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The normal coordinate treatment of optically active lattice vibrations of ammonium chloride and ammonium
chloride-d; at low temperature was made in order to elucidate the nature of the vibrations and obtain force

constants in the potential in the crystals by the method of least squares.

Using the constants, the optically

active lattice vibrations of a crystal model for ammonium chloride and ammonium chloride-d, at room temper-
ature were calculated. The far-infrared spectra obtained and the Raman and infrared spectra in literature were

discussed.

Investigations of spectral change due to the phase
transition in ammonium halides have been made by
means of Raman and infrared spectroscopy.l-11) Re-
cently, by laser Raman spectroscopy, several weak
Raman lines of the halides not detected in the Raman
spectra obtained by use of mercury-vapor lamps as
light sources, were observed. Assignments of some
Raman lines to lattice vibrations were made, giving
information on the lattice vibrations.12:3) Neutron
scattering expriments have given vibrational frequency
data which Raman and infrared spectroscopy could
not afford.*-17) Studies on crystal structures of am-
monium halides by means of X-ray, electron diffraction
and neutron diffraction indicated an ordered structure
for the low temperature phase.l819 However,
no decisive conclusion has been obtained as regards
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the structure of the higher temperature phase.18-21
We carried out a normal coordinate treatment of the
optically active lattice vibrations of ammonium chlo-
ride and ammonium chloride-d, crystals in the low
temperature phase in order to determine the force
field in the crystals. The optically active lattice vi-
brations of a crystal model proposed as a model of
ammonium chloride crystal at room temperature,!8)
were calculated for interpretation of the infrared and
Raman spectra of ammonium chloride and ammonium
chloride-d, at room temperature.

Experimental

Ammonium chloride of the Wako Chemical Industries,
Ltd. (JIS Special Grade) was recrystallized from its aqueous
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Fig. 1. Infrared spectra of ammonium chloride and am-
monium chloride-d; in Nujol mulls.
Solid line: ammonium chloride, Dotted line: ammonium
chloride-d,.
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Cell Atom (ion) Cell Atom (ion) bond length (A)
R, (i,5,k) 1 (i, 4, k) 2 N-H 1.032
R, (i,),k) 1 (5,4, k) 3 N-H
R3 (i’j’ k) 1 (i!j» k) 4 N-H
R4 (i)j) k) 1 (i’j: k) 5 N-H
Ry (i,4,k) 1 (& 4, k) 6 N+.Cl- 3.308
Rs (i’j’k) 1 (i+l’j+l)k) 6 N+.CI-

R7 (i’j’k) 1 (i,j+l,k—]) 6 N+.Cl-

Ry (i,4,F) 1 (i+1,5,k=1) 6 N+.CI-

Ry (i,,k) 1 ('7],15_1) 6 N+.CI-

Rlo (i’jrk) 1 (i+l,j+19k—l) 6 N+.Cl-

Ry (3,4, k) 1 (i, j+1,k) 6 N+.CI-

Rm (i’j! k) 1 (i+l’j’ k) 6 N+.Cl-

Rys (i) 4, F) 2 (i, 4, k) 6 H.CI- 2.276
R14 (i’j’k) 3 (l+l’j+l’k) 6 H-CI-

Rls (i’j»k) 4 (i)j'l"l:k"l) 6 H-CI-

Rm (1’1’,7) 5 (i+1)j’k"1) 6 H-CI-

R17 (1!j»k) 6 (z+1’j’k) 6 CI--CI- 3.820
Rls (i!j’ k) 6 (i’j'l'l, k) 6 Cl"C]—

RID (i’j’ k) 6 (i’jyk_l) 6 Cl—‘Cl—

Ry (3,5, F) 6 (i+1,j+1,k) 6 Cl--Cl-

R21 (i:j'*'l’k) 6 (i'l'l»jsk) 6 Cl--CI-

Ry (3,4, k1) 6 (GJ+1,k) 6 Cl--CI-

st (l’jsk) 6 (i’j+1,k—1) 6 Cl--ClI-

Ry (3,4, k—1) 6 (E+1,4,k) 6 Cl--Cl-

Ry (i+1,5,k-1) 6 (3,4, %) 6 Cl--CI-

Ry (3,4, k) 1 (i+1,5,k) 1 N+.N+ 3.820
Ry (i,4,K) 1 (G, J+1,k) 1 N+.N+

st (iyj’k) 1 (1’jvk+l) 1 N+.N+

Ry (i, k) 1 (+1,j+1,k) 1 N+.N+

Ry (4, j+1,K) 1 (i+1,4,%) 1 N+.N+

R31 (l’j’k_l) 1 (2,j,k+l) 1 N+.N+

Ry (i, k) 1 G, j+1,k—1) 1 N+.N+

Ry (i, 4, k—1) 1 (i+1,5,k) 1 N+.N+

RM (i+ I,j’k_l) 1 (i,j:k) 1 N+.N+

Rss (i’j’k) 3 (7'+l,j,k) 2 H-H 2.886
Rye (3,4, K) 3 (i+1,4,k) 4 H-H

Rs’l (1’j)k) 5 (i+lyj’k) 2 H-H

Rss (’,]’k) 5 (t+ l’ i’k) 4 H-H

Ry (3,5, k) 3 (& j+1,k) 2 H-H

Rao (i’j’k) 3 (i’j'*'l’k) 5 H-H

Ry (5,4, K) 4 (i, j+1,k) 2 H-H

R42 (i,jrk) 4 (i’j'l'l’k) 5 H-H

Ryy (i, 4, %) 2 (3, 4, k+1) 4 H-H

Ry (4,4, k) 2 (& gy k+1) 5 H-H

Rds (i’j,k) 3 (i’jsk‘l' 1) 4 H-H

Ry (i24: F) 3 (i, 4, k+1) 5 H-H

Ry (0,4, F) 5 (i+1,j—-1,k) 4 H-H 3.717
Ry (3,4, k) 3 G+1,j+1,k) 2 H-H

R49 (1rjyk) 3 (i:j+l:k+l) 5 H-H

Ry (1,4, %) 2 (#j—1,k+1) 4 H.-H

R51 (”J:k) 3 (z+1’j}k+l) 4 H-H

Ry, (l,],k) 2 (i—l,j,k-i—l) 5 H.-H

Ryy Aoy
Ry Aoy,
Ry Aoyys
Ry Aagys
R5y Aoy
Rss Aagys
Ry 40,
Ry 46,
Rg, 464

R,— Ry, represent change of the corresponding atom(ion)-atom(ion) distances, respectively,



3060

100

80

60

40

20586

Transmittance (32)

400 300 260 100
Wave number (cm™!)
Fig. 2. Far-infrared spectra of ammonium chloride and
ammonium chloride-d; in Nujol mulls.
Solid line: ammonium chloride, Dotted line: ammonium
chloride-d,.

solution. The deuterate was obtained by recrystallization
of the ammonium chloride from its heavy water solution.
Infrared spectra of Nujol mulls of the samples were measured
in the region 4000—400 cm~! with a Hitachi EPI-G3 spec-
trophotometer and in the region 400—30 cm~! with a Hi-
tachi FIS-3 Far-infrared spectrometer. The obtained spectra
are shown in Figs. 1 and 2. The spectra in the region 4000—
400 cm! are given in order to show the degree of deuteration
by the relative intensities of N-H and N-D stretching bands.

Normal Coordinate Treatment

Normal coordinate treatments were carried out for
the crystal structure of ammonium chloride at low
temperature, which was confirmed by Goldschmidt and
Hurst!® (lattice parameter, a=3.820 A; N-H=1.03 A;
space group, T,!;see Fig. 3) and for a crystal model’®
which might be related to the dominant structure in
ammonium chloride crystal at room temperature
(lattice parameter, a=7.73 A; space group, Oi; see
Fig. 4). Bravais lattice for the former structure is the
cubic P lattice, to each lattice point of which a Bravais
cell containing one NH,Cl chemical unit belongs.
That for the latter is a cubic F lattice, and the Bravais
cell belonging to each lattice point contains two NH,Cl

Oy Qs Oy

q

c- O N+ ° H

Fig. 3. A part of the structure of ammonium chloride and
ammonium chloride-d, at low temperature (Cubic P lattice,
number of chemical units per Bravais cell is one),
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Ocl— O N @ H

Fig. 4. A part of the unit lattice for a model of ammonium
chloride and ammonium chloride-d; at room temperature.

chemical units as shown in Fig. 4. Cell repeating unit
vectors are (a,+ay)/2, (a,+a3)/2, (ag+ay)[2, where ay,
a, and a; are the unit lattice vectors.

Calculation of optically acitve lattice vibrations was
made according to the GF matrix method developed
by Shimanouchi et al.2?) Optically active Cartesian
and internal symmetry coordinate vectors, X,, and
R;,, are expressed as follows:

Xop = hm(nlnzns)‘l/z 2 2 2 (X)Bravais

ny,ny,n3—c0 i=0 j— =

R(s) - hm(nln2n3)—1/2 Z 2 Z (R )Bravals
ny,n2,n3— 00 i=0 y=0 k=0

Here, (X)b4iv.s and (RS)b&4¥us  represent, respec-
tively, the Cartesian displacement coordinate vector
and the internal symmetry coordinate vector, which
belong to the Bravais cell (4, j, £). The internal coordi-
nate vector belonging to the Bravais cell, (7,7.k),
(R)s%k.s , and (R®)%4vas , are shown in Tables 1 and 2,
respectively. In Table 1, R;—Ryy, Rj3—Ryg, Ryg—Rgy
are coordinate of bond stretching, angle bending and
NH,* rotational motions, respectively. R, and X,
are related by the optically active B matrix, B;, by

R, = By, X,

Optically active F matrix, F,,, is expressed by F matrix
associated with the Bravais cell, (7,/,k), Fgg, and inter-
action matrices between the cell and the other cells
surrounding it, Fy40,Fg10,F001---

FOP = FOOO +F100 +F100+ F010 + F010 + FOOI + F001+ ot
Using X,,, R} and F,,, optically acitve lattice vi-
brational frequencies were calculated by the equa-
tion

| M-\Fpy—AE| = 0, F,, = B3,F,,B:,
where M1 is a matrix whose diagonal elements are
constructed from the inverse of masses of atoms or ions

in a Bravais cell.
The following potential was assumed for a Bravais

cell.

V= Vame + (1/2) SKN+-CI) (drye.)?

22) T. Shimanouchi, M. Tsuboi, and T. Miyazawa, J. Chem,

Phys., 35, 1597 (1961),
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+ (1/2)2K(H-CI7) (Arg.c1-)*

+ (1/2)3K;(Cl=-C) (drei-.a10)}
+ (1/2)3K,(Cl--CIN) (droi--c1-):
+ (1/2)33K; (N+-N¥) (dry+.n+)3
+ (1/2) 3K, (N*+-N+) (Arye.n)}
+ (I/Z)E?Ki(H'H) (Ar@ma)?

+(1/2) élKoA(om

where Vyu,* represents the Urey-Bradley force field*®)
for NH,* ion, and the summation was taken over all

TABLE 2. INTERNAL SYMMETRY COORDINATES
4 .
A s = (EIR4(¢—1)+1)/2 (i=1,2,3,4)
1=
58
5= (X R)VE
j=53
46
ss= (3 R)/2V'3
j=35
3

$7 = (? 47+2(4— )V'3

j=1

)

E 5= (Z 2Rs513 (-1 — Rsars -1 — Rss+ai-0) /213
=

N

S = (§R54+a(j—1) _R55+3(j—1))/2
T 42 46 B
5= (23 R) — (X Ry) — (X Ry))/2V'6
j=35 Jj=39 Jj=43

42 46
ss= (S Ry) — (S R))2V2
Jj=39 j=43
$5 = (Ristas — Rigras — Ruzrai — Rugras) /2
(t=5,6,7)
53 = (2R —Ryg—Ryy)/ Ve
sy = (Rp—R51) V2

F 5= (R35—R38_R39+R42)/2
= (Ras—Rav +R44—R45)/2
53 = (Ryo— Ry +Rys —Ry)/2

ss = Rgo

55 = Rgg

s¢ = Rey

Fy $3i-3 = (BRyu-n+1 — Rai—v+2 + Ry-n+s
— Ryi-1»+0)/2V'3
S33-1 = (2Ry3-n+2 — Rac-v+s — Ryi~0+) V6
533 = (Ry-n+s — Ra—n+)V'2 (i=1,2,3,4)
s; = Ripy (2 = 13,14, 15,22, 23, 24)
5;i = (Rypa+Riss) V' 2
si1 = (Risa—Ruse)VT (i = 16,18, 20, 25, 27, 29)

533 = (Rys—Rys+ Ry —Ry) /2

S3p = (Ryg—Ryr— Ry +Ry;)[2

533 = (Ryg— Ry — Ry3+Ry)/2

s34 = Ry

535 = Ry

s36 = Ry

537 = (2Rg3— Ryy— Rz —2R56+ Ry -+ Rsg) 213
s38 = (Rey—Rgs— Ry + Ry5)/2

39 = (Rpg+Rsg+Rys— Rys—Ry;—Rys)[V'6

23) T. Shimanouchi, ibid., 17, 245 (1949).
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atom(or ion)-atom(or ion) pairs of the same kind.

Computations were carried out at the Computer
Center, the University of Tokyo, using programs
BGLZ and LSMB set up in the Shimanouchi labora-
tory, Dept. of Chem., Faculty of Science, the Univer-
sity of Tokyo, and also a program made by one of the
authors (K. F. ).

Optically active lattice vibrations of low temper-
ature structure were calculated for the set I force

constants in Table 3. The CI—-Cl- or N+N+
TasLe 3. FORCE consTANTs (in mdyn/A)

Set I Set II
K(N-H) 5.260» 5.193
H(H-N-H) 0.533% 0.502
F(H-N-H) 0.057% 0.085
£(NH,) —0.057% —0.070 mdyn A
K(N*.CI) 0.067v 0.068
KH-Cl) 0.067¢ 0.049
K, (Cl--Cl-) 0.068% 0.068
K,(Cl--CI-) 0.0249 0.024
K,(N+-N+) 0.044) 0.044
K,(N+.N+) 0.016% 0.016
K,(H-H) 0.0059 0.005
K,(H-H) 0.0009 0.000
K, 0.013® 0.013 mdyn A

a) Ref. 29. b) These were determined to fit the observed
frequencies, fixing other force constants. c) Ref. 26. d)
These force constants were determined from K,;(Cl—-Cl-)
and K;(N+-N+), assuming that they are proportional to r~3,
where r represents interatomic distance. e) Ref. 22. f)
Ref. 25.

interaction potential change due to displacement Ar
of a Cl- or N+ ion in the crystal along Cl—-Cl- or
N+:N+ line consists primarily of that between the ion
and the nearest neighbor ions at both sides. As the
interaction is electronic and proportional to 7%, the
potential change is expected to be proportional to r—3-
Ar2. Thus, K,(Cl--Cl-) and K,(N+N*) were -cal-
culated from K,(Cl--Cl-) and K;(N+N%), assuming
that the Cl—Cl- and the N+N+ force constants are
proportional to r—3. Using the observed frequencies
in Table 4, the set of force constants were revised to
set II force constants by the method of least squares.2%
Of the force constants, K,(Cl—-Cl-), K,(Cl—Cl-),
K;(N+N+) and K,(N+-N*) were not adjusted since the
optically active lattice vibrations do not change by
them. By use of the set II force constants except for
K,(H-H) and K,, optically active lattice vibrations of
the model for the structure of ammonium chloride at
room temperature were calculated. The atom(or ion)
—atom(or ion) interactions taken into account in the
calculation are shown in Table 5. K,(H-H) force
constants for H.H length greater than 3 A were assumed
to be zero and that for 2.67; A was set to 0.008 on the
basis of the K, (H-H) values in the set II and the H-H
force constant values.?®) It was found by obtaining

24) D. E. Mann, T. Shimanouchi, J. H. Meal, and L. Fano,
ibid., 27, 43 (1957).

25) I. Harada and T. Shimanouchi, ibid., 46, 2708 (1967).
(%S%O)K Fukushima and H, Kataiwa, This Bulletm, 43, 690
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TABLE 4. CALCULATED AND OBSERVED FRFQUENCIES AND DOMINANT POTENTIAL ENERGY DISTRIBUTION TERMS
Species Vobs. Veale. 6 p.e. d.

7 4, 3038 3068 +1.0 5,(99)

Vg E 17202 1724 +0.2 15 52(98)

Vg Fy 3902 390 0.0 15 S35 53(20) 5 54, 85, 56(80)
NH,CI

v, 31262 3138 +0.4 1y S2y 53(100)

A F, 1403 1410 +0.5 S37s S385 S29(100)

Ve 1859 187 +1.1 S35 555 56(37) 5 Sz Sgy 59(37)

$105 S115 S12

7 A, 2215% 2170 —-2.0 5:(99)

Vg E 12252 1220 —0.4 515 55(98)

V3 F 276 815 825 $3(20) 5 54, 55, 56(80)
ND,Cl

vy 2336 2320 —0.7 S1» S35 53(98)

v F, 1067 1057 —0.9 S375 Ss8s S39(98)

Ve 1770 175 —1.1 Sas S5, 56(37) 5 875 S5y $5(37)

S105 S115 512(26
0=100(Vea1c—Vobs)/Vobs a) Ref. 13. b) Ref. 9. c) Ref. 4. d) Ref. 12. p.e.d.: potential energy distributions (%)

TABLE 5. THE INTERACTIONS BETWEEN m-TH ATOM (OR ION) OF (%, j,k) CELL AND n-TH ATOM (OR ION)
oF (i',7', k') cELL

m @, k" n
200 oY) S(D, (K0, (KD, 68D, (G, 7(CI), )
1(CI-) 7(CI)

6(H) 10(H), 12(H)
2 b i=bb 1, 30K
1(C1-) l(Cl‘)’
20) G, j—1,8) 200 7(0)
7(C1-) 7(C1-)

4(H) 10(H), 11 (H)
5(H) 6(H)
e Iy
7(CI-) 7(CI-)

5(H) 11(H), 12(H)
2050 (i+1,,k—1) e

1(CI-) 1(CI)

2(N+) (E+1,5-1,k—1) 7(Cl), 1(CI7)
5(H) 1(Cl-)

1(CI-) 1(CIH)

L I
2(N¥) Gy j+1,K) 2y
6(H) 5(H)

2040 (i—1,,k+1) BV, 200
5(H) (i—1,5,k) 9(H), 11(H)
2(N+) G—1,7+1,k+1) 2(N+)

) AT
2(N+) (5, o k1) 2(N*)

hond length (A)

N-H 1.032, N+.CI- 3.350, H-CI- 2.318, 1(Cl-)-7(Cl-) 3.868, 1(CI-)-1(CI-), 7(Cl-)-7(CI-) 5.470, 2(N+)-8(N+)
3.868, 2(N+)-2(N+), 8(N+)-8(N+) 5.470, 6(H)-10(H), 4(H)-11(H), 3(H) - 12(H), 5(EL) -9(H), 3(H) - 10(H), 5(H) - 12
(H) 2.676, 6(H)-12(H), 4(H)-10(H), 5(H) - 11(H), 3(H)-9(H) 3.163, 4(H)-3(H), 5(H)-6(H) 3.785

Cell indices are expressed on the basis of the basic vectors, ay, (ay+asz)[2, (a;+as)[2, for convenience, and the other necessary
atom(or ion)-atom(or ion) sets, which can be produced from the corresponding ones in this table by either or hoth of the

following operations, are omitted:

1) inversion with respect to the center of 2(N+)-8(N+) line in (3, j, k) cell; 2) C, opera-

tion around any one of axes passing through both 2(N*) in (i, j, £) cell and any of 8(N*)’s,
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calculated frequencies for various values of K, that
only the frequencies of F, and F,, vibrations (NH,*
rotational vibrations) change by K,. Therefore, K,
value of 0.0063 mdyn. A giving the calculated fre-
quencies of Fj, vibrations fitting the observed fre-
quencies, 345 cm~1(NH,+Cl-) and 220 cm—*(ND,*Cl-),
was used. Calculated frequencies of low temperature
structure for the set II force constants and the dominant
terms of potential energy distributions, (F,,)(/;;)?/
A;(l;;; i-th element of eigenvector for eigen value of ;)
are shown in Table 4. The calculated frequencies
of the model of room temperature phase are shown
in Table 6.

Discussion

For the crystal structures of ammonium chloride
and ammonium chloride-d, at low temperature, which
belong to the space group 7,1, the optically active lat-
tice vibrations are classified into nine internal vibra-
tional modes (1A;4+1E+2F,) and six external modes
(1F,(translational vibrations) 4 1F(rotational vibra-
tions)) by factor group analysis. Fundamental fre-
quencies of these vibrations were selected (Table 4)
on the basis of the assignments.4:6:12:13)  The F; vibra-
tion is both Raman and infrared inactive. The fre-
quency value in the table is determined from combina-
tion bands by Bovey.” The frequency is considered
to be reliable by the fact that it is in line with neutron
scattering data.l®16:17) We see from Table 4 that
v, is almost pure N-H(or N-D) stretching vibtations,
and v, and v; are almost pure H-N-H(or D-N-D)
bending vibrations. w4 vibrations of F, species (185
cm~1, NH,Cl; 177 cm~!, ND,Cl) are the translational
lattice vibrations, in which NH,* and Cl- vibrate each
other as shown in the large potential energy distribution
values in Table 4, which are associated with the coordi-
nates, s,—$;,(N+-Cl- stretching coordinates and H-CI~
stretching coordinates). The assignment is also con-
firmed by the fact that shift of frequency, 185 cm™2,
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to 177 cm™! on deuteration corresponds well to the
calculated shift, 187 cm=! to 175 cm~1, In the infrared
and Raman inactive vibration »3, the potential energy
is concentrated largely in the coordinates s,,55,54(ro-
tational motion coordinate of NH,*) and also in H-H
stretching coordinates s,,55,5;. This suggests that the
vibration may change its frequency on order-disorder
transition. Actually, it has been found that the fre-
quency of »; vibration decreases during phase change
caused by elevation of temperature.l4:1%)

The set II force constants (Table 3) obtained by the
method of least squares can explain the observed fre-
quencies. The force constants except for K,(H-H)’s
and K, are considered to be applicable to calculations
of the optically active lattice vibrations of the structure
model in the room temperature phase, in which the
atom(or ion)-atom(or ion) distances (Table 5) except
for H-H distances are very close to those of the low
temperature structure.

It has been concluded by laser Raman spectro-
scopic investigation!® that among the Raman lines hav-
ing frequency shifts 171 cm~, 345 cm—! (NH,CIl);
176 cm™t, 220 cm~! (ND,CI), those having frequency
shifts 171 cm~* and 176 cm~! are due to the trans-
lational lattice vibrations corresponding to the optically
active lattice vibrations (185 cm~—!, NH,Cl; 177 cm™1,
ND,CI) of the low temperature phase. The Raman
line with frequency shift of 345 cm—! changes the shift
to 220 cm~! on deuteration.!® This is clearly assigned
to NH,* rotational vibration. On the other hand, the
infrared bands of the translational vibrations have
been observed at 172 cm~! (NH,CI) and at 166 cm—?
(ND,CI).1» However, the bands are very broad and
asymmetrical. Each band might be composed of
two or more overlapped bands. Precise measurement
of the purified sample of ammonium chloride in the
present investigation revealed that there are at least
two bands at about 240 cm~! and at 170 cm~. The
corresponding bands of ammonium chloride-d, are at
about 230 cm™! and at 160 cm~! (Fig. 2). The results

TABLE 6. COMPARISON OF THE OBSERVED VIBRATIONAL FREQUENCIES oF NH,Cl anp ND,Cl AT rROOM
TEMPERATURE WITH THE CALCULATED FREQUENCIES FOR A MODEL HAVING O} SYMMETRY

Observed frequencies

Calculated frequencies

NH,Cl1 ND,C1 —_— Species
—— —_— NH,CI ND,C1
IR R IR R
3040~ 2215 3070 2172 Ay
1616 1143 E,
31652 2350% 3139 2320 F,,
14002 10652 1358 1017 F,,
3452 2202 351 248 Fy,
171 171 155 F,,
3066 2169 Ay,
1607 1137 E,
31382 2350m 3141 2322 Fi,
1403v 1066’ 1359 1022 F,
388 274 F,,
2402 2302 255 237 F,,
170 1712 1602 1762 166 161 Fiy

IR:

infrared absorption R: Raman scattering, a) Ref. 13. b) Ref. 4. ¢)

Present investigation.
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conclude that there are one Raman line due to trans-
lational lattice mode and two infrared bands of the
corresponding modes in the Raman and infrared spec-
tra of both ammonium chloride and ammonium chlo-
ride-d, at room temperature.

For ‘the structure of ammonium chloride at room
temperature three models have been proposed: (a)
the free rotation model by Pauling®? (b) the disorder-
ed model by Frenkel?®) (c) a model having the space
group symmetry of 0}.18:29) The possibility of (a) has
been denied on experimental results. Goldschmidt and
Hurst examined the validity of the models, and denied
either of the models,8) but revised their conclusion,20)
and (b) and (c) still remain as possible models. Levy
and Petersen have .deduced a disordered structure
from their experimental results.?) 1In (c), each NH,*
is either of two locations corresponding to its potential
minima, and the nearest neighbor NH,+ ions surrounding
one NH,* are all in the same structural relation with
respect to the NH,*. It is likely that the structural
units of the model might exist as the dominant structure
in (b) at higher temperature. 33 optically active
lattice vibrations of (c) are classified into one 4, one
Ay, one E,, one E,, one Fy, four F;,, three F,, and one
vibrations. Among these, there are translational vi-
brations (2F;,+1F,)), rotational vibrations (1F;,+
1F,,) and internal vibrations (14,,+414,,41E,+
1E,+2F;,4-2F,,). The translational vibrations of Fy,
species are infrared active and the translational vi-
bration of F,, species is Raman active. If fraction
of these structural units becomes dominant in the disor-
dered crystal, at least two infrared bands and one Ra-

27) L. Pauling, Phys. Rev., 36, 430 (1930).

28) J. Frenkel, Acta Physicochimica, 3, 23 (1935).

29) I. Nakagawa and S. Mizushima, This Bulletin, 28, 589
(1955).
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man line are expected to appear for translational
vibrations. In the observed spectra, two bands which
can be assigned to translational vibrations appear at
240 cm~! and 170 cm~! in the case of ammonium chlo-
ride, and two corresponding bands appear at 230 cm—1!
and 160 cm~! for ammonium chloride-d,. In the
Raman spectra observed by Rimai et al.® one Raman
line having frequency shift of 171 cm~? appears and has
been assigned to a translational vibration. The ro-
tational vibrations of NH,* are both Raman and infrar-
ed inactive for the model itself. However, the cor-
responding vibrations of the structure in the disorder-
ed crystal, in which fraction of the structural units
of the model is large, may become both Raman and
infrared active because of the absence of O} symmetry
in the crystal as a whole. In this case, one infrared
band and one Raman line due to rotational lattice
vibrations are expected to appear. Rimai etal. ob-
served a Raman line having frequency shift of 345 cm—1,
This is reduced to 220 cm~! for ammonium chloride-
dy'® In the infrared spectra of ammonium chloride
(Fig. 2), a very weak band appears at about 360 c—!
which shifts to a lower frequency on deuteration.

The calculated frequencies of the vibrations 255 cm™1,
166 cm—* (NH,CI), 237 cm™!, 161 cm~! (ND,CI)
(infrared active translational vibrations) correspond
to the observed frequencies of the above mentioned
infrared bands (Table 6). The frequency shift expected
from calculation on deuteration also corresponds to
the observed shift. The calculated frequency of
F,, translational vibration of the model also corres-
ponds to the observed Raman shift frequency of 171
cm~! (Table 6). The results suggest that in the disor-
dered structure of ammonium chloride in the room
temperature phase, its dominant structure consists
of the model units of (c).






