - .
THE CRYSTAL STRUCTURE OF LITHIUM HYDROXYLAMMONIUM SULPHATE

_"This Wcrk desCriBesfthe.eciution}and'refiuement of
the crystal structure‘of lithium'hfdroxyiammoniumdsulphate,
_Ll(NH OH)SO from X-ray dlffractlon measurements. ;The'-':  1“.‘ "f-
positions of all atoms. were accurately determlned and their -
d‘correctness conflrmed by a bondfstrenqth~summatlcn. |

§ R R . . : : 1

Experimentai

Slngle crystals of Ll(NH OH)SO were grown by slow

| evapcratlon from an aqueous 'solution of (NH3OH) SO4 and
2 0y in st01ch10metr1c quantltles.l-very thin hexagonalf
. crystals were formed but recrystalllsatlon 1mproved the" , -

tthkneSS to a size suitable for ‘X-ray" work. - | |

| The space group, Pbca (D h)' was deduced from

.systematlc absences on Welssenberg photographs 3. For

accurate measurement of the 1att1ce parameters and

determlnatlon of the structure, a 51ngle crystal measurlng |

0. 1 %.0.1 x 0 4 mm was selected._ All of these\measurements '-'L
'were made at room temperature on a‘Syntex four— 1rc1e x-ray - -

: dlffractometer u51ng MoKa radlatlon = 0 71069 R) |

monochromated by reflectlon from a graphlte crystal. '_héj

Jattlce parameters (Table 7-1) were reflned by a 1ea§t:\fuares

A ‘

97 -
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. Table 7—1.' CrYStallograghic data for ti(NH OH) SO

Crystal system

Space g:oﬁpjf

~al(d)
c® -
'Z : |
Cell volume (33 T _
“Digte (g/cm o N
-AbSo;ptioﬂ'céefficieﬁf for Héka_}ﬁmfl
‘Crystal size (ﬁ@)l : | |
‘Waveléhgth MoKﬁ(R)
Syétemﬁtic aBSen¢ésif
{ﬂ ;

e

orthorhombic

)_'

388150,

-Pbpé ‘Dii).'
18. 461(5)-
7 267(3)

G 695(2)

g
898 2(5)

2 027
fO 53

98

'0 1 X 0 1 x Q. 4

. 71069 |

- 0k® k
hot &
- hkO h

s

nH II
NIU‘
55

o+ f_-

CHEE

N
=]

i
i
4
i
;
t
!
i
;
I
i




. ‘.(u = O._63.mm_

o T e

analy51s of the 28 settlngs of flfteen reflectlons (Table 7 2).
Intensrtles of 1574 1nd¢pendent reflectlons w1th sin. B/l<0 705
were . measured and corrected for Lorentz and polarlsatlon
effects but not for absorptlon whlch was negllglble

1)ﬁ o

"L

Solution and'Refinement of the Structure Ce ST

The structure was solved from a three-dlmen51ona1
‘Patterson synthesxs. The hydrogen atom pOSltlonS were found
.from a three—dlmen51onal dlfference electron den51ty map.r'
‘The atomlc parameters and temperature factors were reflned ;

‘

by tne full matrix least—squares programme-CRYLSQ of- the )

XRAY 71 programme llbrary system._ Wlth anlsotroprc

temperature factors for all non—hydrogen atoms,lthe re51dua1;
index, R (cf. equatlon 2 31), was 0. 034._ The fznal welghted’

: residual index, (cf. equatlon 2-32), was 0. 027, where the

Ty
.,-_'

- weightS‘Were glven by. ke

WS

. (21
s T

(o 1146 - o. 0044|F | + 0. 00004[F |2 =1

F1na1 atomlc p051tlons and temperature factors are glven ln
Table 7 3. The observed and calculated structure factqrs are '

given in Appendlx A.-.?3r, R S ' 5

-Descrlptlon of the Structure

Views of the structure pro;ected along the a and c‘

":_dlrectlons are shown 1n Fzgures 7-1 and 7-2.-

-
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gable 7-2.  Reflections used in theleast-squares refinement

- of the lattice parameters of Li (NH,0H) SO,
Refl’egtion ' .2_681-39' . | o '2eg'a1'c
h k& ) - ‘ )
9.40 . " 9.39
21.67 - . 21,68 - .
10061 10.62
12,127 12.13
9.3 S 9.3
e . 10.62 - 10.61
Co17.7e . L 17.72
14.99 - - 14.99
14,147 . 14.15
14.38 0 14039
12.13 . 12.12
©9.38  9.38
12.98 12.98
12.11 0 - . 121 -
o 14,42 . 1482 .

H

|

2.

o
L - o i

t 1
W
A
N

1
[
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Figure 7-1.

- .

_The'crystal‘strﬁctu:eIOE Li (NH,OH) SO, viewed along the

- direction.
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,'
, crystals of Ll(NH OH)SO are composed of sheets of
'LiSO4 which are held together by hydrogen bonds from the.'

hydroxylammonlum 1ons._ Thls structure is quite ‘different o

from thefStuffed'tetrahedral framework structures of thé
;isoelectronic'Li(N H )SO and'Li(Nzﬁs)BeF4 or theﬂcomp0unds
of .the form.r.imso4 and LlMBeF4 M =K, Rb CS, NH,) dlscussed

_.,by Ghung and Hahn (1972) L '_ .". o ) "_"“f,;r”
-“_‘.;ﬂﬂ;:Tﬁ:b o

The bond lengths and bond angles are glven in -

Table 7-4. - _;, P

The llthlum and sulphur atoms are at the centres of .

‘;oxygen tetrahedra Wthh share corners to form the L1504;sheets

normal to the a dlrectlon. Effectlvely, there are’ three

layers w1th1n the sheets, a layer of LJ.O4 tetrahedra at .
2n + 1 4n + 1

— 2 and two 1ayers of SO4 tetrahedra at —g 2 and
fﬂﬂﬁiega (cf Flgure 7—2).' The average L1-O and S—O bond

'lengths are 1. 963(15)R and 1 477(2}R respectlvely, compared
to 1. 937(17)R and ‘1. 473(9)3 for these bonds in L1(N2H5)SO4

The hydroxylammonlum 1ons are not mldway between the , - = .

;sheets but 11e in hollows in the surface SO4 1ayers

(cf Flgure 7 1). -The ~NH. group of the (NH OH) 1on forms

3
a SLngle hydrogen bond (H(Z)) and a blfurcated hydrogen bond
{H(1)) to- oxygen atoms of the nearest sheet. The -OE group
R also forms a 51ng1e hydrogen bond to this sheet._ H(3)"of -

_the NH. group’forms a szngle hydrogen bond”ln an Oxygen

3 ;
.atom (0(4)) of the SO4 te;;ahedron p01nt1ng out of the next - | j

sheet. Detalls of the hy rogen bonds are glven ‘in Table 7-5.,u‘; /

A
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Table 7-4.  Bond'distances and anéles fot-Li(Nﬂjoﬂ)SO-

) ._' .'3(4) o

Sodﬁtet?ahedrgn -

. (&)
“s - 0(1) 1.478(2)

s - 0(2) 1.476(2)

s - 0(3) 1.480(2)

s - 0(4) ' 1.473(2).
liib4 tetrahedron . .

. B ¢S I
CLi-0(1) 1.975(5)
Li - 0(2) 1.939(6) . .

Li © 0(3) = 1.957(5)

Ii - 0(3') - 1.981(5) . _

NH#OH‘ioﬂ-_ A

T &y - |

N - 0(5) 1.400(4)

N-H() . 1.06(3)

"N - H(2) "0.98(4)

N - H(3) 0.96(4)

0(5

~ 1.08(6)

‘0(1) -
o) =
o)y =

o2) -
: 7_:,,.0’(2)'_ -
- To(3) -

o) -

o) -

o) -

-.0(2) =~
o 0(2) -,

v wunuonon’

Li
Li

Li

Li

Li

0 (3

0(4\‘)‘;: 1
-'0(3)

0(4)

- 0@ -
- 0(3) .

- 0(3")

f- o(3)r -
- 0(3")

0(3) - Li - 0(3")
o(s5) - N - H(1)
.0(5) -~ N = H(2)
© . 0(5) = N.- E{3)
~ HQ) - N - H@)
‘H(1) - N = 'H(3)
H(2) - N - H(3)
- B(4)

_—

4

3

110.3(1)
108.8(3)

110.1(1) .

" 108.6(1)

108.7(1)

110.2(1)

%

96.4(2)
- 104.8(3)
117.2(3)
. 113.1(3)
103.5(3)
119.7(2)

O
ey
Ca07(2)
2OE(D
L0203
115(3)-

116(3)

89(3) .
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SNy

. The. O—N dlstance of the ion is 1.400(4)3 and the- average

N-H dlstance is 1.00(4)8R and O—H dlstance is 1. oa(s)R

ki

.. The O-H bond is. staggered thh respect to H(1) and H(2) of

Vthe —NH3 group, and the dlnedral angles are glven in Table 7 6. g

[
Y

. The strengths of the bonds formed by the oxygen-

atoms, calculated from the bond lengths u51ng the method L

' -of Brown and Shannon (1973), are glven in Table 7—7. Each |

| oxygen atom of the sheet forms one strong bond (l 5 valence :
,_'way 0(1) and 0(2) complete threefold coordlnatlon by formlng

- R.M.S. deviation of the sums of the bond—strengths from the-

' &
‘valence ls 0’04 valence unlts.

unlts) wrth a sulphur atom. The equlvalence of the L1—0 c

)

and H....O bonds 1n terms of thelr strengths 1s seen 1n the

¢

one bond to each Li and H whlle 0(3) forms two bonds to a;

Li and 0(4) accepts tthe rather.qeak hydrogen bonds. ?hef. S

-~

u
g
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" Table 7-6. Dihedral angiles of'ﬁhe'(NH,OH) ion

!

 Plane defined by . Plane defined by . Dihedrak-angle
- atoms. . - atoms . v ()
0(5) - N -.H{3) o(5) - N- H(2) . T -l12.
o(s) -~ N-H@) - o5 -N-.m(3) 125
0(5) ~ N - H(1). . O(5) - N=-H(@4) =76

o
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. were prepared by the . actlon of hydrofluorlc ac1d on a.

=y

: thlS work we determlned all'

CHAPTER VIII

fTHE CRYSTAL STRUCTURE OF HYDRAZONIUM FLUOROBERYLLATE

This work 1nvolves the solutlon and reflnement of

.the crystal structure of hydrazonlum fluoroberyllate,

( )BeF4, by X—ray dlffractlon methods.‘ The' compound was

flrst reported-and studled by Tedbnacret_al.f(l97l)“who

reported only tH ttic parameters and space group. In -

e atomic positions and were

: able-to determine the:hydrogen bonding‘scneme;r o

“Experlmental R SR St

Crystals of hydrazonlum fluoroberyllate, (N | )BeF4}

-mlxture of N2H4 H20 and ﬁe(OH)2 1n aqueous solutlon B

(Tedenac et. al., 19711" ;

. NH ,-H0 .+_-4s‘r + Bé (OH) 5 -(NZHG)'BeE4 +_'3H'20 .o (81
The crystals were washed thh water and drled by warmlng
under vacuum berore seallng 1n drled quartz caplllarles.-
This was necessary since prev1ous attempts to make o'

measurements ‘on unsealed crystals were unsuccessful as they_.

underwent severe surface decom9051tlon.‘ The space grouP-

P2l/c (Czh), -was conflrmed from the systematlc absences

- observed on prece551on photograPhS- All x-ray dlffractlon _"




measurements were: made at -room temperature on the Syntex._‘-_ ' i

e b s s,

four—c1rcle dlffractometer usrng MoKa radiation (A ' 0.710698)
monochromated by reflectlcn from a graphlte crystal. The S .?
1att1ce parameters (Tablé 8-1) were refined by a 1east-squares

analysrs of the 20 measurements of flfteen reflectlons

v
AN

(Table 8-2). The 1ntensrt1es of 770 1ndependent reflectlonsl
with . 51n 6/A<0 60 were measured and corrected for Lorentz

:and polarlsatlon effects.' No absorptxon correctlon was made;
the maxlmum error 1n F lntroduced by 1ts neglect belng much
‘less than_one per cent;. |

.k

Solution and Refinement of the Structure

Attempts to solve the'structure from a-f
three— dlmen51onal Patterson synthe51s falled ' Sharpening o %o
the Patterson dld not reduce ‘the overlapplng of peaks |
suff1c1ently7for a solutlonrto be found, and drrect methods
had'to be usedr__ - _ |
| The normallsed structure factors (cf. equatlon 2 27)
were calculatedr and all trlple—products of the phaSe factors

were’ calculated (cf. equatron 2-28) for the 100 reflectlons

Pl

w1th the hlghest B values., Three reflectlons ((235), (510)

" and. (252)) were chosen to defrne the or1g1n, and the phages

of elghteen further reflectlons were a551gned from the
trlple-product relatlonshlps where probablllty of correctness o

" was >0 98. These elghteen phases were then checked agalnst

a larger group of 73 products,:and no dlscrepancles were
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- Table 8-1. Crystallographlc Data for (N )BeF4

.crystal systém_;:.' '."_  ; _-t- "Hopdéiinic
Space éroup." :' : _E"", :_' . ‘”' p?l/c'(éga)
ay S soses(@)
bd) f‘:'- ) T ‘ _ijsay
g(ﬂ) -  _ o fr (_ o : " | 5;916(4) 
8> 1 98.25(3)

I T RS

.

Cell volume (RB '_ o, R 'ﬁ‘ _398;9(2j*
D (g/cm ) _"( . | . 1.983
N _Absorptlon coefficient'fdr_Mqu'(mm—;)-- . Q.28 -

o calc

. Crystal'size (mm) - 0.1%x0.1x0.15
. Wavelength MokKa (]) S ~ 0.71069

2n+l

. Systematic absences = . . .. . - 1h0% &=
o . _ S - 2n+l -

. 0k0 k




P RESPY

113

.

N Table 8-2. Reflectlons used in the 1east_§quares reflnement

- of the lattlce parameters of (N )BeF4 '
_Reflectlon S 'f 2 gbs | ‘ '-‘. : 2ega1c : o

P & 06 & A 11017
1 14035 0 14,35 N :
-3 16.77 oo 1679 :
1. © -15:84 . - - 15.84 .
-1~ 15,83 Y 15.83 S B
-4 16.68. ~ . 16.67.
1 . 18.57 - 18.59

o S 14.38 YL 14036
-2 T .18.90 - . 18.90
-2 .. 1re2 . 11.90
2 S 10431 o0 10031
1 o _19.06 e I 19.06
-1 S am.29 - 17.30 o
2 1glss - 1889 "
-4 © 19,21 - 1e.21

0

‘1.
5
|

t
i

o - W WO O H N WOo i HNNN
_ 3
[
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found. ThlS process was repeated, and 69 ‘more phases were
determlned The programmes used were NORMSF SINGEN and ,
PHASE of the XRAY 71 programme llbrary system. R - e
| A three-dlmen51onal electron den51ty synthe51s
'usang these 90 phased reflectlons was made, and’ all

snon—hydrogen atoms were located After a least—squares‘f

_reflnement of the p051t10na1 and anlsotroplc thermal
rlparameters of these atoms, u51ng the" programme CRYLSQ, all
hydrogen atoms were located from dlfference electron 1. o '.' _éd
density maps. In the. reflnement of the hydrogen atom

temperature factors two of them, H(S) and H(G), refined to

negatlve values, these were reset to typrcal values (0 025)

andlnot refined further. Further reflnement led to a
residual.index,'R (cf.'equatlon 2—31), of 0'044. There uas

'no apparent extlnctlon, and a flnal reflnement gave a welghted

3
3
ll

-residual . index, Rw (cf. equatlon 2- 32)r of 0. 043 where the
welgnts, w, were glven by-
= (1_.1_4_ - 0.073|r-_*0| + o.oom_lrol ) 7. (_a-,z) ‘.

" Final atomlc p031t10ns and temperature factors are glven in

.'Table 8~3, and the - table of observed and calculated structureﬂ'

-gfactorsals_glvenlln Append;x-A._-'

Descrlptlon of the Structure -

o

' Views of the structure pro;ected down the a and b

_dlrectlons are glven in Flgures 8—1 and 8 -2,

3 o
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, ERE Figur'e' 8-1.
The. crystal structure of (N,H_) BeF 4 viewed éiong the a
direction. — '- :
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i ' Figure 8-2.
' The crystal _-stfﬁt:t.ure-of (N2H6)BeF4 v'.ji.ewed along the b.
"direction.’ T e >
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_The crystal,contalnehnearly regular BeF42 e “/

tetrahedra and N2H62 1ons held together by .a three—dlmen51onal
" system of hyorogen bonds.r Table-8—4wg1ves the bond lengthS‘-"

0

ana angles, and Table 8—5 glves detalls of thHe hydrogen bonds,

The —N(l)H groupcof the hydrazonlum ion forms two

strong 31ng1e hydrogen bonds (H(l) and H(2)) and a weak @ v . _ ;

v .

.tnfurcated hydrogen bond (H(B)) . The five fluorz.ne atoms & | s

which are the acceptors of~these bonds are all-on drfferent“"ﬂé%

"tetrahedra;_ The —N(2)H group forms: two strong 51ngle g i-}_ Q_
"hydrogen bonds (H(4) and H(S)) and one blfurcated hydrogen |

bond (H(G)) These bonds ‘are- also to fluorlne atoms on 5

| _dlfferent tetrahedra._ Thus,’three fluormne atoms {F{Z), :

F(3) and. F(4)) are 1nyolved in.two hydrogen bonds and oone o
bond to Be (Average Be—F = 1. 544(5)&) and one (F(l}) 1n
three hydrogen bonds and a rather longer bond to Be

(Be—F(l) = 1. 557(8)3). The overail average Be—F bond 1ength

is 1. 547(7)3 COmpared to 1 546(13)ﬂ for the Be—F bonds in

Li(W HS)BeF4

The N2362= 1on has a staggered”conflguratlon, the

dlhedral angles are glve in. Table 8- 6. The N—N dlstance is

]

T IR 417(16)3 and the average N-H dlstance is 0 89(6)&

-
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' Table 8-6. Dihedral angles of the (N,H) ion. .
_ plane defined by  Plane defined by  Dihedral angle |
 atoms " atoms Lo Yo R
N(1) N(2)© H(1) -~ N(1) N(2) H(2) - |12
N(1) - N(2) H(1) . N(1) N(2) H(3) . 13’
CON(L) N(2) H(L) N(1) N(2), H(5). = . - 201
N(1) N(2) H(4) = N{1) N(2) ‘H(5) S121 7
N(L) N(2)  H(4) N(1) N(2) H(6) 127
A ‘/_\_



CHAPTER X

on THE CRYSTAL STRUCTURES OF Ll(N HS)SO AND LL(N HS)BeF4 )

| si(NfH )so and‘Li(Nzﬂs)BeFA are isostructural,-bqth
hav1ng the space group Pna21 This-is'a distortion of‘the
:,51x-membered r1ng trldymlte-derlvatlve structure whlch has
the 1deal space ‘group Icmm (cf. Flgure 1—1). The conflguratlon
of the 51x-membered rlngs can ea51ly be ‘seen. 1n Flgures 5-1

S

-and* 6-1. To obtaln a measure of the dlstortlon of the rlng,

lt is. necessary to . compare the angle subtended at the anlonf

o by the 11th1um and berylllum or sulphur atoms w1th the 51m11ar'

-.rcompoundS‘of'L1CsBeF4, Ll(NH )BeF4, Ll(NH‘)SO and those_-~
7expected in the 1dea1 space group (Table 9- 1). The hridging“
langles at X(l), X(B) and X(4) {X=0or F) are those w1th1n i
the rlng and are all in the ranges 125—133 r 140-153 and

‘.  125—133 compared w1th the respectlve 1dea1 values’ of 140 '7-”

180°

and 140°. The brldglng angles at xtz), Wthh is the
dbrldglng anlon between the planes of rlngs, are very low ln"
the hydrazrnlum compounds at 152. 0(3) “and 146 4(1) for

.‘Ll(N )BeF and L1(N HS)SO respectlvely. The other

4 _ o
' compounds are in the range 173-179 . close to the 1deal value
The replacement of the hydra21n1um ion: w1th the

hydroxylammonlum ion in the sulphate produces a radlcally :_"

122
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L)

dlfferent structure (cf Chapter VII) This rarses the
questlon that if, the dlstortion 'is a result of the catlon

- size, why should the structure of Ll(NH OH)SO -not be of the
trldymlte-derlvatlve form as at flrst srght the NH3OH 1on

1would appear smaller than ‘the N2H5 1on? A possrble o
explanatlon of thrs is that by hydrogen bondlng the effectlve.
radlus of the ion 1s reduced as two atoms whrch are hydrogen
bonded can approach each‘other more closely than-the'sum'of their
1on1c radll.- The hydrazlnlum ions are hydrogen bonded 1nto_h
‘chalns whrch run between the planes of srx—membered rings.. .
‘-Each hydrazrnlum 1ondtakes part 1n 51x hydrOgen honds, f1ve .

'as a donor and one as- an acceptor.. Thls srxfold coordlnatlon

fof the hydra21n1um ion by 1ts hydrogen bonds reduces its
"heffectlve size con51derab1y. If we compare thlS w1th the
| .hydroxylammonlum rons we see that although the —NH3 groups

'will be. equrvalent the four coordlnated —NH2 groups of the
hydrazrnrum ion. charn are 11kely to be smaller than the two
‘coordrnated hydroxyl groups, even though the lonlc radlus of
'nltrogen (1.71 &) is greater than that of oxygen (1 32 R) E

Table 9-2 shows the space groups, un1t cell volume and .

catlon radlus for the whole serles of compounds. There appears -
to be an anomaly in the case of the NH4 compounds whose ionic‘

radius would place ‘them with the trldymlte-like (P63) compounds.

':VThls is probably caused by an underestlmatxon of the lonlc

)

- radius when the ion is hlghly coordlnated and 1oose1y bound-

'-the coordlnation number of ‘the ion is nine in- Li(NH4)BEF4 and
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‘elght 1n Ll(NH )SO with mean N-F and N-O bond lengths of

i

3. 05 R ‘and 3 12 R respectlvely

Comparlson of X—ray and Neutron lefractlon Results

Before maklng any comparlsons among our results, 1t
is very 1mportant to re—examlne the dlfferences between X—ray
and’ neutron dlffractlon and what dlfferences we would expect J':_\//
.between crystal structures determlned by both methods. |

Frrst of all, 1et us state brlefly what we do in a

‘crystal structure determlnatlon. ' We measure a set of

structure factors {IFl}, F being the Fourler transform of

the scatterlng densrty contained by a unlt cell (cf. equatlon,"'

I3

(2-8)) Then we try to obtaln agreement between our measured
set and a calculated set, whlch represents the expected set . |
of values Ar} for a model whlch is the sum of' the contrlbutlons du
for each atom in the cell (cf equatlon (2-11))
It can be seen from equatlon (2 11) that the model is
' descrlbed 1n terms of- f (G), the Fourler transform of the
lscatterlng den51ty of the atom at rest T (G), the Fourjer
: transform 'of the probablllty densrty functlon of the'centr01d
-of the scatterlng densrty around 1ts mean posrtlon- and r '
the. set of coordlnates descrlblng the mean atomlc posrtlons.f
‘The fundamental dlfference between x—ray and neutron'
”_drffractron is that in the former it is the atomlc electrons
- whlch are the scatterers whrle for- the latter the nuclel are
the scatterers.d Thus in the X-ray case, f (G) (cf. equatlon

4

P
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(2- 14)) is a- spherlcally symmetrlc functlon based on the free
atom electron wave functlon, whlle in the neutron case f (G)_'
is the Fourier transform of the nuclear scatterlng densrty
thh is. taken to be a pOlnt scatterer in real space, hence,'
its Fourier . transform in recgprocal space 1s a constant, b
The temperature factor 1n both cases is elther spherrcally
‘symmetrlc (1sotrop1c) as in equatlon (2—10) .or, more ‘
'generally, the centro—symmetrlc e111p501da1 (anlsotropic).

' probabrllty dlstrlbutlon functlon glven by._

LY

R o r 2. 2 %2 2 %2 3 %3
T, (G) = .ell-:p[ 2% (Ullh a “40,,kD “+U, 8%

e '+2 hka'b*+20. _hia*c¥+20. kb ")
S 20, ,hka b +20, Jhta ¢ foZBk%b_c‘)J

> (9-1)
, where=Uij.are the'conponents of.the'SYmmetric thérmal tenSOr'
‘of the 1th atom; ' ‘
| It 1s relevant to ask how well the above.representatlonsk
of the scatterlng denslty and temperature factors agree with
.hreallty;' The spherlcally symmetrlc fo;ﬁ’of the electron.-'-

' scattering den51ty makes-no allowance forfdistortion of the'
fouter valence electrons by bondlng effects. " This dlstortlon

of the electron den51ty 1nto the bondlng regron wrll be aboutl
0.5 electrons/g compared to a total densrty of greater than‘
‘102 electrons/R for frrst row atoms undergorng thermal motion S

3

or 10> electrons/&3 for¢these atoms: at rest-(Llpscomb?=197§}x-

' Clearly, one would only”expect_to seefany sizeable effect‘ch
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{ . o
the bondlng electron den31ty on the mean atomlc posrtlon 1n-
“the case of h: drogen.' In this case, the centr01d of the
electron densi ty is dlsplaced by 0 1-0. 2 R into the bond as
_ determlned from the nuclear p051tlons. With the heav1er. T
Vatoms the effect of bondlng electrons ‘on thEII 9051t10na1
parameters is negllglble, although it may show up as a .
dlstortlon to the true thermal motlon of the atoms.:

To observe thls 1atter effect, a dlfference.synthesls
15 computed where {F } are calculated u51ng neutron p051tlonal-
and thermal. parameters w1th x—ray form factors, and {F } -are
the observed X—ray dlffractlon structure factors. Coppens
(1970) has p01nted out that thls is of use malnly in
‘centro»symmetrlc structures where there are: no changes in

phase factors (+1) between F. and F v but must be used wrth"

X
cautron in a’ non—centro—symmetrlc structure where a dlfference

[ i

1n phase angles between Fx and FN may exlst 5 .

Not only bondrng effects but other 1nadequac1es of L 4

the free atom form factor w111 be reflected 1n the x—ray
temperature factors. Typrcally, one finds that the X-ray f":
‘diffraction’temperature factOrs w111'be systematlcally larger

than those determlned by neutron'dlffractlon-‘.

g‘ -.\ .

2 We have dlscussed what the effect wrll be of

1nadequac1es of the X—ray form factors on the p051t10na1 ”

parameters and temperature\factors;where the temperature
.o

factors themselves are a harmonic approximation to the true °

‘motions of the atoms. 'This.apprOXimation is.very good._;
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lthough correctlons are sometlmes applled to bond 1engths
to account for anharmonlc thermal motlon, and several workers
(Dawson, 1970; Wlllls, 1970 Johnson, 1970) have. descrlbed

the use of anharmonlc temperature factors in structure

analysis. - In thls work we have not consrdered any anharmonlc‘

effects.

A Comparlson of the Crystal Structure of Ll(N H )SO as

-Determlned by X—r_y lefractlon with' that of Ll(N S)SO!

- as Determlned by Neutron lefractlon (Ross, 1970)

The crystal structure of Li(N2H5)80 was descrlbed 1n.
‘Chapter IV, and the X—ray and neutron dlffractlon experlmental ;
results are- glven in Chapter V. '

As expected there are no 51gn1f1cant Shlfts in the

—-—-_.._‘

atomlc posrtlons of the heavy atoms. The SO4 tetrahedron 1s'
.regular with a mean S—O bond dlstance of 1 473(9) 2 and mean
tetrahedral angle of 109. 5(5) There is a slight dlstortlon
——’qﬂgf the L104 tetrahedron whlch has a. mean L1-0 bond dlstance
Vof 1. 937(17) R the bonds to 0(2) belng srgnlflcantly larger
'than the mean and that to 0(4) belng shorter (cf..Table 5= 4).
. The bond lengths and angular drstortlons are similar in both
"works with.a mean tetrahedral angle of 109(5) and the |
greatest angular dlstortlon belng that of 0(2)—L1-0(3) at B
‘97 8(2)0 The N—N bond length in “the hydra21n1um ion 1s
1. 427(3) R whlch is typ1cal for thls ion. |

_ There rs a 51gn1f1cant Shlft ln the atomlc p051t10ns

Lo . X ) N e
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Al

of the hydrogen.atomsj as erpected, the effect of bonding

electrons has reduced the x—ray N-H- bond dlstance by 0 15 g .. il
compared to the neutron bond dlstance, these bond dlstances '
are 0. 87(4) 3 and 1, 022(4) R respectlvely. ‘This can be
clearly seen in Flgure 9 l whlch 1s a plane of an x—N
dlfference -map contalnlng both nltrogen atoﬁ%. ‘H(1) is e
just-above the plane,_and_H(3)bbelow,-other;atoms are‘shown ;
in prOJectlon. There is'ahpronOunced shift in the'eleétrOn

den51ty 1nto the bondlng reglons and into the lone palr

p051t10n at N(l) _p fvffz . D S . , ‘

mﬁe heavy atom temperature factors are systematlcally
larger in the X—ray work, an expected result ca sed by 't{'u;¥+
1nadequacy of the free atom form factor. ThlS an be seen- .
_(Table 9- 3) in the comparlson of the R M. S. dlsplacements on
the prlncrpal axes of the thermal e111p501ds._ Flgure 9- 2 is
. thé plane of the X-N dlfference map contalnlng the llthrum :. P,
VJ/and sulphur atoms,‘0(2) is just beneath the plane as_before,
-7 the other atoms are shown'ln pro;ectlon.: Both the lithium
and sulphur atoms are at’ the-eentre of hlghly negatlve reglons
surrounded by a pOSltlve rlpple. What is remarkable is that
‘the p051t1ve rlpple is greatest in the reglons df the L1—0
"'_and 5-0 bonds. The oxygern atogsralso have a posrtlve rlpple,"
:h‘but 1t is not as large or as well deflned as that around p |

¢

'lrthrum and'sulphur._ ' - o
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Figure 9 1. .
The plane containlng the hltrogen atoms of an
X-N dlfference synthe51s for L1(N HS)SO The 1nterva1

| - between contours is .043 electrons/ﬂ3 ‘

P051t1ve contours 1nd1cated as

Negatlve ‘cotitours 1ndlcated as ==——mm—m—e

n

-Zero- contour 1nd;cated asihr\ -
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: Table 9 3. A cdmparlson between the X—ray and neutron o

+ S . e T e

' root—mean-Square dlsplacements along the'

3

h;)”{ pr1nc1pa1 axes of the thermal ell;p501ds in Ll(N H, )SO4

The X—ray results are given in the flrst ‘Yine. and
: the neutron -results in the second. .
~Atom-  R.M.S.d. -R.M.Sad. IR _R.m,s.d.{'
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'ﬁFigure 942.

The plane contalnlng the llthlum and sulphur atoms.of_an

. X=N- dlfference synthe51s for L1(N )504. The interval

N

1between contours is .043 electrons/R3

Positive contours 1nd1cated as I
. Negatlve contours 1nd1cated as —-—---— ———— L
ontour indicated as o )
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A Comparlson of the Crystal Structures of Ll(N H )BeFI

Determlned by X—r_y_and Neutron lefractlon
As w1th the 1sostructural sulphate, there are no

51gn1f1cant shlfts in the heavy atom 9051t10ns. The BeF4 S

mean Be—F dlstance 1. 546(13) '

tetrahedron was regular.

'and mean tetrahedral ang e 110(1) The LJ.F4 tetrahedron :

: showed a 51m11ar dlstortlon , that 1n ‘the Lio, tetrahedron, -

“4
!
F(2} and F(4) being 51gn1f1cantly longer and shorter
‘respectlvely than the mean Ll—F distance of 1. 854(20) R

.and the F(2) Ll-F(3) angle belng Low- at 99 6(3)0 compared to

a mean of 109(5) (cf. Table_6-5). ‘The N-N dlstance was o

‘1. 431(5) R _ | | - R

The systematlc shortenlng of the N-H‘bonds by
0. 11 R occurred between the x-ray and neutron mean N—H bond-

.lengths; these belng 0 89 (4) and 0. 98(3) respectlvely, thlS
‘again is typlcal of the 0 1-0.2 R contractlon found by
;_other workers (Hamilton & Ibers, 1968). Flgure 9—3 shows”_

';that the X—N dlfference map in. the plane of the nltrogen atoms

and H(l) has srmllar features to that of. the . sulphate.

s Flgure 9- 4 shows the correspondlng map for a\plane contalnlng- |
the llthlum and berylllum atoms. Both atoms are 1n posrtlve
regions which are notlSharply defined; this is probably E

caused by anomalously h1gh temperature factors in the neutron _fﬂ \

' dlffractlon work. There is- no systematlc dlfference between

the x—ray and neutron temperature factors (Table 9- 4). those.

in the neutron diffraction are thought(tojbe;affeCted by

cA



s  “'Figure 9—3. - e
" The plane contalnlng the nltrogen atoms of an

X~N dlfference SynthESlS for Ll(NZHS)BeF4 The

At

H'1hterva1 between contours is .045;e1ectron§/33.

L !f‘.

T POSlthe contou:s 1nd;eated as

: Negatlve contours lndlcated as w=m———m—————

Zero contour lndlcated as —
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Figure 9-4. . = -“\L"‘

"

-'The plane contalnlng the lithium and berylllum atoms of

an X—N dlfference synthe51s for Ll(N )BeF4

'1nterval between contours lS .045 electrons/ﬂ

The

P051t1ve contours 1ndlcated as

Negatlve contours 1ndlcated as —ef—---¥+—¥-

.Zero contour 1ndlcated as
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Table 9-4. A comparison between the'xé'ay‘and”neutrOn "

root—mean square dlsplacements along the

_ pr1nc1pal axes ‘of the thermal e111p50163 in Ll(N H )BeF '

>

~ The x-ray results are glven in. the first 11ne and
: the neutron results ‘in the second.-

atom R.M.S.d; © °©  R.M.S.d.  R.M.S.4.
: axis (1) - axis(2) - axis(3)
| | & B @
e o exa2 0 - .133 113
be 2183 . 2133 - .120
Li S .159 0 o147 - .128
- S8y
A .198 . J184 . o .147
N L2470 - l202 1160
- L1780 . .16 S .148
w2 e o115 s 1s7
' L1827 .157 S 129
F('l)- , . .235 - .169 143
P o210 . - . 169 S 1%
B2y l2s 0 = l1ss 113
.19 - .163 - ©,124
FO T lee 0 1720 136
oy o.204 . L1620 .125
Fa l2a9 ¢ 185 - //“124
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absorptlon and anlsotroplc extlnctlon caused by the 1arge

.

3
incoherent scatterlng of the hydrogen atoms. )
e
o
g
+
L_‘
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CHAPTER.X

ON THE CONFIGURATION AND HYDROGEN BONDING OF

2+
NH T, N, 5 AND N 3OH -IONS

. Very few of the publlshed X—ray structures of'

L)

,hydra21n1um and hydrazonlum compounds have reported accurate o

hydrogen posrtlons, and only the‘compounds (N2”5)HC2 4

(Nllsson, lelnga & Olovsson, 1968),_(NI )SO4 (jonsson &

Hamilton, 1970) and L1(N )SO have been ;nvestlgated by

. ‘neutron diffraction. Locatlon of the hydrogen atoms is

. _essent1a1 1f the hydrogen bondlng 1s to be descrlbed

' hyd%;?en bonds to the abundance of surrounding acceptor ions; -

. stable orbital (lsf:'it'can hence form only'Onelcovalent

Mbond“and the. other atoms are called acceptors of the hydrogen.;VI

A

where the ‘ions. tend to form single,hbifurcated and.trifurcated

‘ accurately, espec1ally ;f weak;hydrogen'bonds ‘are present.

) L]

This is the situation in the compounds we have studied

- -

Let_hs*first-consider_thehnatur? of a hydrogen bond. s

The Characterisation of a Hydrogen Bond

‘Pauling.(1960);state§ that as hydrogen has”0n1y'one_

.bohd If' however,dhydrogen'is coordinated in*a bonding- '

4

51tuat10n w1th more. than one atom, then the atom to which it - |

:15 covalently bonded is called the donor atom of a hydrogen



'\ciﬁﬂ N
bond. The hydrogen atom forms the strong covaient bond‘eith
electronegative atoms; this causes the'hydrogen to be:acidic,'
and it forms bonds which are ionic in.character to other
electronegative atoms. The bond can be_described,schematically _
by: D — H'....A” . Thisqis.the type'of hydrogen bondh.that
we shall be dlscu551ng although there is one other main - group
- of hydrogen bonds, symmetrlc hydrogen bonds, and two small o
groups, brldge bonds (boron hydrldes) and metalrmetal \“-
hydrogen bonds.- The flrst row elements,Jyluorane, onygen;:p
nitrogen, make good donor atoms, ‘also carbon. when'the group
C-H is p051t1ve.5 Other pos51ble donor elements are chlorlne,f
%ulphur and phosphorous.' The acceptor must also be _
electronegatlve or espec1ally have lone pair. electrons, and

typlcal good acceptors are fluorlne, oxygen “and nltrogen,

and even better are F_ v Cl ' Br and I ; Sulphur and

phosphorous can act as acceptors, but no case’ of carbon as

.an acceptor has been reported. _

A

Above, we have set out the chemlcal characterlstlcs-

L/ r

of a hydrogen bond but an operatlonal deflnltlon is. more. ':“L : ; e
.useful to a crystallographer, that is, a strong hydrogen bond is

Sald to exlst“when the 1nteratom1c dlstance of the. donor and

acceptor atoms is less than the sum of their van der Waals'

rad11. Hamlltoh\& Ibers (1968) have p01nted out that for _ SRS
'lweak ~hydrogen bonds,la better crlterlon is that the L

hydrogen—acceptor atom 1nter-nuclear dlstance should be’\ESS B

than the sum-of the;r van der Waals' radll.- Furthermore,
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Baur (1972) states that even-where no hydrogen—bonding. |
contact isdmade, the hydrogen atom ﬁill tend“toibe positioned y
as close as possible.to potential hydrogen bond;Qcceptors,.and‘
that the hydrogen bond must be V1ewed in its™ complete '
environment: (M) —;D — H....A —-(X) where the M‘— D and“
the A — X bond 1engths Wlll be 1nf1uenced by the hydrogen
bonalng.' Thls 1s exactly how the emplrlcal bond—strengthb.f _;‘r

methgd of Brown & Shannon (1973) detects the effects of Lﬁﬂjﬁi
hydrogen bonds;r In thls work, we.have assigned hydrogen :'QKT?QM‘
bonds using"-ihe 'definitions of Hamilton & Ibers and nave“ |
checked these by bond-strength summatlon.

| Of course, when a bond ex;sts there must be.an _ ,':,-j

- enerqgy assoc1ated w1th lt\qaydrogen bonds ‘have formatlon

F

| energles of 2-10 Kcal/mole, thus,'spectroscopy could be )

‘used to detect hydrogen bondlng. The stretchlng mode
'_frequency of an. unbonded O—H group is typlcally > 3600 cm ;
-1

T Wlth a width of 10 cm " ; and on formatlon of a hydrogen -

-bond, the antisymmetric stretch frequency lowers-to

3600—1700'cmf1, the frequency being related to. the length _ C

of the bond and 1ts WLHWP increases to about 100 cm }f The

d
bendlng mode frequency 1ncreases on formatlon of" the bond

" In the compounds we have'lnvestlgated, 1t'wou1d be very
. difficult to resolve lnd1v1dual components of the spectra or
-to a551gn any one component to a g%rtlcular bond., d

s

Neutron dlffractlon 1s the best method of determlnlng

-

the p051t10n of the hydrogen atoms in a structure and héﬁce,'

kel
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for studylng the geometrlcal aspects of the hydrogen bonds.l

The electron den51ty of the hydrogen atom 1n a structure is
about 0.5 electrons/g and so X—ray d;ffractlon is useful

only when the compound is composed of reasonahly llght atoms.
L i \1.

This certalnly applles to the compounds we have studled

: ¥

where sulphur was the heav1est atom, and no dlfflculty was

found in locating the hydrogen atom. . o o
ﬁ - : . o . . ] . —. - ‘.. . N N . . ,:‘ - }k?

The Conflguratlon of the NZHG ", 23- and NH OH Ions : :"; 'f___g

In those hydrazlnlum and hydrazonlum compounds where

the hydrogen .atomns ‘have been located, the 1ons have a . Q o ;7

' rtaggered conflguratlon.ieLu:dgren, lelnga & Olovsson7(1958)
have calculated the sum ofqthe electrostatlc enexgy and the

" van der Waals ‘energy for the rotatlon of the —NH3+ group

'about the N—N axis in LJ.(N2 5)804 ‘ Thls shows that although
.there is a broad mlnlma at the staggered p051tlon, the barrler
ochgalnst rotatlon into the ecllpsed pos1tlon is only |
6 Kcal/mole.' If such a, sﬁall barrler is typlcal, then it'.is -

2+

somewhat surprlslng that all the N2H5 and N HG ions have a '

sta gered conflguratlon. The hydrogen atom of the. hydroxyl

pin the NH3OH ion is also staggered with respect to

the ~NH3 group. Flgure 10 l shows Newman pro;ectlons of these""

N

Vrons- also shown in the dlagram are the mean values of the
tetrahedral angles of the —NH3 ,groups ‘and that of the -NHZ )
group and the symmetry related H(2 ) of the hydrogen bonded

Chaln; It is. apparent that not only is the staggered B

VA
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.a)'The N H 1on 1n Ll(N )SO from uhe'

" B ) ’
' ". - ,‘(‘
[ !‘_
. N
o ‘valr A , . »
o : 3
%g Figuré 10-1. . ) .
| Newman prgjectlons of the N2H5 r NH3OH and N2H62f ions,
The pr03ectlons are v1ewed down'the N(l)-N(E) or- N-O-S
dlrectlon. The mean value§ of the tetrahe ral angle at "
. : q; N
ST @&
N(l) or N are. glven bf<§ and that at N(2) y_Y.‘ )
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b) . The’ NZDS 1on Qn Ll(N DS)SO4 from the neutgpn work tae

<) The NZHS ion in Ll(N}H )BeF4 from the X—ray work. F,.-'
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_d} The N2H5 1on_1n;E1fN2 5??@F4 fFo?Jﬂh§:neutron.w0rk.
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configuration almost perfectl'hut aIso the tetrahedrala- ; o (
geometry of these groups. - | |
Hydrogen atom temperature factors reflned from x—ray
diffraction measurements are notorlously 1naccurate and in
'some cases cannot be reflned (cf Tables S 3 and 8 3) Those
for neutron diffraction are\pore ea51ly reflned although the |
~ thermal motlon of these atoms. may be very anharmonlc which ..
would lead to an~over estlmatlon of these parameters. Theid.
R.M.S. dlsplacement -alongfthe prlnclpal axes of the thermal
_ellipsoids for the :sdrogen-atoms.of'Li(NzH )BeF4 are.given _f
1n Table 10 l and they show that the elllp501ds approxlmate

';oblate spher01ds w1th thelr short axes 1y1ng almost along

G the_N—H' " ‘gure 1072),7 The,hydrogen atoms of the —NH3+
‘group have sl ghtly'larger‘temperature factors than'thgse of

the -NH2 group w1th ther;blargest axes approxlmately in the

- plane of the hydrogen atoms.

,.The/;;d;o;gn Bondlng of the . N2—62f* Nzg ~and NH OH Ions

In Chapters v and VII,jwe have used bond—strength

summatlons to verlfy the assxgned N-H....O hydrogen bondlngf
.scheme and have found excellent.agreement w1th the ei?ectedi
E 1deal values except in the case of 0(3) in L1(N2H5)SO
" U51ng the structural determlnatlons of NH4F (Adrlan & Fellrllii;;'
f,1969), HF (Habuda & Gagarlnsky, 1971), Ll(ﬁzﬁs)BeF4 -and -
{i(N )Bqu, bond—strength —-bond—length curves were reflned';Qf«;if-“

..._

for H~F bonds determlned by X-ray: and neutron dlffractlon.'

e
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Taifle 10-1. "t The root—mean square dlsplacements along

the,ﬁglnc1pal axes of the thermal e111p501ds of the -h

hydrogen atoms in Ll(N H )BeF and the
\

_ anqles-these axes make w1th the cell axes

CHQ)

Atom  R.M S d. ’ Axis-a Ax1s-b Axls—
o & O (%) Oy
0.157 . 22.8 73.0 75.4
-0.284 67.3 . . 131.4 130.2 .
, 0.313 - 88.8  133.8 43.8
o . 0.330 33.5 124.7 83.2
H(2) - 0.225 121.1 143.4 107.5
| 0.157 ' 105.5 100.5 18.8 ",
- 0.148 162.9 78.4 - 102.5
T H(3) 0.390.  79.6 100.2 165.4
o - 0.291 - 76.5 15.6 - 97.6
o7 o.1s5 ' 53.5  138.4 °107.1
H(4) 0.356 - - 38.9 - 5110 9L.1
R 0.298 .. 101.5 77.5 “162.9 -
- . 01075 -~ 104.0 101.5 . - 8.2 -
 H(5) - 0.226 A0 16.4 _101.4;' 78.4
- © 0.344 © 98.5 163.8 - 103.8
| L _ B
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Figure .10-2.

-: A thermal ellipSoidrdrawing of the N2H5+-ibnlfrom.ﬁhé

neutron difffaétion‘inGeStigatiOn of,Li(NzHS)BeF4}' The-.

‘thermal-ellipsoids include 50% probability.
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- The functional form of the éurves was: \
s = (&/R)N - (10-1)

i 4

' where s is. the bond-strength R 1s the bond length and R0

and N were parameters refined by a least—squares flt of the | _ :
. anion sums usrng the FORTRAN programme BOST. For the x—ray _. |

curve, four structures w1th a total of 22 H-F bonds were used

g1v1ng an R.M. S. relatlve deV1atlon of 8 7% whlle for the

neutron curve, three structures w1th 13 HnF bonds gave an _‘

G

R.M.S. relatlve devratlon of 7. 6%. The parameters R, and N

0.
5 reflned to respectlve Values of 0. 74 and 1. 59 for- the X—ray

curve and 0. 84 and 2. 03 for the neutron curve, both curves

. are shown 1n FlgureﬂlOwB; Both the x—ray and the neutron

curves should coalesce in the region of synmetrlc F- H—

.i.

bonds whose angleS'are‘IBO ,“ThlS prov1des a useful check as,

for: such bonds, the bond—strength must be 0.5 valence unlts.~

: ".' ey
R

The reported bond lengths for such bonds are. 1 13 R in both . :.ﬁh ,
2 (Ibers, 1964) and NaHF (McGaw & Ibers, 1963), and are , |
'1n close agreement w1th the values predlcted by the - 7**”
bond-strength curve._?':h‘ .Efﬂ ‘,",' e | 'd,n, JLV:V"”
| Bond—strength summatlons for Ll(NZHS)BeF _dg

it

(N.H )BeF, are glven in, Tables 10 2, 10 -3 and 10 4., For both

4
“theSe structures, the catlon sums are very close to thelr '-_u\

\/._

“ideal values.. The anlon sums, however, are not as good- J ‘;ﬁv -

o F(3) An. Ll(N2H )BeF4 11ke 0(3) 1n the sulphate, shows marked
' 2R Sl e e AR

Jro— . —
-~ . Ve . - \
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| Flgure 10ﬂ3.
a : 1
_fBond—strength —-bond*length curves for H—F bonds
determlned by x—ray or neutron dlffractlon.:
. e .\% o ~ .
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| . ' ' . ~ . b
- geficiency for sums made thh both the X~ray parameters and

with the neutron parameters, and the sum at F(:J in (NZHG)BeF4 -

1s low.- In the case of hydrogen bonds, two factors will

N i

greatly influence the accuracy of the bond-stredgthﬁsums.

First of all, we,do‘not consider“contributions fram very L

v . T 3 ’ ' . e
weak bond$ (van der Waals' contacts) where the indicated - el
'bond-strengthrfor an HﬂF bond would'be-about 6;12—0;14 _ !

valence units; ‘and secondly, the p051t10na1 parameters of'

P

the hydrogen atoms are- not as accurately known as those of tflfiu
',the heavy atoms and hence the estlmated errorgln the H—F |

. bond lengths used in calculatlng the bondrstrengths Wlll be' -
large., Although it can be argued that the predlctlve nature _ﬂf- -
.. of the bond~strength summatlon method -is not. conclu51ve, ther"' ,l~

ablllty to account for blfurcated and" trlfurcated bonds makes-

‘~1t very useful.' o ‘:' ‘"i"

L In the type of structure we have 1nvest1gated, any

~

hydrogen 9051t10ns based solely on the N~0 ‘or "‘N-F contact

dlstances would be 1ncorrect ‘as the flxed 1nterna1
'geometrles of the hydrogen bonded catlons make e

} _llnear—hydrogen bondlng 1mp0551ble. There 1s no correlatlon

.~ of predlctlve value between the D-A dlstance and ‘the hydrogen

:bond angle (Flgure 10- 4), however, there lS a strong
'correlatlon between the H....A dlstance and the hydrogen t
bond angle for both H....E and H....O bdnds (Flgure 10—5)

The range of hydrogen bond angles are from 106 “to 172° for

ll{;* :

the N—H....F bonds and from 113 to 170 for the N—H....O.~

L

,_, ..
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Figure 10—4'1. 7

A diagram showing tiié correlation bétween ‘the ‘hyd;o;rép ;

i _ bond angle and the donor—acrc:eptqr dlstance.. | |
o Ll(N )BeF o ,
" ’(NH)BeF 0. L LY
LJ.(NH on)so, +A o | |
i (WHS) S0, > 2 | | ~

- 'Bi'furcated.bonds _indi¢atéd by “ . | L (—\ : - :

v ) -T'ri_fmf:c;at,ed.' bonds indicated by "> _; -

) R o - .
_‘N-H....N bonds indicated by §.
_ 0-H....0 bond 1nd1catec1 by t+ : _
* o All bonds are those determned by x—ray dlffractlon. A |
- . _'.. -'..ﬂ. ‘ o . -- -, N ) ) . ..“ - . “.‘I‘E :
' ‘ ' | | . :l . . ‘ - . . . ' ) . . N . " . \ o ... . o -\‘ ‘ ‘ /r -,
- ~ 7- ::‘ ' - . (=9
B -
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Figure” 10-5. I L
< . A dlagram showing the correlatlon between the hydnmgen‘
"bond angle and the hydrogen-acceptor dlstance.
Li(NéHs)BeF4" ~ " | R

(N, H )BeF +O Lo o \

Li (NH30H)SO_4 -*_A

L (N,H) SO, +O |

Blfurcated bonds’ lndlcated bxh

Trlfurcated bonds lndlcated byﬁ
f//, vN_H.--.N bonds 1nd1cated by § , )
;o o~ o SR
‘ O—H....O bond 1nd1cated by + .f}* T ﬁ’_

: All bonds are those &‘termlned by x-ray dlffractlon._
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- .
bonds. With the exceptlon of the N(1l)- H(l)....Q44) bond in

 Li(N,HZ) SO0, all the single hydrogen bonds had- bond angles {' SN
.5'148 and the blfurcated and trlfurcated bonds with three“\‘

Tt

exceptlons were < 148 . There is a sllsﬁt tendency for the
,‘neutron diffraction reghlts to glve a smaller angler thle is
caused by the- longer N-H. dlstances. " The hydrogen'bond angleS"
in ﬁl(NH OH)SO were con51stent1y lower than ‘those. of the | R
x—ray determlnatlon of Lr(N )SO4 because of the anomalously - i
1ong N-H and o-H dlstances in the former compound at 1. 00(4) R’”l o

" and 1.08(6) R respectlvely. 1t is also of note that whlle all |

the N-N*ﬂ and O-Njﬁﬁangles were close’to the tetrahedral
'-valqevd§~109.?—' the N—O*H angle ‘in Ll(NH OH)SO4 is. qulte.

'710w—at“89(3)o, l :;; .tj o “" D B . 'f‘; v

B . A

V.
R



Although we have démonstrated that Li(N2.5)80

.

not a ferroelectric, 1t does have . thg/very rntegéstlng

Property of ‘an anlSOtroplc electrlcai conductrvrty. The', -

“

conduct1v1ty 1s}h1ghest in the ¢ d1rectlon and is caused‘

by proton transfer along\the chalns o hydrogen bogded -f;' © o

hydrazinium :ions. The same’ type of . chain (cf Flgure 1-2a) lQ .
B _ | | R

'is found in the isostructural_compound%pi( '

wOuld'indicate that‘sihilar electrical-pio
L i

»

exlst in thzs g:ompoand. -

¢ 7 | The substitutron of the monovalent cation NH3OH '

a totally different type of structure. The size and shape of 0
thlS catlon are such that the framework: type of structure is
: lmposslhle, rt should be pomnted out that the oxygen atom{ 'ﬂ . f"?yf
of an O-H group is. not always a good acceptor of hydrogen bonds,.u;itbl
and the. pOSSlblllty of hydrogen bonded chains of-NH30H _1ons . o
was unllkely. The hydrogen positions-Ln Li(NH3OH)SOd were‘,
easxly located in the x-ray work, .as they were for the other

. compounds 1nvest1gated by thls method.r It would appear that'
Tall hydrogen atoms- can be 1ocated by x-ray methods 'whert" there ',fﬁ
are no very/heavy a%pms present, provrded that a diffrac-'f |

tometer is used and that sufficient care is, taken 1n




-\ -

.u51ng the free atom atomlc form factors for bonded atoms.
"The - effect of systematlcally 1arger x-ray temperature-__‘

factors of the heavy atoms was observed for the’ sulphate but

the collection and gorrection of_the measurements. —Neutron

dlffractlon w1ll of course, prov1de more accurate positions -.

r

and tenmperature factors of the hydrogen atoms and will /o

~

locate hydrogen -atoms in a heavy atom env1ronment.

The hydrogen bondlng arrangements of the compounds.

. were fu}ly lnvestléated and‘showed that s:.ngleJ blfurcated IQ?V

t L]

and trlfurcated bonds exlsted. The hydrogen bondlng dld not' -
appear to distort the almost perfect tetrahedral geometry of

the'--NH3 ‘and . NH2....H' groups ox apprec1ably affect the
2+

staggered conflguratrﬁﬁ of the N2H5 and N HG lons._ -

- Comparlson of the'x-ray and neutron dlffractlj
PV
structures of Ll(N HS)SO and/pltﬂ )BeF clearIy showed

he effects of both bondlng electrons and of the problem of

not for the fluoroberyllate., Problems 1n the reflnement of

thlS structure, espeCLally extlnctlon, are thought xo be

Qaused by an underestlmatlon of the absorptlon. ngh
absorptlon could be caused by the 1arge 1ncoherent
cross—Sectlon of the hydrogen atoms whlch are a hlgh atomlc
percentage of thls crystal. Thls would not only. 1ntroduce

absorptlon problems, but also the problem of anlsotroplc-

| extlnctlon. . Such problems would not occur: in LJ.(N2 )SO4

-fas deuterlum has- a negllglble 1nooherent scatterlng f

i

crOSstectlon._ Although this problem has been noted by other
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no satlsfactory solutlon has been proposed; 'and

st that for nequon dlffractlon 1nvest1gatlons
(we “would sugge . - e - ’ |

of structures, deuterate& cxrystals should always be used

workerg,

-

when there is a‘h&qﬂ{atomlc percentage of-hydrogen present.
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'« APPENDIX A
_ TABLES OF OBSERVED AND CALCULATED STguchRE

FACTORS. AND CALCULATED PHASES

‘Table A-1. Observed and calculated structure
| factors and calé¢ulated phases for
the X-ray measurements on Li(N,H.)}SO

3 \ - i . l . ) 2 5.' 4
rable A-2. Observed and calculated structure
> * factors and calculated phases for

the X-ray measurements on Li(Nz-HS)Be}_'.-‘4

. ' : St a :
‘_J/’ikxﬁ Table A-3. Observed and calculated structure

. _  factors and calculated phases for
3 ~ . the neutron measurements on Li(Nzﬂs)BeF4'-
Table A-4. Observed and calcufated'structdré“'
' - factors and calculated phases for = -
the X-ray measurements 'on‘_Li(NH30H)_SO4

Table A—S; Observed énd calculated structure
S factors and calculated phases for
the X-ray measurements on (N, H)BeF,

For the non-centro-symmetric Structure (Tab1eS'le,’\l'
A-2, A-3); the phase factor (a) is given in (.
" millicycles; for the centro-symmetric structures
(Tables A-4, A-5), the phase factor (x1) is E
indicated by the sign of the'calculated structure
factor. B a : : _
Reflections where F < 30Fo’are regarded'as =
- Ebbservéd@and' are fmarked with an asterisk. S
£ : ‘ .

able‘A-B. If the‘integfated‘intensity of a refleéiion
was negative, it was regarded as extinct,; and the
- reflection was marked with.an E.

N
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.Observed and calculated étructure

-

Table A-3.

factors and calculated phases for the

neutron measurements on. Li
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Obsarved and calculated strueture -

Table A-4.

factors and calculated phases for- the
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‘Table A-5 (Contihued)
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APPENDIX B

COMPUTER PROGRAMMES USED IN  THIS WORK

'All calculations were carried out on the CDC 6400
computer at the University's computer centre. The bunched'
.paper control tapes for the neutron dlffractometer were made

on the PDP ‘9 and PDP 15 computers in the UnlverS1ty S

:

-

Tandem van der Graaff‘Accelerator Laboratory by klnd

| AT
perm1551on of its dlrector.

w

The FORTRAN programmes MACDIF and DIFDAT used in - :
the runnlng of the neutron dlffractometer, were wrltten by
us, and the MACRO programme ASTIG, for punchlng the paper

tape, was wrltten by Dr. LifHughes and delfled by Dr.AJ C.w

Tlppett. For the: crystallographlc calculatlons, exten51ve

use was made of the Unlversrty of Maryland's (1967, 1971)
computlng system XRAY 67 and XRAY 71. In addltlon, the _
Vlocal crystallographlc 1east—squares programme CUDLS, rrltten
:by Dr. J. S. Stephens, was used for refrnements 1nv01V1ng ,h
eytlnctlon.- Some of the molecular geometry calculatlons and
" the thermal e1119301d plot were made usrng ORTEP. the Oak
'Rldge Natlonal Laboratory s (1965) thermal e111p501d plottlng
programme. The bond—strength summatlon programme BOST was

wrltten fn FORTRAN by Dr..I. D. Brown ;'. . o e
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