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Synopsis 

The Crystal structures of Ferroelectric NH
4

H(ClCH
2

COO)2 and 

Its Relationship on the Isotope F.ffect of the Hydrogen Bond 

A brief historical description of ferroelectrics and 

ferroelectric phenomena is given. In this context, a 

particular significance of the structural studies in 

ferroelectric NH 4H(ClCH 2COO)2 with a possibility of a 

single-minimum potential well of the acidic H atom is 

emphasized. Furthermore; the significance of studying the 

characteristic of the hydrogen bond and the isotope effect 

from the viewpoint of the bonding parameters is described. 

In chapter 11 the results of the structure analysis 

in the paraelectric phase at room temperature are described, 

in which the final R value was 0.068. It is found that 

NH 4H(CICH2COO)2 has the shortest symmetric hydrogen bond, 
o 

2.432(5) A , connecting two chloroacetate residues amonq 

hydrogen-bonded ferroelectrics. It is concluded that 

the shape of the hydrogen-atom potential is effectively 

of a single-minimum type and NH 4H(ClCH2COO)2 is the first 

example with a single-minimum potential well, from the 

0 ... 0 length and the anomalous characteristic of the infrared 

spectrum together with the conclusion drawn from the neutron 

diffraction and spectroscopic data in other Type A acid 

salts. 
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In chapter III the results of the structure analysis 

in the ferroelectric phase at 80 K is given, in which the 

final R value was 0.106. No appreciable change was 

found in the conformation of, the chloroacetate dimers 
o 

including the very short hydrogen bond (2.457 A), whereas 

a considerable shift in the ammonium ion was observered. 

The mechanism of ferroelectric phase transition is discussed. 

The order-disorder model of the acidic hydrogen atom is 

excluded since the hydrogen atom in a single-minimum 

potential cannot play the crucial role in the phase 

transition, in contrast to the order-disorder model adopted 

usually in hydrogen-bonded ferroelectrics with assumption 

of a double-minimum potential well such as in KH2P04 . The 

conclusion is compatible with that from other experimental 

technique mainly by Chihara and coworkers, i.e. the 35Cl nuclear 

quadrupole resonance frequency and relaxation time, the 

heat capacity measurement, and infrared and Raman spectra. 
) 

A possibility of a pure order-dis9rder mechanism of the 

nitrogen atom in the ammonium ion was examined, but was 

ruled out from the consideration of the shape of Fourier 

map and the r.m.s amplitude of thermal vibrations. This 

conclusion is also compatible with other experiments. 

Chapter IV is related to the correlation between O-H vs 

0 ... 0 distances and the geometric isotope effect ~R in OHO 

bonds. Symmetric bonds are continuously distributed at 
o 

least up to about 2.6 A, in which the shape of the H atom 
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potential curve seems to vary continuously from single to 

double-minimum type with increasing 0 ... 0 distance) retaining 

the symmetry requirement. The'average correlation curve of 

asymmetric bonds appears to coincide with 'symmetric'straight 
o 

line at the shortest limit around 2.4 A. Ondeuteration an 
o 

expansion was seen in the 0 •.• 0 distance range 2.44-2.64 A. 

The equilibrium position of the H atom in symmetric bonds 

is considered with two correlation curves (O-H vs 0 •.• 0 and 

~R vs 0 ••• 0) used as empirical basis, under assumption that 

the potential curve can be expressed as the superposition 

of bolD asymmetric bonds. The correspondence is pointed out 

iii 

between two kinds of the isotope effect, i.e. the isotope effect 

of the distance between two equilibrium positions (or ~R) 

and the isotope effect of the transition temperature in ; __ _ 

hydrogen-bonded crystals which undergo ferro-, antiferroelectric, 

and other structural phase transitions. 
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Chapter I. Introduction 

I.l. Ferroelectricity and hydrogen bond 

The first ferroelectric, Rochelle salt, ,,,as discovered 

in 1920 and the second, KH 2P04 (KDP), in 1935. These two 

crystals were the only two known ferroelectrics before the 

discovery of BaTi03 after World War II. Thus, the hydrogen 

bond was in intimate relations with ferroelectricity from 

the times that ferroelectricity appeared to be a rare and 

isolated phenomenon and was considered to be 'one of Nature's 

great accidents' (B. T. Matthias). It was plausible that 

not only OHO but NHO hydrogen bond may be important for the 

occurrence of ferroelectricity and was a clue to searching 

new ferroelectrics, in the course of the subsequent 

discoveries of (NH2)3Al(S04)2'6H20 (GASH), 

(NH2CH2COOH)3'H2s04 (TGS) , a number of alums, and (NH4)2S04 

and so on. (See, for example, Jona and Shirance,l) and 

Landolt-Bernstein2 ) ) 

Recently the number of known ferroelectrics amounts to 

a few hundreds, a considerable part of which are yet the 

hydrogen-bonded ferroelectric~, with various types of the 

hydrogen bond such as OHO, NEO, CIIlCl. Today 

ferroelectricity is no more isolated phenomenon, but 

occupies a definite position as a field in the-solid state 

1 



physics and chemistry. 

It should be borne in mind here that among many 

hydrogen-bonded ferroelectrics, 

(i) there are a great variety of the hydrogen-bond 

strength, i.e. the hydrogen-bond length (the distance 

between a donor and an acceptor atom ), and several types 

of the hydrogen-bond such as OlIO, NEO, CIHC1. 

I.2. Developement of studies of displacive-type 

ferroelectrics by the soft-mode concept 

The discovery of the third ferroelectric BaTio3 in 

1945-46 was a great step in advance toward a better 

understanding of ferroelectric phenomeoni its structure is 

far simpler than that of any other ferroelectric known and 

is conunon to large family of compounds called perovskite-type 

structure. It was shown by Devonshire3 ) that three 

successive phase transitions in BaTio3 can be described 

phenomenologically by taking the cubic perovskite structure 

as prototype. In 1960 it was proposed by Cochran4 ) and also 

by Anderson5 ) that the phase transition for the BaTi0
3
-type 

ferroelectrics results from an instability of one of the 

normal vibrational modes of lattice (soft-mode theory). 

In this theory, the phonon frequency of a particular 

transverse optic mode UUTO decreases and tends to zero on 

approaching the transition temperature T with c 

2 



2 
WTo = A(T - T ) o 

where A is a constant, T the paraelectric Curie temperature. o 

At Tc the restoring force for the mode displacement become 

zero and this soft phonon motion freezes into the static 

displacement of the low-temperature phase. 

The neutron scattering occupies a unique position as 

a very powerful tool among many experimental technique; 

it has important advantages in contrast to light and X-ray 

scattering because the neutron scattering can cover a wide 

range of Q and the neutron energy ~W is of the same order 

of magnitude \vith phonon in measuring the scattering 

function S(Q,W) by which the dynamical properties of 

solids can be characterized. 6 ) Experimental development of 

the neutron inelastic scattering revealed the soft mode 

condensation of r (q = 0) mode at Brillouin zone center 

in the displacive-type ferroelectrics with perovskite 

structure such as DaTi03 , PbTi03 , KNb0
3

, and KTao
3

. 

Furthermore the inelastic neutron scattering made possible 

the mode determination from intensity analysis, i.e. to 

obtain the atomic motion involved in the soft mode, in 

KTa0
3 

and several other cases. 7 ) 

Apart from the perovskite-type displacive ferroelectrics, 

the soft mode concepts was extended to order-disorder 

type8 ) and to zone boundary phonon9 ); The soft mode 

condensations at ~ point in order-disorder ferroelectric 

KD2P04' at ~1 point of Brillouin zone boundary inND4Br, 

3 



at M point in ferroelectric Tb 2 (M00 4 )3' at M and R points. in 

perovskite srTi0
3

, KMnP
3

, NaNb0
3

, LaAl0
3 

are examples. 7 ) 

The soft plnnons are also observed in other various structural 

phase transitions; their examples are the r mode condensation 

in quartz, in semiconductor GeTe, SnTe etc., and the 

transverse acoustic (TA) mode softening in superconductor 

Nb 3Sn, V3Si. 7 ) Recently the structural phase transitions in 

some MX 2-type 2-dimensional metals and in I-dimensional 

conductors KCP and TTP-TCNQ are discussed in terms of 

enhanced Kohn anomaly (acoustic phonon softening at q = 2 kp ) 

through electron-phonon interaction. Studies along these 

lines are now in progress and present interesting topics 

10,28 ) 
such as 'central modes problem'. 

Thus, the generalization of the soft mode concept brought 

the unified understanding of the fundamental mechanism of 

structural phase transitions. It can be said again that 

ferroelectricity is no more isolated phenomenon, but has 

many related phenomena and common mechanisms with other 

field of solid state physics and chemistry, in addition to 

the well known similarity and dissimilarity to 

ferromagnetism. 

I.3. Anomalously large isotope effects on physical 

quantities in some hydrogen-bonded ferroelectrics. 

In order to understand better the nature of 

4 



ferroelectricity on the basis of knowledge obtained from 

the lattice dynamical approach such as the soft-mode 

concept, knowledge of structural details and chemical-bonding 

characteristic in individual ferroelectric.crystal is 

necessary; Both approaches may be said to be the complement 

of each other. Importance of static 'structural' approaches 

should be emphasized because ferroelectrics have generally 

complex structure with relatively low symmetry and with 

many atoms in an asymmetric unit. One of the clues to the 

unified understanding from the structural point of view may 

be the hydrogen bonding, as can be seen from (i). 

The most striking and dramatic phenomenon in hydrogen= 

bonded ferroelectrics is anomalous isotope effects on some 

physical properties such as transition temperature T which c 

are seen in some acid salt crystals such as KH 2P0
4 

(KDP) 

type crystals. Transition temperature rises about 100 K by 

substituting deuterium for hydrogen atom (H-7D)ll); 

This isotope effect is very remarkable and not so much 

precendented over the fields in solid state physics. It 

seems to be owing to these circumstances that the 

hydrogen-bonded ferroelectrics mean KDP-type ferroelectrics 

in a narrow sense. 

The first molecular theory of the phase transition in 

KH
2

P0
4 

was proposed by Slater in 1941,12) where he assumed 

prior to experimental evidence that each proton, which is 

contained in the OHO bond linking neighbouring P0
4 

groups, 

takes one of two positioruin a double-minimum potential well 

5 



(order-disorder model). After about a decade, Bacon and 

pease13 ) showed by neutron-diffraction structure analysis 

that an average density distribution of proton changes 
~ 

remarkably through the transition temperature; this result 

was compatible with Slater's assumption. Furthermore, in 

order to explain the large isotope effect, Blincll ) and 

subsequently Tokunaga and Matsubara14 , 15) proposed a 

proton tunneling model in which proton is assumed to make 

a tunneling motion between two minima of the double-minimum 

potential well. Subsequently Kobayashi15 ) took into 

consideration the coupling between transverse optic mode in 

K-P0
4 

ion and the tunneling motion of proton (spin-phonon 

coupling).17) Thereafter very extensive experimental and 

theoretical work has been reported. However, the problem 

of the origin of anomalously large isotope effect is still 

one of the main problems in the fields of ferroelectricity 

18 19) today, but does not attain to the complete understanding. ' 

Assumptions used in the theories of phase transition 

of KH 2P04 , i.e. that the proton is distributed in a 

double-minimum potential and that proton play a crucial 

role (trigger) in phase transition, seem to exert farreaching 

influence on the phase-transition mechanism of the other 

general hydrogen-bonded ferroelectrics explicitly or 

implicitly. For example, the same phase transition 

mechanism as KDP was proposed in TGS by Hoshino, Okaya and 

. k 20) Peplns .y. However, recently Fletcher, ~eve and Skapski 

state that it is difficult to accept any major~role attributed 

6 



to proton in the short hydrogen bond connecting two glycine 

1 h . f f h h .. 21) molecu es as t e motlve orce or t e p ase transltlon. 

It should be stressed here agai~ that next points are 

assumed in the KH 2P0
4 

theories; 

(ii) the potential shape is of a double-minimum type, 

(iii) the hydrogen-bond length 0 ... 0 or the potential 

shape of the proton does not change by H-7D. 

B. T. Matthias states in the paper 22 ) with the title of 

"Ferroelectricity: Nhy did it take so long?" that "Very 

often in science a mistaken notion expressed by one or a 

few investigators has had a very decisive influence for an 

inordiately long time afterwards both on the correct and 

incorrect work of a great many hundred believers. Again 

and again this has happended". 

I.4. A peculiar significance of ferroelectrics with the 

potential curve of single-minimum type 

The shape of the potential curve may probably be of 

single-minimum type in the very short hydrogen bond, where 

the hydrogen atom cannot be a trigger of the phase transition. 

Thus, it may be possible that the role of the phase 

transition differs in each compound; some may play the 

crucial role (a trigger), but some play only the secondary 

role, since the hydrogen bond, involved in many hydrogen-bonded 

ferroelectrics, are full of variety. 

7 



The potential of hydrogen atom of a single-minimum type 

is supposed to be realized in the FHF hydrogen bond 

(See, for example, Hamilton and Ibers 23 ». With reference 

to the OHO system, a group of acid salts of carboxyl acids, 

classified as Type A and A2 , attracts particluar attention. 24 ) 

Firstly, Type A and A2 acid sa'lts involve most of the 

shortest OHO bonds so far measured, whose 0 ... 0 length are 
o 0 

concentrated with a mean of 2.445(2)A and 2.450(2)A 

respectively. Secondly, the conclusion with respect to the 

potential shape, obtained from neutron diffraction and 

spectroscopic techniques, is converged into the opinion 

that 

(iv) in all type A acid salts, the hydrogen bond has the 

potential curve of effectively single-minimum type. 

Furthermore, it has been found by us 25 ) that 

8 

(v) ammonium hydrogen bis-chloroacetate, NH4H(CICH 2COO)2' is a 

member of Type A acid salts and exhibitsferroelectricity. 

These results strongly suggest the possibility that 

NH 4H(CICH2COO)2 has also a very short hydrogen bond 

as in all other members of Type A acid salts, and this 

compound offers the first example of ferroelectrics with a 

single-minimum potential, where the hydrogen bond is too 

short to play the role as trigger of the phase transition. 

Thus, the experimental verification of the hydrogen-bond 

structure by the crystal structure analysis of 

NH 4H(CICH2COO)2 seems indispensable for further and more 

general understanding of the phase-transition mechanism in 



hydrogen-bonded ferroe1ectrics. 

1.5. Correlations between hydrogen-bond parameters and 

geometric isotope effect in OHO hydrogen bonds 

From now discussion is restricted within the OHO bond 

because much data are available, there are full of variety 

in the OHO bond, and present interest is concentrated on the 

short and very short bond. It is commonly said that, as 

illustrated in Fig.1 the potential function for a hydrogen 

atom in a hydrogen bond may be characterized qualitatively 

by one of the curves, which may perhaps be determined by the 

factors as the 0 •.. 0 distance, symmetry and surroundings of 

the hydrogen bond. Hydrogen-bond parameter, such as O-H, 

H ... O, 0 ... 0 length and OHO angle, can be obtained by 

X-ray and neutron-diffraction structure analyses. But X-ray 

data are inadequate because of inaccuracy of the hydrogen-atom 

position. The existence of correlation between O-H and 

0 ... 0 length was first pointed out by Nakamoto, Margoshes 

and Rundle
26

) in 1955; the O-H decreases with increasing 

the 0 ... 0 distance. Since then correlations between 

hydrogen-bond parameters has been refined according to the 

accumulation of data at that time, and seems well 

established in an intermediate and long region of 0 ... 0 

distance. However, 

(vi) for the short and very short region, about 

9 
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c: 
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- (c) 
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d> 

&)od 

0 (d) Cl. 

( e) 

(t) 

Position of proton 

Fig. 1. Schematic illustration of possible~potential 

energy curves for OHO bonds, assumed to be characteristic 

of different 0 ... 0 length. 



° 0 ..• 0 ( 2.6 A, the correlation remain unsettled with 

respect to the dependence on the 0 ... 0 distance and 

symmetry of the hydrogen bon~. 

This may probably be partly because the compounds having 

the short and very short hydrogen bond are rare, partly 

because both of the facilities and precision of neutron 

diffraction structure analyses were insufficient yet for 

present purpose. 

The other key problem from structural aspects is a 

geometrical isotope effect, i.e. the variation of the 0 •.. 0 

distance when deuterium is substituted for hydrogen. From 

about four decades before, it has been pointed out by 

Ubbelohde and co-workers27 ) that an expansion of the 0 ... 0 

distance is observed. However, 

(vii) there is uncertainty about whether the size of the 

geometric isotope effect exhibits the 0 ... 0 dependence 

and how large is it. 

This circumstances seem to arise from that magnitude of the 

effect is usualy as small as -2° 
~lO A and thus an accuracy 

-3° . 
of ~lO A are required in both of the hydrogen and the 

deuterium compounds. 

I.6. Scope of this paper 

Generally speaking, what role the hydrogen bond plays 

in the phase transition of hydrogen-bonded ferroelectrics 

11 



and other related materials? Where anomalously large 

isotope effects results from? 

In order to elucidate these problems, as emerge from 

(i) ~ (vii) described above, first of all the next points 

may be indispensable: 

(1) to verify experimentally an example of ferroelectrics 

with the hydrogen-atom potential of a single-minimum 

type, i.e. the crystal structure analysis of ferroelectric 

NH4H(CICH2COO)2 at present. 

(2) to establish the characteristic of the potential 

shape of the hydrogen atom under the condition of a 

def ini te 0 ... 0 di s·tance, symmetry of the hydrogen bond, 

together with the information from spectroscopic 

measurements. 

(3) to build up the details of the geometric isotope 

effect on the 0 ... 0 distance and other factors dependence. 

(4) to consider the phase-transition mechanism for 

the explanation of observed physical quantities on the 

basis of the latest information of the hydrogen-bond 

structure, such as, from (2) and (3). 

(5) to find out the condition and origin of the anomalous 

isotope effect. 

Studies of this paper have been performed under the 

strategy described above. 

12 
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Chapter 11. The X-ray Crystal Structure Analysis of 

Ferroe1ectric NH4H(CICH 2COO)2 -of ~he Paraelectric 

Phase at Room Temperature 

11.1. Introduction 

It has been discovered that ammonium hydrogen 

bis (ch1oroacetate) NH4H(C1CH2COO)2' is ferroe1ectric 

below 128 K. 1 ) This compound belongs to acid salts MHX2 

of monocarboxy1ic acid HX. It is known that a group of 

MHX2 compounds called Type A involve the very short 

hydrogen bond connecting two X with the hydrogen-atom 

potential of single-minimum type. 2 ) Ferroelectric 

NH 4H(C1CH 2COO)2 is of a particular interest in connection 

with the phase-transition mechanism and the hydrogen-atom 

potential function in OHO bond, since ordinarily the 

phase-transition mechanism of hydrogen-bonded ferroelectrics 

with short hydrogen bonds are interpreted in terms of 

order-disorder model, where the hydrogen positions are 

assumed to be distributed between double minima in the 

potential functions. 

11ith a special attention to the hydrogen-bond 

structure, a three dimensional X-ray crystal structure 

analysis of the parae1ectric phase has been carried out 

at room temperature. 3 ) 

15 
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II.2. Experimental 

Crystal data 

The crystal data of ammonium hydrogen bis (chloroacetate) 

are given in Table 1, of which preliminary results were 

previously reported. l } Unit-cell parameters at room 

temperature were obtained from a least-squares treatment, 

using values of e for 74 high angle reflections measured 

on zero-layer Weissenberg photographs taken around each 

crystallographic axis with CuK~ radiation. In this 

procedure, the systematic errors due to inaccurate value 

of Weissenberg camera radius and due to shrinkage of 

X-ray films are corrected using Al as standard material. 

Systematic errors from deviation of specimen from the 

center of the camera and due to other causes were taken 

into consideration by adding a term proportional to 

sin28 in the observation equations. 

Data collection 

Two sets of three-dimensional intensity data were 

used in this work; one is phtographic data and other is 

diffractometer data. The first set was obtained from 

equi-inclination Weissenberg photographs taken with Cu~ 

radiation using the multiple film technique about a, b, and 

c axes. Following efforts were directed to obtain 

accurate data. Integrated Weissenb~rg photographs with 

seven films were taken with exposure of 60 I~V, 100 mA, and 



Table 1. Crystal data 

0 
a = 10.521, (4) A 

b = 11.576 (4) 

c :: 8.387 (3) --
B :: 119.48 (3) 0 

V = 889.2 (5) 
03 
A 

Fo~mu1a : NH4H(C1CH2COO)2 

Space group C2/~c 

F. W. 206.0 
-3 

Pm = 1.528 g.cm 
-3 P- = 1.538 g.cm c . 

F(OOO) :: 424 

Z = 4 
o 

A (CU Ka1 ) = 1.5405 A 

17 
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about half a day. As many photographs as possible were 

taken to get the reliable scaling factors and many 

number of reflections, as far as the camera setting is 

permitted, i.e. layer: h = 0"'6; k = 0-7; 1 = O---!:? 

Cylindrical crystals with dimension of 0.22"- 0.24 mm in 

diameter were used. The intensities were measure by visual 

comparison with a calibrated scale. They were corrected 

for Lorentz and polarization factors, absorption correction 

being applied ()),CuKc{ -1 = 63 cm ). Absorption correction 

factors used for calculation were taken from International 

Tables for X-ray Crystallography. 4) Corrections for 

the elongation of spots on the high layers \'lere made 

according to Phillips.5) The data from each layer were 

correlated by the method of Rollett and Sparks 6 ) and then 

placed on an absolute scale by Wilson's method.7~ 

A total of 738 independent reflections were obtained, 

of which 227 were too weak to be measured. 

The second set of data were obtained on a Rigaku 

Denki automatic four-circle diffractometer, AFC, 

controlled by a FACOH 270-20 computer. A spherical 

crystal with dimension of 0.35 mm in diameter \..,ras used. 

Integrated intensities were collected for 28 ~ 70 0 by 

the Lt.) - 2 e scanning technique with Mo K(1.. radiation 

monochromatized with a LiF crystal. ·A scanning speed of 

2 0 per minute was employed and the scanning range varied 

by L::I. 2 e = 2 0 + 0.8 0 tan e. Background was meas'ured for 

twenty seconds at the beginning and at the end of each scan. 

18 



As a check on the stability of the crystal and the 

instruments, three standard reflections were measured 

every fifty reflections: no singificant variation in 
., 

their intensities was noted. No correction was made for 

-1 . 
absorption (jJ-HoKO{ = 7.0 cm ). A total of 1967 

reflections were measured, of which 706 had the IFol values 

less than three times its standard deviation derived from 

counting statistics, and were given the value of zero. 

The calculation of the unit-cell parameters and the whole 

processing of intensity data were carried out on a 

HITAC 5020E computer with UNICS. 8 ) 

11.3. Determination and refinement of the structure 

Phase determination 

As is well known, electron-density distribution 

j?(x,y,z) is expressed by 

8(x,y,z) = .~ .L~L F(hkl)exp[-271"i(hx + ky + lz)] 
h k 1 

, where V is unit-cell volume, (hkl) indicates Miller 

indices. However, we can not obtain directly the 

structure factor F(hkl), since F(hkl) is usualy complex 

and only the magnitude \F(hkl)\ is known from intensity 

measurements; 
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F(hkl) = /F(hkl) I exp [i~(hkl)] 

Thus it becomes nesessary to know the phases CA (hkl) ; 

This is called 'phase problem' and is essentially one of 

the key problems for structure determination. This 

problem is now developing. 

One of the important situations in which the phases 

can be determined is that the compound involves a heavy atom, 

whose scattering power dominates, and controls some or 

all phases. Then the structure factor is written by 

F(khl) 

z 

=L 
H=l 

N-Z 

fHexp[27Ti(hxH+kYH+lzH)]+ ~ f j exp [2Tfi(hx j +kYj+lzj)] , 

j=l 

where Z and N denote the number of heavy atoms and total 

atoms in unit cell respectively, fH and fj are atomic 

scattering factors of heavy atom and other light atoms 

respectively, .(xH'YH,zH) and (xj'Yj,Zj) are the position of 

heavy atoms and other light atoms respectively. The first 

term on the right hand side expresses the contribution of 

heavy atoms and the second is that of other light atoms. 

On the other hand the phase CX(hkl) is given by 

ex (hkl) 
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If the light atoms are distributed in relatively uniform 

fashion, it will be expected that the second terms in a 

numerator and a denominator cancel each other. Then the phase 
., 

ex (hkl) will be approximately equal to the phase o:.H (hkl) 

from heavy atoms only: 

ex (hkl) := ()(H (hkl ) 

Thus the phases can be obtained if we know the heavy-atom 

position. Fourier synthesis with the heavy-atom phases 

reveals the positions of other atoms and ordinarily 

several Fourier syntheses with the phases refined 

successively lead to satisfactory results. This method 

for the phase determination is called 'heavy atom method,.9) 

It is roughly said that the heavy atom method is good 

approximation when 

holds. 

One way of locating of the heavy atom is with the aid 

of Patterson synthesis. The Patterson function is defined as 

P(u,v,w) = ~: J: ~:S(X'Y'Z)3(x+u,Y+v'Z+W)VdXdYdZ 
and can be represented by Fourier series 

p(u,v,w) = ~ILL IF(hkl)\2exP [-2ni(hu+kV+lW)] 
h k 1 
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Patterson function is an auto-correlation function of 

electron density, which is obtainable directly from 

experiment, and gives the vec~or distance between every 

pair of atoms in a unit cell. Thus, the peaks showing the 

distance between heavy atoms is far and away high among the 

peaks of other various pair of atoms, from which the 

heavy-atom position is obtained. 

Refinement procedure 

The phase determination and successive Fourier 

syntheses for structure determination were performed along 

the line described above; for NH4H(CICH 2COO)2 has the 

heavy atom Cl, which satisfies the suitable condition for 

heavy atom method. The structure determination was 

initiated using the photographic data. The coordinates of 

the chlorine atoms were determined from a three-dimensional 

sharpened Patterson function. Four cycles of Fourier 

iterations" led to an R value (LI kiF 01 - IF c II1 L k\ F 01 
of 0.26. Refinement was carried out using a block-diagonal 

least-squares. method for positional parameters, and 

individual isotropic and anisotropic temperature factors. 

The quantity minimized was ~WdFo \ - l/k\Fcl )2. 

A difference Fourier syntheses revealed all the hydrogen 

atoms at the expected positions. 

At this stage the diffractometer data became 

available and subsequent least-squares calculations were 

performed with these data. The starting pa~ameters were 
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those obtained in the final cycle of the isotropic 

refinement using photographic data. Refinement was carried 

out on the coordinates of heavy atoms with anisotropic 

temperature factors and on the coordinates of hydrogen 

atoms with isotropic temperature factors. The temperature 

factor of H(3) atom, however, was given a fixed value of the 

overall temperature factor, because its value was found to 

be unusually large. All parameter shifts were less than 

one tenth of their standard deviations in the final cycle. 

The standard deviations of the parameters were calculated 

from the sum of the weighted residuals and the diagonal 

terms of the inverse matrix of the normal equations. 

Unit weight was assigned for all the reflections, except 

those with zero intensity and five strong refletions which 

are likely affected by extinction; these five reflections 

were given zero weight in the refinement. The damping 

factor of 0.8 was applied to the scale factor, the overall 

temperature factor and also to the parameters of the 

heavy atoms, and 0.1 to those of the hydrogen atoms. 

The final R value for the counter data was 0.068 (0.070 

for photographic data). Atomic scattering factors were 

taken from International Tables for X-ray crystallography.4) 

Fourier, least-squares, bond-length and bond-angle, 

and best-plane calculations were done on a HITAC S020E and 

a FACOM 230-60 computer with UNICS. S) The final positional 

parameters and temperature factors are given in Tables 2 and 

3 respectively, together with their standard ~eviations 
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Table 2. The atomic positional parameters and their 
o 

standard deviations (e.s.d.ls in A) 

x y Z 0- (x) o-(y) c; (z) 

Cl 0.18~2 0.4237 -0.0607 0.0011 0.0011 0.0010 ,. 
0(1) 0.1770 0.2548 0.3340 0.0025 0.0023 0.0025 

0(2) 0.3401 0.3781 0.3363 0.0021 0.0019 0.0021 

N 0.0000 0.04:53 0.2500 0.0032 __ 0-

C (1) 0.1161 0.3404 0.0575 0.0034 0.0034 0.0037 

C (2) 0.2242 0.3255 0.2580 0.0028 0.0025 0.0032 

H (1) 0.2500 0.2500 0.5000 -_o-
H (2)0 0.0727 -0.0045 0.2366 0.0386 0.0362 0.03'n 

R (3) 0.0351 0.0820 0.3521 0.0418 0.0349 0.03,:i1 

H(4) 0.0906 0.2678 -0.0055 0.0391 0.0353 0.0376 

H (5) 0.0283 0.3785 0.0479 0.0447 0.0366 0.O4:!.7 
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Table 3. T~e temperature factors and their standard 

~ "t" \'X104) . ceV:La lons _ 

?l1e c:;nisotropic ter.1perature factors are of the form : 

exp t-'( Sllh2 + S22k2 + (33312 + S12hk + S13h1 + S23k1 )]. 'I ne 
0') 

te~perature factors for hydrogen atoms are isotropic & (A~). 

811 0" 822 0" (333 0" S12 0" S13 0" 823 

Cl 144 1 127 1 207 2 -69 2 76 2 98 

0(1) 140 3 96 2 243 5 -107 4 182 6 8 

0(2) 92 2 69 2 193 4 -48 3 121 5 -4 

N 80 3 55 2 291 9 0 126 9 0 

C (1) 106 3 92 3 232 7 -61 5 84 8 30 

C(2) 89 3 54 2 208 5 -21 4 133 7 -16 

H (1) 8.1 (1.9) 

H(2) 3.7 (0.8) 

H (3) 4.1 ( - ) 

H(4) 3.6 (0.8) 

H(5) 4.7 (0.9) 

a 

2 

5 

4 

7 

5 



and list of IFol and Fc values for the counter data is 

given in Table 4 (for photographic data in Table 5). 

In Fig.l a composite drawing of a three-dimensional 

electron-density map is shown, while in Fig.2 that of a 

difference map is shown, for which the contributions of 

the hydrogen atoms were excluded from the calculated 

structure factors. 

11.4. Description of the structure 

Type-A acid salts 

The structure viewed along a and b axes is shown in 

Figs.3 and4, respectively. A layer of ammonium ions, 

lying in the (404)-planes, has a layer of chloroacetate 

residues on either side, or vice versa, and the packing 

between the ammonium ion and the chloroacetate residue is 

dominated by a three-dimensional network of hydrogen bond. 

Moreover, two chloroacetate residues are related to one 

another by a symmetry center, across which they are linked 

by a hydrogen bond involving the acidic hydrogen atom. 

According to Shrivastava and Speakman, these structural 

features of ammonium hydrogen his. (chloroacetate) are the 

characteristic of acid salts, MHX
2

, of monocarboxylic 

acid, HX, belonging to Type A. In Type B two acidic 

radicals are crystallographically distinct. Type-A acid 

salts found so far are summarized in Table 6: 
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Table 6. Summary of the inter-carboxyl hydrogen bonds in 

some Type A acid salts of monocarboxylic acids, MHX 2 . 

HX M space Mole- Sym- O ... H •.• 0 Ref. 
group cules' metry 

per of 
cell bond 

phenylacetic K l2/a 4 1 2.443(4) 11 

benzoic K C2/c 4 ·1 2.51 (4 ) 12 

p-HO-benzoic K P/2c 2 1 2.458 (6) 13 

acetic Na la3 24 2 (X) 2.444(10) 14 
(N) 2.475(14) 15 

cinnamic NH4 . C2/c 4 1 2.51(3) 16 

p-Cl-benzoic K C2/c 4 I 2.457(13) 17 

m-Cl-benzoic K C2/c 4 1 2.437(6) 18 

trifluoro- Cs A2/a 4 I 2.38(3) 19 
acetic 

K C2/c 4 1 (X) 2.435(7) 19 
(N) 2.437 (4) 20 

K C2/c 4 1 (X) 2.455(5) 21 

aspirin (N) 2.448 (4) 22 

Rb 2.48 (2) 23 

O-N0 2-benzoic Rb PI 1 1 2.43(6) 10 

anisic K Rbcn 4 2 2.476(18) 24 



The ammonium ion 

The ammonium ion lies on a twofold axis surrounded 

by oxygen atoms from six different carboxyl groups, 
, 

making hydrogen bonds with them. The interatomic 

distances and angles of the ammonium ion and the hydrogen 

bond are listed in Table 7. The atom H(2) is adjacent to 

the atom O(2
iv

), while H(3) is adjacent to 0(2 i ) and 0(1). 

The chloroacetate residue 

The best plane of the carboxyl group and C(l) is 

represented by the equation 

-0.6279 X + 0.7488 Y + 0.2121 Z = 2.4190 , 

where the direction cosines are referred to the orthogonal 
o 

axes a, band c*, and X, Y and Z are expressed in A. 

The deviations of the atoms from the plane are: 
o 

0(1 ) 0.003, 0(2) 0.004, C(l) 0.003, C(2) -0.010 A 

o 
The Cl atom lies 0.21 A out of the plane. 

The bond lengths and angles in the chloroacetate 

residue are presented in Table 7 and Fig.5. The 
0 

Cl-C(l) bond length of 1. 768 A is in good agreement with 
0 25) the value of 1. 767 A given by Sutton. The bond 

0 
length of C (1) -C (2) , 1. 506 A, agrees with that found in 

other Type A acid salts and also with that given by 

25) 0 
Sutton. The c-o bond lengths are 1.278 A for C(2)-0(1) 

o 
and 1.225 A for C(2)-0(2), and the c-c-o angles are 

111.40 for C(1)-C(2)-0(1) and 123.20 for C(~)-C(2)-O(2). 
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Table 7. Interatomic distances ahd bond angles with 

their standard deviations 

The e.s.d.'s given in parentheses refer to the last figure. 

arrunoni um ion 
0 

_ H(2ii ) " N - H (2) 1.01(4) A H (2) - N 110(4)~' 

N - H (3) 0.86(3) H(2) - N - H (3) 115(3) 

H (2) - N - H (3ii ) 99 (4) 

H(3) - N _ H(3ii ) 121(5) 

chloroacetate residue 

C (1) - Cl 1.768(4) Cl - C (1) - C (2) 113.4(:2) 

C (1) - C(2) 1.506(4) C(l) - C(2) - 0(1) 111. 4 (2) 

C (2) - 0 (1) 1.278(4) C (1) - C (2) - 0(2)· 123.2(3) 

C (2) - 0 (2) 1.225(3) 0(1) - C (2) - 0 (2) 125.4(3) 

C (1) - H(4) 0.96(3) Cl - C (1) - H (4) 104(3) 

C (1) - H (5) 0.99 (5) H(Ll) - C (1) - H(5) 111(3) 

H (5) - C (1) - Cl 109(2) 

H(4) - C (1) - C(2) 112(2) 

H(5) - C (1) - C(2) 108(2) 

hydrogen bond 

N 
iv 

· •. 0 (2 ) 2.880(3) N - H(2) ... 0(2 iv) 163(3) 

H(2) .•• 0(2iv) 1.90(4) N 
i -H(3) ..• 0(2) 161(3) 

N 
i · .. 0 (2 ) 3.148(3) N - H(3) .. . 0(1) 108(3) 

H(3) •.. O(2 i ) 2.32(3) 

N · •. 0 (1) 2.926 (4) C (2) i -0(1) .•. 0(1) 114.8(3) 

H(3) ... 0(1) 2.55(4) 

i 0(1) ... 0(1 ) 2.432(5) 

Superscripts refer to atoms at : 

i 1/2-x, 1/2-y> 1-z iii -x, y, -:1/2-z 

ii -x, y, 1/2-z iv 1/2-x, -1/2+y, 1/2-z 



Fig. 5. 

OCl) 
. a 

I , 
H(I) c); 

I tII 
I 
I 
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Bond distances and angles in the chloroacetate residue. 



It is pointed out that in the fully ionized carboxyl 

group the two c-o bond-lengths and the two c-c-o angles 

are equal, while in un-ionized carboxyl group they differ. 26 ) 
o 

The difference of the bond-lengths, 0.053 A, and the 

deviation of the angles from 118 0 seem to indicate that 

the carboxyl group in ammonium hydrogen bis (chloroacetate) 

is intermediate in character between fully ionized and 

neutral, as is pointed out in the study of other Type-A 

acid salts. ll ,13) It should be noted here that this 

character is caused by the very short hydrogen bond 27 ) 

described below. The distance of CI_Cliii , 3.604 A, is 

nearly equal'to the sum of van der Waals radii. There is 

no abnormal intermolecular contact. 

11.5. The very short hydrogen bond 

The chief interest in NH
4

H(CICH 2COO)2 lies in the 

crystallographically symmetric hydrogen bonds 

0(1) ... O(li), which are shown by broken lines in Figs.3 

and 4. As in most Type A acid salts (Table 6), symmetry 

element affecting the hydrogen bond is a center of 

symmetry which requires the proton to be exactly at the 

mid-point between the oxygen atoms. 

However, X-ray analysis cannot distinguish between 

the two cases: (a) the case in which the proton 

vibrates in a symmetric single-minimum potential well at 

40 



the mid-point, and (b) the case in which it is distributed 

at random in a set of symmetric double-minimum well, 

situated close to either side of the mid-point. Even with 

the neutron diffraction analysis which is more powerful 

method than X-ray for studying the location of hydrogen 

atoms, it is difficult to distinguish definitely the 

two cases. It is shown in the case of NaHF
2 

by McGaw and 

Ibers
28

) that it is equally possible to interprete the 

observed scattering density by the case (a) or by the 

case (b). Meanwhile it is known that crystals having a 

41 

very short and possibly symmetric hydrogen bond show anomalous 

infrared spectra, although the assignment of each band does 

not seem to have been established enough. There is a 

remarkably intense background absorption over several 

hundred cm- l of which the maximum lies between 700 and 

900 cm-I, with various peaks and often with a 

transmission 'window'in it. 2 ) 

It has been pointed out by McGaw and Ibers 28 ) that a 

combination of diffraction and spectroscopic data, i.e. 

comparison of r.m.s. amplitude of thermal motion derived 

from both data, provides the most powerful evidence that 

FHF hydrogen bond in NaIIF
2 

has the potential of 

single-minimum type. In Type A acid salts, the precise 

neutron diffraction results in potassium hydrogen 

bis (trifluoroacetate) 20) and potassium hydrogen 

bis (aspirinate) 22) were analysed along this line. 

Thermal vibration ellipsoids of OHO group contain 



some overall motion which are causing oxygen and hydrogen 

atoms to move in the same direction. A more useful 

information may be obtained by subtracting the oxygen 

atom motion from the hydrogen atom motion: U~ = UH - Uo' 

The difference ellipsoid is strikingly elongated along 

the OHO bond, and indicates that the major motion of the 

hydrogen atom is along the bond. The difference ellipsoid 

should closely approximate the motion of the hydrogen 

atom in a static field of two motionless oxygen atoms; 

in particular the amplitude along the bond should be 

closely related to the asymmetric stretching frequency of 
o 

the idealized'OHO system. The U~ values of 0.19 (0.17) A 

for KH (aspirinate)2 (KH(CF
3

COO)2) were obtained along the 

bond from the difference ellipsoid. On the other hand, 

the asymmetric stretching frequency in both compounds are 

. d 800 -1 20,29) f . 1 h . . asslgne to cm. I a slmp e armonlC motlon 

of a particle with mass 1 is assumed, the r.m.s. amplitude 
o 

of 0.14 A is derived. The difference Ut::. - UIR 0.05 
o· 

(0.03) A for KH (aspirinate)2 (KH(CF 3COO)2) are not large 

and are plausibly accounted for some departure of the 

hydrogen atom potential functions from a simple harmonic 

one., i.e. anharmonicity. If a double-minimum potential 

well is assumed, and the difference U~ - UiR is ascribed 

to the displacement of an equilibrium point from the 
o 

center, the values of 0.13 (0.09) A are obtained for 

Im (aspirinate)2 (KII(CF 3COO)2)' which are less than 
o 

0.14 A of UIR . Thus the double-minimum mod~l leads to 
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that a half-hydrogen atom undergoes a simple harmonic 
o 

motion with a r.m.s. amplitude of 0.14 A around the 
o 

equilibrium position displaced 0.13 (0.09) A from the 

mid-point of the OHO bond in KH (aspirinate)2 (KH(CF
3

COO)2); 
o 

the r.m.s. magnitude of 0.14 A from one of the assumed 

equilibrium points would bring the hydrogen atom from 

one well to the other. Therefore it is concluded that 

the hydrogen motion can be described in terms of a broad, 

flat anharmonic potential, possibly with a hump below 

zero-point vibrational level, i.e. that the hydrogen atom 

potential is effectively of single-minimum type. 

The very shor~ I~drogen-bond lengths in NH4H(ClCH2COO)2 
o 

is 2.432 A, which is one of the shortest among those of 

Type A acid salts determined precisely with the estimated 
o 

standard deviations equal to or less than 0.010 A 

(Table 6). The infrared spectrum of NH4H(ClCH2COO)2 was 

measured at room temperature, which is shown in Fig.6. 

The expected anomalies common to other Type A acid salts 

were found: the very broad and strong absorption lies in 

the region of 400-1600 cm- l with its maximum at about 

900 -1 cm 

Therefore it can be concluded that the hydrogen atom 

potential of the very short hydrogen bond of NH4H(ClCH
2

COO)2 

is effectively of a single-minimum type, at least to same 

extent as other Type A acid salts from the following points: 

(i) the hydrogen-bond length 2.432 (5) is one of the 

shortest among Type A acid salts, (ii) the ~nfrared 
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spectrum at room temperature has anomalous characteristic 

common to Type A acid salts, (iii) the hydrogen-bond 

lengths in Type A acid salts ~re concentrated around mean 
o 

of six most precise values 2.445 A, in spite of much 

varieties of chemical surroundings (Table 6), (iv) in 

Type A acid salts, the conclusions concerning the shape of 

the potential from diffraction and spectroscopic data 

are in agreement with the opinion of being effectively of a 

. I .. 2) slng e-mlnlmum type. 

Ferroelectric NH4H(ClCH2COO)2 has the shortest 

hydrogen-bond among hydrogen-bonded ferroelectrics 

precisely measured until now, as far as the author is 

aware, and offers the first example of hydrogen-bonded 

ferroelectrics with a single-minimum potential well. 

Occurence of a ferroelectric with a single-minimum 

potential well is of a particular significance, because 

the phase transition mechanism in hydrogen-bonded 

ferroelectrics with short hydrogen bonds is ordinarily 

considered on the basis of the order-disorder model such 

as KH
2

P0
4

, where the shape of the potential is assumed 

to be of double-minimum type, and the hydrogen atom in 

the ono bond cannot play a crucial role as trigger of 

phase transition in a single~minimum potential well. 

Ferroelectric NH4H(CICH2COO)2 seems to give a new clue to 

unified understanding of hydrogen-bonded ferroelectrics, 

which are full of variety, from structural 

characteristics of hydrogen bonding. 
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Chapter 111. The X-ray Crystal Structure Analysis of 

Ferroelectric NH 4H(CICH 2COO)2 of the Ferroelectric 

phase at 80 K 
., 

111.1. Introduction 

In chapter 11 the results of the X-ray crystal 

structure analysis of ferroelectric NH4H(CICH 2COO)2 in the 

paraelectric phase at room temperature have been described. l ) 

It has been shown that NH 4H(CICH 2COO)2 has the shortest 

hydrogen bond among the hydrogen-bonded ferroelectrics 

precisely measured so far and it offers the first 

example with the hydrogen-atom potential of a single-minimum 

type. In this chapter the results of the crystal 

structure analysis of the ferroelectric phase at 80 K is 

described, 2) which has been carried out with an interest 

in the structural change accompanying the ferroelectric 

phase transition, in particular the structural changes in 

the OHO bond and the Nil: ion. On the basis of the 

structures of the paraelectric and the ferroelectric 

phase, the mechanism of the ferroelectric phase transition 

is discussed together with the results of other experimental 

technique mainly by chihara and coworkers; the 35C1 

- 3) 
nuclear quadrupole resonance frequencies ; Raman and 

infrared spectra4 ) in NH4II(CICH 2COO)2 and ND-.4D(CICH 2COO)2' 
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35 the Cl nuclear quadrupole resonance frequencies and 

relaxation times in heat capacity of 

111.2. Experimental 

Low-temperature apparatus 

The apparatus of cold-gas blowing type (Fig. 1) was 

used to take low temperature Weissenberg photographs by 

equi-inclination method, which was intended firstly for 

helium gas,*) but nitrogen gas was used in this study. 

A Weissenberg camera is put in a box. Air in the box was 

replaced with dry nitrogen gas to prevent icing of the 

sample. Then liquid nitrogen was transferred to a small 

cylindrical box with heaters for evapolation, by pressure 

added from nitrogen bomb in addition to pressure due to 

natural evaporation in a metal Dewar vessel. Cold nitrogen 

gas was blowed over the sample. All data were collected 

at 80 K. Stability of temperature was attained by 

50 

controlling the nitrogen gas gas flow of the bomb and the leak 

valve and was maintained within ± 2°. The temperature was 

measured by an Au: 2.1 % Co-Cu thermocouple placed at 

about 1 mm from the crystal. 

*) K. Itoh, Y. Shiozaki, A. Hashiguchi and T. Mitsui: 

private communication. 
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Data collection and processing 

Weissenberg photographs were taken with Cu K~ 

radiation to determine the sp~ce group and unit-cell 

parameters. The systematic,absences of reflections are 

the same as those observed at room temperature and 

because the crystal is now polar the space group changes 

from C2/c to Cc. Unit-cell parameters were determined 

from a least-squares treatment, using e values for 50 

reflections measured on zero-layer Weissenberg 

photographs taken around each crystallographic axis. 

The systematic errors described in 11.2 were considered 

partly by adding a sin28 term in the observation 

equations. The crystal data are given in Table 1. 

Three-dimensional intensity data were obtained from 

Weissenberg photographs of four multiple film taken about 

the a, band c axes with Cu K~ radiation of 50 KV, 24 mA 

and about two and half hours exposure. Cylindrical crystals 

0.38- 0.42 mm in diameter with nail varnish were used. 

possible efforts for obtaining accurate data were exerted 

in the following respects; as many photographs as possible 

were taken to get the reliable scaling factors and many 

numbers of reflections (layers: h = 0r-5; k = 0..--....6; 

1 = 0""" 4) and the integrated intensi ties were measured by 

tracing manually the spots with a Rigaku Denki Recording 

Microphotometer MP-3. 1ntensities were corrected for 

Lorentz, polarization, and absorption effects 

( }A CuKD( = 63 cm-I). Absorption correction :factors used 
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Table 1. Crystal data at BOoK 

0 
a ::: 10.47 ±,0.02 A 

b = 11.40 ± 0.01 

c = 8.22 ± 0.01 

f3 = 119.3 ± 0.1 0 

U 857 ± 2 
03 

::: A 

Formula . NH4H (C~q,~H2COO) 2 . 
Systematic absences hkR.. for h+k ::: 2n, 

hOR.. for .R..'"-:;"'.~ 2n 

Space group Cc 

F • '\'1 • 2 0 6 • 0 
-3 

D = 1.60 gcm x . 
F (000) = 4'24 

Z = 4 
o 

A(~U ~a1) = 1.5405 A . 

. A(CU Ka2 ) = 1.5443 

.. . , . 
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were taken from International Tables for X-ray 

crystallography.7) Corrections for the elongation of 

spots on the high layers were made according to 
~ 

Phillips.8) The data from each layer were correlated by 

the method of Rollett and sparks 9 ) and then placed on an 

absolute scale by Wilson's method. IO ) 647 independent 

reflections including those with non-zero intensity was 

obtained. 

III.3. Refinement of the structure 

The positional parameters obtained at room 

temperature l ) and the overall temperature factor of the 

low-temperature modification derived from Wilson's 

methodlO ) were used as the initial parameters in successive 

refinements. Positional parameters and individual 

isotropic temperature factors were refined by a 

block-diagonal least-squares method, except for hydrogen 

atoms, althou~h the contribution of hydrogen was taken 

into consideration in the calculation of structure factors. 

The quantity minimized was ~(IFO 1- l/kIFcl)2 . 

Refinement was continued until all parameter shifts were 

less than one third their standard deviations. In the 

final cycle, those reflections that were unable to be 

detected, but which had calculated structure factor less 

than the minimum observable values, were inc~uded in the 
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computation. Six strong reflections were excluded, 

because they are probably a~~ected by extinction. The 

damping factor of 0.8 was applied to the shifts of all 
., 

parameters. The final R was 0.106 (0.097 if undetectably 

weak reflections were excluded) .. The atomic scattering 

factors were taken from International Tables for X-ray 

crystallography.7) 

All the calculations were made on a FACOM 230-60 

computer with UNICS. ll ) The final positional parameters 

and temperature factors are given in Table 2 together 

with their standard deviations and the table of I FO\ and 

IFcj is in Table 3 •. -

111.4. Description of the structure 

General view 

The structure viewed along the b axis is shown in 

55 

Fig.2. Structural changes, due to symmetry change accompanying 

the ferroelectric phase transition, are as follows. The 

nitrogen atom which occupies the special position on a 

two fold axis in the paraelectric phase is now located at 

the general position. The two chloroacetate radicals 

(abbreviated CA(l), CA(2» become non-equivalent and 

the acidic hydrogen atom whi~h conn~cts the two radicals 

is not necessarily exactly at the mid-point between two 

oxygen atoms. The correspondence between atomic 
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Table 2. 4 The atomic positiona1 parameters (x10 ) and 

the temperature factors at 80 0 K ,-rith their' standard deviations 

x y- z B (.~2j 

eR. (1) 1864(4) 4276(3} -687(6) 1.57 (5) 

, CR.(2) 3150(4} 797(3) 10133(6) 1.76(6) 
'to. 

0(11) 1663(11) 2527(9) . 3162 (15) 1.70(18) 

0(12} 3412(12) 3679(10) 3312(16} 2.01(19) 

0(21) 3179(12) 2446 (10) 6572(16) 2.16(20) 

0(22) 1600(10) 1175 (8) 6693(14) 1.03(15) , 

N 0(17) 440 (9) 2791(18) 1.44(20) 

C(11) 1174(17) 3416 (14)' 458 (23) 1.84(26} 

C(12) 2164(13) 3240(11} 2421(18) 0.68(19) 

C(21) 3915(16} ·1622 (12) 9495 (21) 1.48(24) 

C(22) 2723 (15) . 1713(13) 7350(20) 1.25(22) . 

As for numbering ~f atoms, see Table 4. 

, 
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Table 3. Observed and calculated structure factors 

t ; ~ ( F ~ .( j..... re r 'oJ F ( f C; Fe Fe: FC Fe FC 

H.L- 0 0 (, ~ ~ 10 11 13 ~.L· -3 2 <\ D 16 H'L- 1 ) .)0 n H 19 H'L- -~ 6 ". G 
• 46 49 10 21 21 12 16 11 1 1~ lS 6 le la I 58 _.59 6 21 n _. 0 • 2 2~ 3b Eo H 
6 62 66 H.L- -7 1 li.L- 5 1 ) 15 14 e 11 15 ) 21 19 • 21 2) 111 18 4 26 19 e 10 
e 16_17._ .. _1_.11.9 1_15_15 541 .0.H.L-_9 ___ L ___ ' __ 21._'I __ 12_.'S_29_,· .. L-__ l •. H.L.-_.-6 (, H.L- 1 

10 27 25 ) .. ~ 45 ) ,. 51 7 10 6 1 22 2' ., 23 H H.L- -5 .. 1 2a ·2"3- 0 16 n 1 n 
12 ,. "0. _ l' 0 • 5 10 6 9 H 12 ) 8 .. 9 29 .26 1 I) 10 5 24 12 2 U.. ) ~!, 
14* 4 6 9'1)6 9)0 36 1) ., ., ,n 15 11 1 6 ) 18 1l H'L--12 5 H'L- -, 6 5 1'1 

H'\.-.. _I._ .. 0_._11_' ___ 9 .lL20 20 H.L·-2.2 H.L--1)._.,- 1) '_ ... 1_ 599.6-._04 1"".19 
, '0 32 ~.L- -6 1 H.L- 6 1 0 37.. 1 16 10 H.L- 2 , 7 17 16 H.L--l1 'H.L- -4 6 H,L- 2 

. ____ 5 ___ -1_ .. 10.. __ 2 __ 26._.2'- 2 ___ 1 __ t . . _2 __ 9'_._81 H'L·.~H __ .3 __ ._2 __ 52._.5~ ___ ' __ 21. 11 1 ___ ~7 __ 31 0- _0 _' ____ .2 15 
1 2, 22 .. 60 61 .. 15 20 6 112 10) 2 14 15 4 29 29 11 20 22 H.L--l0 , 2 11 20 .. 2~ 

.- , 19 22 .... 6._'7 'e 6 9 12 • H.6 .. • 6 6)e . ,. H.L- -. 4 .. H 42 H'L- -) 6 ~ 1 
11 20 19 1 22 19 8 20 23 10- 0 ) H.L--l1 ) 10.7 41 0 100 107 H;L; -t , 1 67 75 H'LR ) 
13 2!LH __ 10._.U __ .).- 10._.8 6 12 27 2. ) 32 3"_. __ lL 15.14 2 62._62 2 27 32 __ , .• ) 31 1 tJ 

H.L- 2 0 12 6 8 H.L- 1 1 1. 26 26 '28 10 H.L- , 3 4 7) 67 H.L- -7 , H.L- -2 6 , 22 
.2 __ 23 __ 27. _ H.L.- _-5 _._1_. _ L _12 __ 11 _H .• L-__ . .,L .2 .L. 7. _ 2. __ . __ 1. _32. .. 'L._ , __ 32 _29 __ ._1. _32_ 36. __ ... 0._.14 ._ 18 ____ )* () 
4 26 2~ 1 14 13 3 39 -1 1 18 11 H.L--10 3 3 H ~2 8~' 39 3 50 52 4 24 n H,L- 4 
to '0 46 3 16 15 ) 4))3 3. 0 4 2 16 19 ) 16 16 12. 9 .12 5 H )2 H'L- -1 6 2 11 
• 13 14 5 20 19 7* 0 , ,_4 38 4 8 10 7 9· 11 H.L- -, 4 H,L- -6 , 1 41 37 H.L--l0 

10*0 .2 ___ 1 __ 29_23 .. 9. 26 _31_ .. 7 29. Jl (, _.9 6 9 Jl .)2 1 23. 232_'~)6 "O S2 0 1~ 
12 36'2 9_ 0 4 H.l- 8 1 9 15 12 8 13 8 11 21 2' '26 24 6. 0 1 H'L- 0 6 2 1~ 

_14 __ , __ L_U._16_.12 __ .. 2. __ 15 .. 17. __ 11_ 10 9. H,L- _~9_ 3 _ H.L'!. 4 ___ ' _. __ 7. .. 2,. 2' .. H.\,- ~, __ , .0 _ '0_. H .. _H.L- -8 
H.L- 3 0 13 9 11 4 14 16 13 10 11 1 9 10 2. 0 5 11 14 10 1 45" 2 14" 0'9 

, 22 2'. I'.'L- -4 .1 6* 0 , H,L- 0 1 , 19 13 .. 11 12 13 25 2) , 42,., 4 l'I 18 2 le 
5 6 9 2 45 45 H.L- 9 1 0 8 e 5 24 25 6 15 16 H,L- -2 • H.L- -4 5 6 17 16 H.L--1 
1 72 67 4.56 46 1* 0 1 2 48 42 7 19 20 • 9 10 0 14 _ 20 4 J1'4 8" 09 '30 
9 42 42 6 16 14 H.L- 10 1 4 29 19 9 11 14 10 19 21 2 50 41 H.L- -3 5 10 10 10 H.L--I> 

11_.22._21 .. _.L.30 .... '1 _2 30 2e _6_37 31. H,L- .-8 ._L.I1.\'-.. 5 _3_. 4 56._" .. 1-_.0 _,_ H'L- _1 6 0 H 
13 32 34 12 1) 12 6- 0 3 8 3. -. 32 1 12 71 1 5. 61 6 11 10 5 H 59 1 8 5 2- 0 

H·L-.4 0 H'L- -3 1 11.\,--12 2 10 15 l' 4.3 42 ,4, 48 8 34 )0 H'L- -2 5 ) 14 l' H'L--' 
o 32 27 1 22 21 0 39 " H 20 19 8 13 10 5 19 18 10 Z1 22 2 32)4 ,. 0 1 1 21 
2 22 22. 5 24 22 2 13 11 1- 3' 29 10 24 22 1 6 5 12 5._." .4 63 ~1 .1 13 11 , 2. 
4 18 20 7 19 16 4 12 8 H.L- 1 2 H.L- -7 3 9 14 14 H.L- -1 'I H,L- -1 5 9. 0 1 H.L--4 

. - - 3 __ 23 25 __ 9_ )6._ J3 H'L--ll .2 _3 13 _ 11 1 14 _._.1L .H'.L-.. 6 _ , 1_40 _.39_. _._1_ 41 __ -2 .H'L- __ 2 .... 6 Z ~Q 
10 1 5 11 9 8 1'~ 29 ~ 67 64 ,,, 31 2 11 16 3"'9 3" 31 0 24 23 H,L--2 
12' 0 " ... 1'. 2' H 3 15 14 7'9)9 7). 31 4 15 I' ," 29 H.La 0 5 2 19 21 C ·\0 

H.L- 5 0 H.L- -2 1 7 6 2 q 9 9 9 25 21 6. 0 • 7 b4 67 2 J7 34 4 1 8 2 n 
1 ,. 36 4 9 e H.L-·I0 2. 11 9 b 11 1 10 8 11 11 9 22 21 ,- 0 , '25 29 <I 22 
, 29 28 b 9 8 0 51 49 13 21 20 H.L" -6 3 H.L- 7 , 11 17 le 8 31" 8 35 )2 H.L--l 

.. __ 1 .117 .. 49. 8. __ 21_.16 2 D_. __ .a .. ~.L'! .. _2._ 2 2 36 40 1 18 28 13 22 22. ___ 10- __ 0 __ 3_H'L- 3 6 }. 0 
'I 17 14 10 16 11 4 13 10 0 29 :13'--6 -11-- 6 3--i6 -12 ".L- 0--· 4 12 18 1, 1 34)1 ~. 0 

11 25 25 12 14 1) 6.28" 2 52'2 1 32 _ 33 '10 10 0- 0\ .. H,L- 1.. 5 '23 22 H.L- C 
13 11 24 14_ 4 6 ~ 13 13 4 39 3' 10 23 23 1 12 11 2- 0 0\ 1 26 21 1 17 16 0 42 

H.L-._6 0 .H·L- -1 1 ~.L- -9 2 6 25 2) 12. H. 14 H'L- 8 , .. _ 4 _., 6 .. 3.26_.24 H'L- 4 6 2 12 
~ 2 18 21 5 10 6 1 13 11 e 7 1 H.l- -, , 2 1'1 18 6 39 35 '41 44 0 31 J2 4 1) 

__ ._._. ___ 4 __ .1. __ 8 ____ 1°.0 .. 2 _3_.16 18. 10 10.10 _1 ... '1 ..... 8 .... _4_ .. 29 _29 ___ .. _'-_19._11 ... 1 __ 28. __ 21 _._.2..10.e 6,1 
6 60 60 9" 59 ~ 8 6 12 26 25 3 60 60 6 20 18 10 , 4 9 2) 22 ~ 1 a H'L" 1 

10 6 1 11. 26 2., 7 17 19 H • L - ) 2 5 24 26 H. L --13 . . 4 12'.0 1 11 21 22 6 8 10 1 21 
H.L- 7 0 13 7 8 9 10 9 1 57 51 7 41 3~ 1 , 3 H.L" 1 'I H.L- 2 'H.L" 5 , :) 6 

1 . 30 ." H'L- 0 .1 H.L- -B 2 3 15 .18 . 'I H 4, } 21 12 1 n 25. 2 9 10 1 26 26 '11 
, 10 12 2" 37 0 21 2) ~'1"16 11 30 30 H,L--12 4 3 15 15 4 10 15 30 0 1 H.L- 2. 

. ____ '. __ 10_.12. ____ 4._.92.93 ___ 2.27 _24 __ 1..2426 .. 1) .8_6 _._0._3L_Z7 __ .' __ .31. 2L._.b .. _.14._17_ t,.L--ll 7 0 6 
9 10 15 6 40 41 4 13 10 '* 11 10 H.L- -4 , 2 l' 14 1 3S 41 • 7 9 0\ 16 21 2 a 

H.L- e 0 1 __ 17 1~ 6 32 31 11 14 13 2 40 34 10 12 _ 9 20 18 10 10 10 H.L--ll 7 H.L"-~ 
o J9 H 10 18 18 1 13 32 13 28 2~ • 58" 6 25 22 11 H 23 H.L- 3 5 ,. 0 , 10 0 
2 15 l' .. 12 10 12 .10 7 • H.L-. 4 2 8 1& 22 H'L-.-ll 4 H'L- _2 .. 0\ 1 16 13 ,. 0 2 ".L--7 
e 12 13 14 6 7 'i,L- -7 2 0 1) 76 10- 0 2 1 25 2ft 0 46 46 3 28 25 H.L-';10 7 1 19 

H,L-. 9 0 _H.L-__ 1 1. 1 3~ 3e 4 11 11 12_.11 9. 3. 1 3 2 '0 .. '6_ , 50 '0 2 1ft 2" '21 
1 6 4 ", 56 3 10 8 6 25 26 H.L- -3 3 5 16 13 4 26 28 7 13 12 0\ 24 26 ".L--~ 
, 31 J1 5 50.9 ,4) 40 8.0.) 1 20 28 7 15 12 6 48 49 9 2) 21 H.L- -9 7 0\ 4<\ 
, 11 11 7 30 lA 1 38 36 10 l' 15 3 62 '6 H.L--I0 • 8 12 13 H.L- 4 5 '" 37 H.L--~ 
7 3' 29.. 9 "'2 9 9 4 12 3) 37 5 44 49 0 46 43 10 12 12 2 le 19 H'L- -8 1 1 19 

H.L- 10 0 11 )8 36 11 6 8 H.l- ~ 2 7 11·22 2 25 24 11. 4 5 ~ 18 lq 2- 0 0 H.L--' 
o 27 23 .13 , 8 H.l" -6 2 1- 0 2 'I 42 '8 20 18 H,L- 3 4 6 " 6 'I- 0 " 2 19 
2 15 I) H'L- ? 1 0 69 65 '30)) 1) 9 , H'l- -9 • 1 29 2~ 8 16 11 H'l- -T 1 4 2~ 
6 15 10 2 . 66 71 2 17 15 5 8 8 H.L- -2 .3 1'8 41 ) 16 11 H.L- 5 , 1 21 29 6" C 

H.L- 11 0 "63 63 ,,11 11 7 18 19 2 87 91 3 20 12 5 8 6 1. 0 2 3 21 26 H.L--) 
1 20 18 6 9 ~ 6 18 14 90 0 4 6 16 14 '22 19 7 1 6 , 9 7 '26 2a 3:n 

c 3 8 7 8 2e 30 8 21 18 11- 0 , 8 13 12 1 31 21 9 14 1~ 5 10 1) H'L- -6 7 ~.L"-l 
H.L--ll 1.. 10 " 37 10 22 22 H.l- " 2 10 18 16 'I l' 20 11 6 4 7 , , 2 29 H 3 n 

1 21 20 12 17 21 12" C 3 0 31 36 12 8 'I H.l- -I 4 H,L-. 4 ".L- 6 5 4 3' 28 H.L--7 
3 2. 23 14 12 12 H,L- -, 2 2 20 22 H.L- -1 , 0 l' l' 0 31)2 2 H 41 H.Lw -, 1 1 2' 

H'l--10 1 H'L- ) 1 1.,. 82 • 17 20 3'1 46 2 12 9 2 36 38 23 24 1 23 2! "'L"-b 
2. 0 ) 1 10 lJ 3 27 27 6 31 21 ,,4 47 4)0 25 4 21 33 6" 0 2 ) 32 33 0 H 
" 1) 10 3 65 66 5 70 12 8 '0 32 T, 27 29 6 22 19 6 26 21 ".L- 1 , H'L- -3 1 ~.L--~ 
6 'I 8 ,_ 24 2' 9 11 , 10 8 1 9- 0 2 8 7 e e 19 22 .. 3 •. 0 1 1. 0 4 0 1~ 
e 'I 12 1 11 12 11 8 3 H.L- 1 2 11 20 21 10 10 11 10 13 8 H.L--12 6 '3')5 

H.L- -9 1 9 'I '* 1:1 11 10 1.0.2 1) 5 4 H.l- -1 4 H.L- , 0\ 2 12 23 H.Lm -2 1 
1 29 30 11 13 lA H.L- -0 2 ) 16 20 H.L- 0 3 1 41 ", 1 16 14 4- 0 2 2 27 ze 
, 63 6' 13 17 16 0 46 43 5 12 1) 2 6) 62 , e 7 3 21 22 H,L--ll 6 ,,26 17 
7 10 11 H.L-" 1 2 14 e 7 9 8 - 57 48 1 40)7 '12 12 5 27 )0 H'L- -1 7 
'I 26 27 2 6' 72 • 33 30 9 16 14 6 16 14 9.0 40 7 26 27 H.L--l0 6 1)0 29 

H.L- -8 1 4 6~ 75 6 9. " H.l- H 2 8)1" 11 17 23 'I 12 12 0 1519 3" 28 
2 'I 1 6_ 0 1 10 12 11 0 21 1'1 10 46 45 H'L- -6 4 H'L- 6 4 H'L- -9 6 H'L- 0 7 
•• 0 2 8 21 2" 12 2. 25 2 n 26 12 'I 11 0 72 71 0 14 1) ')6 37 2 1) 13 
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numbering for the para- and the ferroelectric phase is 

listed in Table 4. The interatomic distances and angles 

are shown in Table 5 and Fig.3. Those obtained at room 

temperature are also given for comparison in Table 5. 

Chloroacetate dimer 

The carboxyl group and the ex-carbon atom in each 

chloroacetate radical are approximately coplanar. The 

least-squares plane of the two carbon and two oxygen atoms 

of CA(l) is represented by the equation 

-0.5892 X + 0.7746 Y+ 0.2298 Z = 2.4820, 

where the direction cosines are referred to the orthogonal 
o 

axes a, band c*, and X, Y and Z are expressed in A. The 

deviations of atoms from the plane are: 0(11) -0.006, 
o 

0(12) -0.006, C(ll) -0.005, C(12) 0.017 A. The Cl(l) atom 
o 

lies -0.131 A out of the plane. The equation of the best 

plane of the two carbon and two oxygen atoms of CA(2) is 

given by 

-0.6274 X + 0.7487 Y + 0.2142 Z = 2.6646, 

and the deviations of atoms from the plane are: 0(21) 0.003, 
o , 

0(22) 0.003, C(21) 0.002, C(22) -0.008 A. The Cl(2) atom 
o 

lies 0.301 A out of the plane. 

The conformation of the chloroacetate dimer in the 

ferroelectric phase shows no definite change as compared 

with that in the paraelectric phase, including a very short 
o 

hydrogen-bond distance of 2.457(16).A. If in the 

ferroelectric phase one of the two chloroacetate radicals 

were in the form of carboxylate (-COO-, fully ionized) 
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Table 4. Correspondence 6f numberi~g of atoms in the 

para- and ferroelectric phase.. 

parae1ectric phase ( ) ferroe1ectric phase 

CR, CR,(l), CR,(2) 

0(1) o (11)., 0(21) 

\ 

\. 
0(2) . 0(12), 0(22) 

N N 

c (1) C(ll), C (21) 

c (2) . C(12), C(22) 

'I ., I ~ ! 11\ c, 'I 

•• • !, 

It, : ,I 
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and the other in the form of carboxyl (-COOH, neutral), 

the following tendency would be expected: in a carboxylate 

group the two c-o bond-1engt~s and two c-c-o angles are 

equal, whereas they differ in a carboxy1.12) Moreover, 

the length of the OHO hydrogen bond linking the two 

radicals should show a definite increase13 ) as compared 

with that of the room-temperature structure, in which the 

potential of the hydrogen atom was thought to be of the 

. 1 " 1) slng e-mlnlmum type. The bond lengths and angles of 

CA(l) and CA(2), however, do not show such a systematic 

tendency (Fig.3). The length of the OHO hydrogen bond, 
o . 0 

2.457(16) A is still close to 2.432(5) A of the room-
o 

temperature value and to 2.445 A which is the mean of 

six most precise values for Type-A acid salts 

(Table 6 in Chap.II). Judging from the results of the 

present analysis, the ch1oroacetate dimer at 80 0 K seems 

to retain still the same character as that found at room 

temperature, i.e., a character intermediate between fully 

ionized and neutral. 

Ammonium ion 

The nitrogen atom of ammonium ion is displaced 
o 

0.240 A along the c axis f~om its position on the two-fold 

axis which exists in the parae1ectric phase. This shift 

results in a considerable change in interatomic distances 

between the nitrogen atom and the oxygen atoms of 

CA(l) and CA(2) surrounding the nitrogen atom, as 
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compared with the room-temperature structure. In 

partic1uar, the following variations in the interatomic 

distances are noted: an increase of 0.221 A in Niv .•. 0(12), 
o ., 

and a decrease of 0.225 A in N ... 0(22) and a decrease of 

0.109 A in Niii ... o (12) (see Table 5). 

III.5. On the ferroe1ectric phase transition 

The acidic hydrogen atom or the ammonium ion is 

one of the most commonly found constituents of 

hydrogen-bonded ferroe1ectrics and is said to play an 

important role in the phase transition such as 

KH 2P04 and (NH4)2S04. One of the structural features 

of ferroe1ectric NH4H(C1CH 2COO)2 is that the asymmetric 

unit contains only one acid hydrogen atom and one 

ammonium ion. Thus the mechanism of the phase 

transition of NH4H(CICH 2COO)2 should be simpler than the 

cases which asymmetric unit contains more than one 

of these ions, e.g. (NH4)2S04 and NH4HS0 4 , if these 

constituents solely play the crucial role. The special 

attention is paid to the OHO bond and the ammonium ion 

below. 

The ono bond 

It has been concluded from the structure analysis 

at room temperature that the shape of the hydrogen atom 

in the OHO bond connecting two chloroacetate residues is 
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effectively of a single-minimum type in the paraelectric 

phase. This result necessarily leads to the conclusion 

that the acidic hydrogen ato~ does not drive the phase 

transition, i.e. cannot be the trigger, in contrast to 

the hydrogen atom in a double-minimum potential weil. 

This is also supported from the result that the 

hydrogen-bond length remains still short at 80 K 
o 

(2.457(16) A) and falls in the range of other Type A 

acid salts within the accuracy of the present analysis. 

Chihara and coworkers 3- 6 ) have extensively studied 

the ferroelectric phase transtion in NH
4

H{ClCH 2COO)2 

and ND4D~ClCH2COO)2 by various experimental technique. 

Chihara, Inaba, Nakamura and Yamamoto measured 

35 temperature dependence of the Cl nuclear quadrupole 

resonance frequencies in NH4H{ClCH 2COO)2 and 

ND
4

D{ClCH2COO)2 and determined principal values of the 

electric field gradient tensors at Cl sites for two 

phases of H salts. 3 ) It was found that a single 

resonance line in the high temperature paraelectric 

phase splits into a pair of lines, whose separation is 

proportional to the spontaneous polarization. Next 

isotope effects were found; The transition temperature 

rises by 11 K, the ratio of the splitting VD/ VE "vas 

2.17, and the ratio of the splitting in the C-Cl 

stretching frequency in infrared sI?ectra D.D/ D.H was 

2.16. 4 ) Two possible mechanisms of the ferroelectric 

phase transition, continuous displacive type and 
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order-disorder type, are examined, but definite conclusion 

could not be drawn because both mechanisms account 

equally for the experimental results. Successively the 
35 ~ 

Cl nuclear quadrupole frequencies in the ferroelectric 

pi8se and the relaxation times Ti were measured in two 

phases by Chihara, Nakamura and Okuma. 5 ) Tl decreases 

steeply in the vicinity of the transition temperature, the 

anomalous part of which was attributed to the critical 

fluctuations of the polarization. A large dip of Tl in 

the critical region was analyzed by two models as well, 

i.e. order-disorder model and displacive model. The 

order-disorder type" of mechanism can explain the Tl data 

of the paraelectric phase, but cannot explain the 

different temperature dependence of Tl of two lines, while 

displacive type mechanism gives a reasonable description 

of the Tl anomaly both in the ferro- and paraelectric 

phase. The difficulty in order-disorder model also 

emerged from the heat capacity measurement in 

NH4 H(CICH2COO)2 and ND
4

D(CICH
2

COO)2 by Chihara and Inaba
6

) 

-1 -1 
in which the observed entropy 2.90 JK mol is only 

half the magnitude predicted by a simple order-disorder 

model, Rln 2 or 5.76 JK-lmol- l . It was also pointed out 

~6 

from the heat capacity as well as differential analysis 3
) that 

the transitions are of second or higher order in contrast 

to t
. 14) our sugges lone 

Temperature dependencies of infrared and Raman 



reported by Chihara, Nakamura and Inaba.
4

) No well defined 

soft mode was found in Raman spectrum, but they report weak 

peaks aroun 200 cm- l which depend on temperature. The broad 

-1 -1 
and intense O-H (900 cm ) and O-D (850 cm ) stretching 

bands was also observed in the infrared spectrum, which is 

consistent with our observation (II.5., Fig.6). The 

significant temperature dependence of the band width and 

intensity was observed in the OCO in-plane bending mode .. 

Had~i and Orel15 ) carried out an infrared absorption 

study of NH4H{CICH2COO)2 at 293 K and 93 K, and found 

that no significant change of bands associated with the 

OHO and carboxyl group vibration occurs. They concluded 

that the short hydrogen bond is not directly involved in 

the constituents which play the major role"in the 

ferroelectric phase transition. As a whole, as for the 

mechanism of the ferroelectric phase transition in 

NH
4

H(CICH
2

COO)2 there are no serious contradictions 

between the conclusion drawn from our present structure 

analyses and those from other experimental techniques, 

i.e. the 35Cl nuclear quadrupole resonance frequency and 

relaxation time, heat capacity measurement, and infrared 

and Raman spectrum, in the point that order-disorder 

mechanism of the acidic hydrogen atom is ruled out. 

The ammonium ion 

t-li th reference to the ammonium ion, it seems 

necessary to begin by investigating whether the electron 

density of the nitrogen atom at room temperature can be 
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explained by a superposition of two stable sites. For this 

purpose, two electron-density maps of the nitrogen atom 

are compared in Fig.4. Fig.4{a) is the contour map 

obtained from the photographic data at room temperature. l ) 

Fig.4{b) is the calculated map, 

3' (x,y,z) = ; t J(x,y,z) + 3 (-X,y,;-Z)} , from the electron 

density g(x,y,z) of the nitrogen atom at 80 0 K, 

assuming a disorder distribution satisfying the presence 

of the twofold axis. This implies that the displacement 

of the nitrogen atom from the twofold axis is independent 

of temperature, i.e., a pure order-disorder. The· shape 

of the contours in 'the two maps should be the same if the 

above. assumption holds. The shape of the superposed 

contours, however, is slightly elongated along the c* 

axis in comparison with that at room temperature. 

We now consider the temperature factors. The 

component of the displacement of the nitrogen atom along 

the c and c* axes from the twofold axis is denoted by 

6 Rand 6R * respectively, where 6. R * is expressed by c c c 

6, R * = D. R c'os (!3 - 90 0
). Assuming a pure order-disorder, c c 

the r.m.s. amplitude of the thermal vibration obtained 

from the results at room temperature, d 
U *' c is expressed 

d A 0 h Uo " I" d by Uc * =~Rc* + Uc *' were c* 1S the r.m.s. amp 1tu e 

which would be expected if the nitrogen atom were ordered. 

This equation can be applied at 80 0 K as well, and U~* 

can be obtained directly from the present analysis. 

If the above model is correct, U~* is expect~d to be 
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greater at room temperature than at 80 0 K. However, at 
d 0 

room temperature, Uc * obtained from B33 was 0.296(8) A 
o 

and 0.280(4) A from the photographic and the counter 

data respectively, whereas at 80 0 K, ud * obtained through c 
o 

B was 0.344(22) A. Judging from 'the shape of the 

contours in Fourier maps (Fig.4) and the r.m.s. amplitude 

of thermal vibrations, a pure order-disorder mechanism of 

the nitrogen atom of the ammonium ion may also be 

excluded from taking into consideration. 

Chihara, Inaba, Nakamura and Yamamoto 3 ) examined a 

possibility that some motion of the ammonium ion play a 

role in the phase transition by proton magnetic resonance. 

However, it was ruled out since no discontinuous change 

was found at the transition temperature in the line width 

as well as in the spin-lattice relaxation time. This is 

also supported by the result that the spin-spin relaxation 

time T2 shows only a shallow dip in the neighbourhood of 

the transition temperature, which is closely associated 

with the motion of the ammonium ion. Thus there is also 

no discrepancy between the conclusion from our 

structural aspect and those from the proton magnetic 

35 resonance and the Cl nuclear quadrupole resonance 

studies. 

Polarization reversal 

Spontaneous polarization is switched by a change of 

CA(1)~CA(2). The displacements of each atom during 
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switching are listed in Table 6. It is seen that the 

displacement of the nitrogen atom is fairly large as 

compared with those of the other atoms. The value of the 

spontaneous polarization at 77 0 K is 0.18 pC.cm- 2 along 

[102].14) This is smaller by one or two order of 

magnitude compared with well-known ferroelectrics such 

as BaTio3 , SbSI, NaN0 2 , KH2P0 4 and (NH2CH2COOH)3·H2so4.16) 

One of the future problems in NH4H(CICH2COO)2 will be 

the study of origin of the ferroelectric phase transition 

based upon more detailed knowledge of temperature 

variation of the atomic configuration and the atomic 

motion. Chihara, Inaba and okuma S) suggest that the 

ferroelectric transition in NH 4H(C1CII
2

COO)2 is one of the 

displacive type where one of the transverse optic modes 

associated with the proton motion couples anharmonically 

with other normal mode including ammonium ions, and this 

strong anharmonicity comes from the dipolar coupling 

between the ammonium ions and protons via the chloroacetate 

anions. Recently Chihara and Inaba 6 ) pointed out a 

possibility of an improper ferroelectric, which is 

compatible with a small value of Curie-Weiss constant 

(44).14) 

The other problem is what position the characteristic 
o 

of the hydrogen bond (symmetric, 2.432 A) and the 

deuteration effect in transition temperatur& (11 K) occupy 
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Table 6. bisp1acements of atomsduri~g switching (A) 

l1a I1b t:.c Total t:. 

eR. (1)f--) et (2) 0.015 0.082 0.038 0.089(5) 

0'(11) ~ 0 (21) 0.166 0.030 0.219 0.202(14) 

0(12)(---7 0(22) 0.012 0.143 0.00'1 0.167(14) 
\. 

N ~N 0.001 0.479 0.479(24) . 
e (11) (---7 e (21) 0.093 0.044 0.039 0.125(29) 

e (12)(-7 e (22) 0.119 0.054 ' 0.189 0.175(18) 

I _, I'· 

I 



in general hydrogen bonds and general hydrogen-bonded 

ferroelectrics and whether this problem can be explained 

reasonably, which are discussed in next chapter. 
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Chapter IV. The O-H vs o ... 0 Distance Correlation and 

the Geometric Isotope Effect in OHO Hydrogen Bonds 

IV. 1. Introduction-

It is well known that there exist some correlations 

between H-bond parameters, since in 1955 Nakamoto, 

Margoshes aDd Rundle l ) have pointed out that the O-H bond 

length decreases with increasing the 0 ... 0 distance. 2- 4 ) 

However, it seems that the details of the correlation remain 

unsettled in the short and very short regions of 0 ... 0 

length, especially with respect to the dependence on the 

0 ... 0 distance, surroundings and symmetry of the 

hydrogen bond system. 

The other important phenomenon for the understanding 

of the nature of hydrogen bonding is a geometric 

isotope effect. Since the works by Ubbelohde and 

coworkers 5 ) it seems to have been established that an 

expansion of the hydrogen bond length is observed when 

deuterium is substituted for hydrogen in crystals. 

However, there is still uncertainty about the following 

respects: whether the size of the geometric isotope 

effect is a function of the hydrogen bond length, and 

how large is its maximum, and what are the factors 

influencing the isotope effect. This mainly~seems to 
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result from that the magnitude of the effect is as 

small as ~10-2 A. Thus, the results obtained from 

indirect information of latti~e-spacing measurement, 

which assumes that any changes from isotopic substitution 

are confined to the hydrogen-bond system, may not be 

regarded as the real effect with sufficient reliability. 

Even with recent direct structure analysis the accuracy 

of ~10-3 A in hydrogen-bond length, which is desirable 

in discussing the geometric isotope effect, is not 

always attained. However, since the accuracy of 

crystal structure determinations has greatly increased, 

particularly 'in the past ten years, many hundred accurate 

structures have been published, thus giving us the 

opportunity to reinvestigate the correlation between 

structural data in detail. 

On the other hand, it is well known that some of 

hydrogen-bonded crystals, which undergo ferro-, 

antiferroelectrics, or other type of phase transition, 

exhibit an anomalous isotope effect. For example, in 

a series of KH
2

P0
4
-type crystals, the transition 

temperature Tc rises by a maximum of about 100 K on 

deuteration. The role of the hydrogen bond in the phase 

transition and the origin of the isotope effect in 

these crystals seems to be not yet fully understood. 

The phase-transition mechanism and the isotope effect 

in hydrogen-bonded ferro-, antiferroelectrics, and 

other materials are expected to be closely associated 
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with the characteristic of the hydrogen bond. To obtain 

further knowledge on the nature of the hydrogen bond 

seems indispensable for deeper understanding of these 

problems in hydrogen-bonded crystals. 

The purpose of this chapter is to establish the 

correlation between the hydrogen-bond parameters and the 

geometric isotope effect, and to discuss the relation 

of the structural isotope effect of the symmetric 

hydrogen bond with the anomalous increase in Tc by using 

th 1 . . . lb' 6) ese corre atlon curves as an ernplrlca aS1S. 

Brown?) discussed the geometry of OHO bonds, mainly in 

the medium ~nd lon~ regions, in connection with the bond 

valence. Olovsson and J~nsson8) has recently surveyed 

X-ray and neutron crystal structural data and referred 

to the correlation between hydrogen-bond parameters 

and the geometric isotope effect independently. 

Hence, the results on the O-H vs 0 ... 0 correlation and 

the geometric isotope effect are described briefly and 

these application and discussion are stressed. 

IV.2. Data collection 

Crystal structure data obtained by X-ray and 

neutron diffraction have been taken from the literature. 

A part of the literature used was retrieved with 

TOOL-IR system. 9 ) Hydrogen-bond pararneters·were 
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recaluculated with UNICS lO ) if they and their estimated 

standard deviations were not specified in the literature. 

The data were used for a discussion of correlations between 

hydrogen-bond parameters only if the e.s.dls of all the 

° relevant length were equal to or'less than 0.010 A, the 

° 0 ... 0 distance was less than 3 A, and O-H ... O angle 

larger than 150°. The data used consisted of 227 bonds 

and 79 compounds, including the data of Brown7 ) and 

Olovsson and Jonsson. 8 ) A list of the data were given in 

Appendix. The values not corrected for thermal motion 

were used. If two or more studies are made on the same 

compound, the data with the smaller e.s.dls were adopted. 

For discussion of the geometric isotope effect, 

the threshold value of a combined standard deviation of 

° 0.005 A was taken; the 

defined as (j= (er H2 + 

combined standard deviation is 

2 .!. 
(J D ) 2, where (J Hand CJ Dare 

e.s.dls of 0 ... 0 distance in the hydrogen and 

corresponding deuterium compound. The remaining data 

include those from X-ray as well as neutron diffraction. 

If both were available, they are both listed (Table 1), 

but the data with the smalrest e.s.dls are plotted 

(Fig.2), as any systematic difference could not be 

found within experimental error. 

IV.3. The symmetric hydrogen-bond 
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For the following discussion, first the term 

'symmetric hydrogen bond' should be referred to because its 

implication seems equivocal among literature, as pointed 

out by olovsson and J6nsson. 8 ) As far as the author is 

aware one is used with respect to the type of the 

hydrogen-atom potential curve: (i) a hydrogen bond is 

said to be symmetric when the potential is of 

single-minimum type, or when the potential is of 

single-minimum type with a minimum at the mid-point of 

two oxygen atoms, whether there is crystallographic. 

equivalence between a donor and an acceptor atom or not. 

The second refers to crystallographic symmetry: 

(ii) a hydrogen bond is said to be symmetric if the donor 

and acceptor atom are crystallographically equivalent, 

regardless of the type of potential curve. 

Speakman and coworkers 4 ,11) classified acid salt of 

carboxylio acids using criterion (ii). Catti and 

Ferraris I2 ,13) took the position of (i) and, furthermore, 

introduced the word 'symmetry restricted' (SR) for (ii). 

In this paper the description 'symmetric' is confined to 

(ii), the term 'single' of 'double minimum' being added 

if necessary to describe the bonding situation. It is 

possible t~ express all probable types of hydrogen bond 

by using these terms. The terms 'symmetric' and 

11 8' 'centered' propos2d by Olovsson and Jonsson J are mostly 

consistent with our standpoint if 'symmetric' is restricted 

within (ii), and 'centered' is replaced by 'single-minimum'. 



IV.4. The Correlation between O-H vs 0 •.. 0 distance 

A correlation diagram of O-H vs 0 ... 0 distance is 

shown in Fig.l. 

Symmetric bond 

o 
In a region of R(O ... 0) <. 2.5 A, i.e. very short 

hydrogen bonds in Speakman's classification,4,11) 

symmetric bonds are continuously distributed 2.419 to 
o 

2.468 A. In this region the conclusion drawn from an 

thermal ellipsoid analysis agrees with the theory that 

the potential curve is effectively of single-minimum 

type; it is of single-minimum, or broad and anharmonic or 

if a barrier exists it is small compared with the ground 

state vibrational level. 12 ,30) It should be stressed 

that symmetric hydrogen bonds are not restricted to the 

very short region, but can be found also at least up to 
o 

2.6 A, though the bonding situation may be different from 

those in the very short region. Examples are a series of 

KH 2P0 4-type crystals 3 ) (around 2.5 A), KH3 (Se0
3

)2 

(2.566 A) ,13) NaH
3

(Se0
3

)2 (2.602 A)14), and the number 

will increase further taking into consideration much 

. 13) 
amount of X-ray data. Lehmann and Larsen performed a 

least-squares refinement of symmetric hydrogen bond 
o 

(2.566 A) of KE
3

(Se0
3

)2 with two models, i.e. one that 

distributes the H atom statistically on two side of a 

special position (disordered model) and one that locates 

81 



~
i
g
.
 

1
. 

b
o

n
d

s.
 

o 
o -

H
 

(A
) 

/,
3

 

.... 
~
 •. o

'"
 

#
-
~
 .. 

" 
1.

2 

• 
• 

• 
• 

1.
/ 

• • 
• 

• 
• 

• 
• 

e 
• 

• 
• 

J.'
....

.. 
•
•
 

.c
 

• 
••

• '
w

-;
 
~
 
~
.
.
 

•
•
•
 

• 
• 

0 

~~
~~
_'
J'
~ 
~~

 •• 
~J
J"
:'
" 

e
. 

• 
q,

 
..

. ~
~
.
 

..~
. 

0 
/)

 
•
•
 

a
··

 ..
. r. 

0 
I 

• 
• 

• 

/.
0

 

• 
0
.
9
1
~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 _

_
 ~
~
~
~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 _

_
 ~
 

2.
4 

2.
5 

2.
6 

2.
7 

2
.8

 
2

.9
 

0
··

·0
 

3
.0

 

(A
) 

A
 d

ia
g

ra
m

 o
f 

c
o

rr
e
la

ti
o

n
 
b

e
tw

e
e
n

 
O

-H
 

an
d

 
0 
.•

. 
0 

d
is

ta
n

c
e
 

in
 

O
H

O
 

h
y

d
ro

g
e
n

 

O
p

en
 
c
ir

c
le

 
sy

m
m

e
tr

ic
 

b
o

n
d

 
f
il

le
d

 
c
ir

c
le

 
a
sy

m
m

e
tr

ic
 

b
o

n
d

. 

C
X

) 

N
. 



it in a special position (ordered model). On the basis 

of the Hamilton test on the weighted R factor ratio they 

reached the conclusion that the disordered description 

is significantly better than the ordered one. It is 

worth mentioning that the O-H length refined with a 

disordered model falls on the correlation line of the 

asymmetric bonds. It will be worthwhile to note here 

that the analysis of the thermal motion is done within the 

framework of a harmonic approximation and therefore the 

better fit of the disordered model indicates the potential 

curve to be anharmonic, but not necessarily mean it to be 

of real double-minimum type with the meaning that the 

barrier is higher than the ground state vibraional level, 

as discussed in II.S. Kaplan, Kay and tvlorOSinl 4 ) 
o 

reported for the symmetric bond of 2.602 A in NaH3 (Se0 3 )2 

that the difference synthesis indicates disorder. 

It can be concluded that symmetric hydrogen bonds are 
o 

distributed continuously at least up to about 2.6 A, and 

that the shape of the IT atom potential curve seems to 

vary continuously from single- to double-minimum type 

with increasing 0 ... 0 distance, retaining the symmetry 

requirement (schematically as (e)-7(d)~(c) in Fig.l of 

83 

Chap. I). Because of this situation regarding symmetric bonds 

it appears extremely difficult to distinguish between single 

and double-minimum for sYIT~etric hydrogen bonds around 
o 

2.5 A. 
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Asymmetric bond 

Asymmetric hydrogen bonds are distributed over all 

region. As an average the O-~ length increases gradually in a 

medium and a long region with decreasing the 0 ... 0, and 

increases more rapidly in the region less than about 
o 

2.55 A {schematically as (a)-7 (b)-7{f) in Fig.l of Chap.I). 

The average correlation curve does not jump discontinuously 

or approach very rapidly the 'symmetric' straight line at 

a particular 0 ... 0 length, but appears to coincide with 
o 

it at ,the shortest limit near 2.4 A. 

The deviation of each point from the average 

correlation curve becomes large as the 0 ... 0 distance is 
o 

less than about 2.55 Ai In the longer-bond region more 
o 

than 90 % of the points are within 0.02 A of the smoothed 

curve, whereas in the shorter-bond region this figure is 

only 40 %. This seems to reflect that the potential 

curve become flat when the 0 ... 0 distance is shorter than 
o 

2.55 A and the equilibrium position of the H atom shifts 

from the average according to the characteristic of the 

differing environment of the hydrogen bond. 

IV.5. Geometric isotope effect 

The difference in the 0 ... 0 distance caused by 

substituting deuterium for hydrogen, 6R, is called the 

geometric isotope effect in this paperi 



AR = R(O ... O)D - R(O ... O)H where R(O ... O)D and R(O ... O)H 

denote the hydrogen and corresponding deuterium bond 

length. The (O ... O)H and (O ... O)D notation are used only 

if it is necessary to distinguish between them, otherwise 

0 ... 0 is used. The relevant data are listed in Table 1 

and ~R is plotted against 0 ... 0 distance in Fig.2. 

Fig.2 shows that there exists a correlation 

between ~R and R(O ... O)H: the positive isotope effect, 

i.e. expansion can be seen in the 0 ... 0 region of about 
o 0 

2.44-2.64 A, with a maximum value of 0.027 A. This 

corresponds to the correlation between the isotope ratio 

of antisymmetric OH stretching frequency )JOH/ VOD and 

15) R(O ... O)H by Novak. 6R appears to increase and 
o 

decrease rapidly near 2.44 and 2.64 A respectively. 
o 0 

For the region shorter than 2.44 A and longer than 2.64 A, 

no isotope effect can be recognized except for the case 

of ex - (COOn) ·2H 0
16 ) discussed below. These results are 2 2 

compatible with theoretical prediction by Rundle
17

) and 

Singh and Wood. 18 ) Further definite conclusion cannot be 

drawn at present for lack of number of data. 

It may be worth while to consider here what factors 

smear the correlation, since there seems to be room for 

argument as to whether a correlation between f:. Rand 

R(O ... O)H is present or not. Finholt and Williams
19

) 

state that no correlation seems to exist. 
20) 

Thomas and 

Olovsson and Jonsson8 ) considered that in a crystal with 

more than one species of hydrogen bond only short bonds 
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Table 1. Geometric isotope effect 

The 0 ... 0 distance is the value at room temperature. 

X and N denote X-ray and neutron diffraction method 

respectively. 

Compound 0 ... ° ~R D content Method 
8< 0 0 

references (A) (A) 

Squaric acid 23 2.548(1) 0.027(1) X 

2.549(1) 0.024 (1) 

YH(C20 4 )2' 3H20 24 2.440(3) 0.013(5) 0.884 N 

2.643(2) -0.003(3) 0.918 

2.680(2) 0.000(3) 0.913 

KH2P04 25 2.496(1) 0.023(1) X 

KHC03 
26 2.585(2) 0.022 (3) X 

2.587(1) 0.020(2) N 

a-(COOH)2·2H2016 2.512(1) 0.019 (1) X 

2.864(2) .0.016(3) 
2.883(1) 0.024(1) 

2.506(4) 0.018(4) N 

2.864(5) 0.015(5) 

2.881(4) 0.025(4) 

KH 3 (Se0 3 )2 13 2.566(1) 0.014(2) 0.846 ' N 

2.602(2) 0.021(3) 0.871 

LiHC 20 4 'H2O 20 2.490(1) 0.016(1) X 

2,:702 (1) -0.002(1) 

2.777(1) 0.001(1) 

N2H5HC 20 4 27 2.457(1) 0.009(2) X 
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Table 1. (continued) 

Compound 0 ... ° lIR D content Met.hod 
& 0 0 

references (A) (A) 

+ 2-
(H50 2 )28°4 28 2.431(3) .-0.005(4) X 

2.664(2) 0.002(3) 

2.655(2) 0.000(3) 

NaHC20 4 H2O 29 2.571(2) 0.022(3) X 

2.826(2) 0.000(3) 

2.808(2) 0.001(3) 

KH(CF 3COO)2 30 2.437(4) 0.000(5) 0.905 N 
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o 
(up to 2.6 A) exhibit the genuine isotope effect and 

long bonds do not, since changes in the latter are 

exerted by the influence of the structural rearrangement , 

induced by the genuine isotope effect of the short bonds. 

The following may be pointed out as possible factors 

smearing the correlation. (i) Insufficient accuracy. 

(ii) Incomplete deuteration. (iii) Direct coupling of 

the geometric isotope effect of an individual bond in a 

crystal involving with two or more species of hydrogen 

bond. 

As the geometric isotope effect is of the order of 

~10-2 A at most (Fig.2), high accuracy of structure 

determination is required. First it should be emphasized 

that collection only of accurate data revealed the 

correlation. Secondly, perfect deuteration can not be 

achieved in spite of many times of recrystallization in 

D20 and precaution taken to prevent H
2

0 contamination. 19 ) 

From the average of the real deuterium contents (0.899) 

in the crystals quoted in Table 1 intended as perfectly 

deuterated, which were obtained from least-squares 

refinement of the deuterium scattering amplitude for 

neutrons, deuterated crystals are considered to involve 

usually about 10 % incompleteness. 

The third respect is associated with the hydrogen-bond 

arrangement in a crystal. Deviation from the above 

general trend of the isotope effect can be recognized in 

\f.. - (COOn) 2· 2II 20
16

) and in crystalline H30+CIf3C6H4so3-
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crystal; in the former the two longer bonds also show the 

large positive effect as well as the short one, 

whereas in the latter three short bonds in the region 

expected to show the large isotope effect exhibit only 

much smaller effect. However, the common feature of 

hydrogen bond arrangement can be pointed out in two cases. 

It may be denoted schematically as follows for 

a) 

0 0 , . .. .. , , 
H H 

/ / 
o- H ... 0 o ... H - 0 

"'- '" E fI . . 
0 0 

(a) (b) 

in two cases three H-bonds directly couple each other 

through the central oxygen and each of them is 

crystallographically independent. This situation seems 

to make it difficult to obtain the genuine isotope 

effect of the individual bond separately. 

strictly speaking, the geometric isotope effect 

cannot be confined to hydrogen-bond system and necessarily 

leads to the structural change of its neighbours. 

The degree of coupling between hydrogen bonds may be 

different from crystai to crystal. However, it may still 

be possible that substitution of D for H does not result 



in the rearrangement distributed throughout the structure, 

if the hydrogen-bond; systems are not directly coupled each 

other. We believe that for long bonds the geometric 
., 

isotope effect is equally genuine as well as for short 

bonds except some special cases as mentioned above. 

IV.6. Symmetric bond and phase transition 

Let's consider the structure of a linear symmetric 

hydrogen bond on the basis of the assumption that the 

potential curve of the symmetric bond can be expressed as 

a superposition of the curves of two asymmetric bonds, 

and the correlation curve between O-H and 0 ... 0 

distance can be used as an empirical basis for the 

equilibrium position of the H atom. This seems plausible 

since the symmetric bonds exist continuously at least up 
o 

to about 2.6 A and the values of 0-8 length refined with 

a disordered model agree with those of the asymmetric bond. 

Catti and Ferraris 21 ) discussed the disordered nature of 

symmetric bonds in the very short region, which is 

compatible with the present assumption. Then the distance 

between two equilibrium positions of II atom, S , is 

written as 

6 = R(O ... 0) - 2R(0-H) 

As shown in Fig.3, 6 increases, with a maximum slope 
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o 
around 2.48 A as the 0 ... 0 distance increases, and 

gradually approaches a straight line. It is noted here 

that 0 does not mean immediately the distance between , 

two minima in a double-minimum potential well since the 

shape of the basic potential-energy surface and the 

vibrational level are not known from diffraction data 

alone. 

If the 0 ... 0 distance expands by an amount of h,. R 

according to the 6 R vs R (0 .•. O) correla tion curve when 

a D atom is substituted for H, the O-D distance will be 

equal to the O-H value correspond~ng to the length 

R(O ... O}H + 6R from the O-H vs R(O ... O}H curve; 

R (O-D) = R (O-H) - .6.R (O-H) , \-,here 6. R (O-H) denotes a 

contraction of the O-H distance due to an expansion of 

R(O ... 0) by .6.R. Then the distance between the two 

equilibrium positions of th9 corresponding D bond is 

expressed as 

6n = RCO ... O}D - 2R(0-D} 

=6n + 2.6 R (O-H) + /).R, 

where the subscript Hand D are used only if it is necessary 

to distinguish between the Hand D bond. This situation 

is illustrated in Fig.4. The isotope effect of the 

distance between two equilibrium positions 0D-6H 

consists of two terms: in the short-bond region where 

the O-H length varies rapidly with 0 ... 0 distance, 
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(O-H-O) 

o 
I 
I 
I 

~ R(O-H) 

I 
I 
I 
I 
I 
I 
I 

-4.~ OH 
I 
I 
I 
I 

~ 
:L1R(O-H) 
I , 
I 

if- R (0-0) --k---
I 

o 

I 
I 
I 

: 0 
I I 

~~)'1i-( - R(O-H) ~ 
I 
I 
I 

'<~ I 
LlR: 

I 
I 
I 

------->,,>.f- R (0 - 0 ) ~ 
I I 

: 0 
I 
I 
I 
I 

(0-0-0) 
I 
& 
I 
I 
I 
I 

Fig. 4. Schematic illustration of the geometric isotope 

effect in a symmetric bond. 



2/JR (O-I!) contributes mainly to the total d n- dH and 

amounts to about three times /} R at maximum, whereas in 

the long-bond region where O-~ varies more slowly with 

0 ... 0, 6R is the more dominant. With increasing 

o ... 0 S n - 6H increases rapidly and reaches its maximum 
o 

value around 2.49 A and then decreases more slowly, as 

shown in Fig. 5. The functional behavior of S' Hand 

6'n-fH should not be regarded as being fully established 

at the present stage because it largely depends on the 

accuracy of the correlation curve of R(O-H) vs R{O ... O) 

and LlR vs R(O ... 0). However, it should be emphasized 

that if L:\ R itself is small, 

becomes four times as large as 6, R. The effect of 6 R 

seems to have been overlooked or underestimated so far. 22 ) 

The role of the hydrogen bond in hydrogen-bonded 

crystals which exhibit ferroelectric, antiferroelectric 

and other structural phase trnasition seems closely 

associated with the characteristic of the hydrogen bond, 

i.e. that of the potential curve. Therefore, an 

anomalous isotope effect in physical quantities, such as 

95 

the transition temperature T is likely to be closely related c 

with difference between the features of the potential 

curve of the hydrogen bond and its corresponding 

deuterium bond; it may be reflected in the magnitude of 

A large shift of T may be expected 
c 

when the crystal has a symmetric hydrogen bond in a 
, 

paraelectric or high temperature phase, and its 0 ... 0 
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length is in a region of D.R> 0 and is longer than that 

expected for a single-minimum type bond. The relevant 

values of some ferro-, antife~roelectric, and other 

materials are listed in Table 2. The data are compatible 

with the above statement. 6T is large when the hydrogen 
c 

bond is symmetric and 0 ... 0 is in the range of about 
o 

2.5-2.6 A. ~T is only about 100 or negative when 
c 

o 
0 ••. 0 len"gth is around 2.44 A even if symmetric, or when 

the hydrogen bond is asymmetric even if 0 ... 0 is in a 
o 

range of 2.5-2.6 A. However, in order to confirm this 

relation further examination may he necessary both by the 

structural and by the dielectric studies. 
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Table 2. 0 ... 0 distance in the paraelectric phase, Curie 

temperature T and its shift on deuteration 6T in some ferro-
c c 

and antiferroelectrics 

The 0 ... 0 distance is the room temperature value if not specified. 

F and AF denote ferro-and antiferroelectric respectively. The 

references to structural data are marked with an asterisk and 

dielectric data were quoted from Landolt-Bornstein39 ) if not 

mentioned expressly. 

Compound references 0 ... ° Type of bond T 6T 
° c c 

(A) ( OK) ( OK) 

* NH 4H(CICH2COO)2 31-,32 2.432(5) symmetric 120 11 F 

* TGS at 330 0 K 33 2.443(7) symmetric 322 11 F 

* KH 2P04 25 2.496(1) symmetric 123 90 F 

* NH
4

H2P04 34 2.490(1) symmetric 148 94 AF 

* 2.512(2) symmetric NH 4H2AS0 4 34 216 88 AF 

NaH3 (Se0 3)2 14 * 2.556(6) asymmetric 194 75 F 

2.602(9) symmetric 

* RbHS04 
35,36 2.53 (1) asymmetric 264 -11 F 

2.62 (1) asymmetric 

* NH4HS04 37,38 2.514(6) asymmetric 270 - 8 F 

2.598(5) asymmetric 

KH3 (Se03 )2 * 13,38 2.566(1) symmetric 201 70 
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Chapter V. Summary 

The X-ray crystal structure analyses of ferroelectric 

NH
4

H(CICH2COO)2 have been carried out both in the paraelectric 

phase at room temperature and in the ferroelectric phase 

at 80K. The refinements of a block-diagonal least-squares 

method resulted in the final R value of 0.068 for the counter 

data (0.070 for the photographic data) with anisotropic 

temperature factors at room temperature and in the final R 

value of 0.106 for the photographic data with isotropic 

temperature factors at 80K. 

It has been found that NH 4H(CICH2COO)2 has the shortest 

symmetric hydrogen bond connecting two chloroacetate residues, 
o 

2.432 A at room temperature~ong hydrogen-bonded ferroelectrics 

precisely measured so far. It has been concluded that the 

shape of the H-atom potential is effectively of a sinqle-

minimum type and NH 4H(CICH2COO)2" offers the first example 

with a single-minimum potential well, judging from the 0 ... 0 length 

and the anomalies in the infrared spectrum together with a 

complete agreement of the combined consideration of neutron 

diffraction and spectroscopic data, and so on in other Type 

A acid salts. 

This result necessarily led to the conclusion that the 

acidic hydrogen atom does not play the crucial role in the phase 



transition, (not the trigger) in contrast to the hydrogen 

atom in a double-minimum potential well, on the basis of 

which ordinarily the phase transitions in hydrogen-bonded 

ferroelectrics such as KH2P04 are considered. The above 

conclusion was supported by the" results of the structure 

analysis at SOK, which showed no definite change in the 

conformation of the chloroacetate dimer including a very 
o 

short hydrogen bond of 2.457(16)A as compared with the 

room-temperature structure, whereas a considerable shift 

was observed in the ammonium ion. It has been shown that 

there is no contradiction between the conclusion drawn from 

our present structure analyses and those from other 
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experimental technique mainly by Chihara and coworkers, i.e. 

35 the Cl nuclear quadrupole resonance frequency and relaxation 

time, the heat capacity measurement, and infrared and Raman 

spectra. 

A possibility of a pure order-disorder mechanism of 

the nitrogen atom of the ammonium ion was examined, but 

ruled out by the comparison of the observed and calculated 

shape of contours in Fourier maps and the r.m.s amplitude 

of thermal vibrations. This conclusion is also compatible 

with the 35Cl spin-spin relaxation time and the proton 

magnetic resonance measurements. 

The correlation between O-H vs 0 ... 0 distances and 

the geometric isotope effect in OHO bonds have been 

investigated on the basis of recent accurate X-ray and 
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neutron crystal-structure data. Symmetric bonds are 
o 

continuously distributed at least to about 2.6 A) in which 

the shape of the H atom potential curve seems to.vary 

continuously from single to double-minimum type with 

increasing 0 ... 0 diatance, retaining the symmetry requirement. 

The average correlation curve of asymmetric bonds appears 

to coincide vlith 'symmetric' straight line at the shortest 
o 

limit around 2.4 A. On deuteration an expansion was seen 
o 

in the 0 ... 0 distance range 2.44-2.64 A, with a maximum value 
o 

of 0.027 A. 

The equilibrium position of the H atom in symmetric 

bonds was considered with the correlation curve of O-H vs 

0 ..• 0 distance and the geometric isotope effect used as 

empirical basis, under the assumption that the potential 

curve can be expressed as the superposition of two asymmetric 

bonds. The correspondence was pointed out between t,",o kinds 

of isotope effect, i.e. the isotope effect of the distance 

bebleen two equilibrium positions or the geometric isotope 

effect and the isotope effect of the transition temperature 

of hydrogen-bonded crysrals which undergo ferro-, 

antiferroelectric, and other structural phase transitions; 

The shift of the transition temperature is large when the 

hydrogen bond is symmetric and 0 ... 0 i.s in a range of 2.5-
o 

2.6 A. 

--.- --.----------. 
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Appendix 

Table. Hydrogen-bond parameters as determined by 

neutron diffraction 

Only OHO bonds are included, and these only if the bond 

lengths have standard deviations equal to or less than 

° ° 0.010 A , the 0 ... 0 distance is less than 3 A, and the 

O-H ••. O angle is larger than 150°. Numbers in parentheses 

are the standard deviations in the least significant digit. 

All distances are uncorrected for thermal motion. 
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