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ABSTRACT
Tetrachloro alkylammonium salts of zinc, manganese,
and copper were prepared. The structure of
n-propy!ammonium tetrachlorozincate(II) was determined.
The powder diffraction and refractive indices data were
obtained on almost all of the compounds and structural
correlations were made.

INTRODUCTION
Histor1

■

. :

The crystals of transition metal co-ordination com
pounds are frequently not built of the same structural units
as occur in solutions, metals, or vapors.

This has inspired

many chemists and physicists to study the solid state.

In

order to elucidate the atomic and electronic structures of
solids, magnetic. X-ray diffraction and spectroscopic
studies are most frequently used.

The study of the spectra

of atoms and molecules can lead to a detailed insight into
their structures.

The spectral data help to determine not

only the symmetry of ligands around metal atoms in a mole
cule but also the strength of the forces which bind them
together and the relationship between these forces and the
possible arrangement of the electrons in atoms and mole
cules.

The gross structure of any solid can only be deter

mined by X-ray diffraction studies.

Recently, computer

time has become relatively less expensive and there are now
computer controlled diffractometers on the market.

A com

plete structure analysis, however, is still very time consum
ing and costly.

2
AlkyIammonium halogenometallates are one set of
compounds whose structural pattern in solids and solutions
I
■■
are not the same. Remy and Laves were the first workers
to prepare a large number of these alky!ammonium salts us
ing alkyl-amine hydrochlorides and copper(II) chlorides.
Since the late 1950's many more compounds of this nature
have been prepared.

These compounds may be represented by

the following general formula:

'

AV«n+2
Where X is a halogen and n is an integer between I and 4.
Here we will consider only those cases where n=2 and x=Cl.
This class of compounds may be represented by the follow
ing formula:

.
. Am2MCL4 '

Where:

Am = any ammonium, alkylammonium or quatem a y
ammonium.
M

= any divalent transition metal ion of first
row such as Fe, Co, Ni, Cu, and Zn.

Copper salts.

Most of the early work was concen

trated on tetrachlorocuprates.

In general, these compounds

were isolated by evaporating the ethanol solution containing
stoichiometric amounts of metal (II) choride and amine

3
hydrochloride.

In most cases, the salts crystallize in the

form of thin yellow sheets or green needles.
These particular compounds exhibit two geometric
arrangements of the chlorine about a central copper atom.
The first one is a modified type of perovskite structure in
which layers of CuCl^ ions (square-planar) group together
3
and share corners to give a distorted octahedral
co-ordination about the metal ion.

These CuCl^ layers are

separated by layers of alky!ammonium cations.

The CuCl^

layer is illustrated in Figure I.
The other observed co-ordination is a distorted
tetrahedral structure in which the four chlorines are ar
ranged about the copper at the corners of a flattened tetra
hedron.

The flattening of the CuCl^ tetrahedron has been

rationalized on the basis of the crystal field theory^ to6 7
gether with the theory of Jahn and Teller ' . In a perfect
octahedral environment, the ground state E .of Cu(II) has
9
an electronic hole which is twofold degenerate. The Jahn
Teller theorem asserts that for such an orbitally degen
erate case there will always be some non-totally symmetric
displacement of the nuclei towards which the totally sym
metrical configuration will be unstable and so the molecule

Cl

Cl

\

Figure I.

Copper Complex with Oh. Symmetry
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will distort into a new shape.

Figure 2 shows the vibra

tions which are capable of distorting the perfect octahe
dral nuclear configuration when the molecule possesses an
orbital degeneracy.

The four possible distorted shapes

are also illustrated.
In Figure 2a, the distortion is such that two of the
transmetal-ligand distances are greater than the other four.
This type of distortion is known for several CuCl^ ions.

In

a few cases such as KjCuF^, four longer distances and two
shorter distances are observed.
Figure 2b.

This is illustrated in

No structures of the type 2c and 2d are yet

known.
It is known the CuCl^ ions, as they occur in their
cesium salt, are tetrahedral though the tetrahedrons are
decidedly flattened

as shown in Figure 3.

In a regular

tetrahedron, all four angles will be 109°, but when the
tetrahedron is flattened, two of the angles will be larger
than the other two.

If the larger angles are represented

by a and the smaller by $, the flattening of the tetrahe
dron could be illustrated as shown in Figure
In the study of two tetrahedral copper complexes,
it has been reported by Lingafelter

38

and co-workers, as

6

Figure 2.

Jahn-Teller Distortion in Octahedral Complexes

7
q

well as by HeImholz and Kruh , that two of the tetrahedral
angles are larger than 109° and the other two are smaller
than 109°.
The spectrum of tetrachlorocuprates has been dis
cussed by several authors*0 *4 .

Furlani and Morpurgo*0

suggested that the yellow coloration of the species present
is due to a tetrahedral CuCl^ ion which is*4 present in the
orange compound CSgCuCl^.

However, according to Willett

and Ferguson**, the color has been attributed to some kind
of charge transfer mechanism operating from the halide ions
to the copper ions.

Both the square planar and the tetra

hedral species showed a large number of intense bands in
the visible and ultra-violet regions and a broad unsymmetric band of medium intensity in the near infra-red re
gions.

The absorptions in the visible and ultra-violet

have been assigned as charge transfer bands, whereas the
absorption in infra-red is believed to be d-d bands of the
central ion.

Generally, similar spectra are observed in

solution, but there are differences in detail.
In a tetragonal species one would expect three d-d
transitions, however, only one broad band is reported*4
with the maximum around 12,800 cm” .
shoulder near 10,500 cm *.

There is also a

The extinction coefficient for

8

Cu

Figure 3.

JS

Distorted Tetrahedral Structures of (CuCI^s Ions

9
this band is reported to be smaller than those of tetrahe
dral s p e c i e s . A l l these extinction coefficients were
measured in the solution.

These extinction coefficients

are also highly sensitive to the trace quantities of water
present in the solvents.

Tables I and II show some of the

assignments made for d-d bands in tetrahedral and octahe
dral complexes.
In the compounds when the chlorines assume a more
or less tetrahedral geometry, the observed frequency for
*I
d-d transition bands is between 6-9000 cm . Further, the
d-d bands are broad and seem to contain more than one
transition.

Under symmetry T^ only one transition namely
Q

from ZTg to 2E of (3d ) (T^) of copper is expected.

On

the basis of a strongly distorted tetrahedral model, calcu
lations were done by Ferguson^ showing four d-d transi
tions.

He also suggested that possibly all four transi

tions are observed under a broad band at 6000 to 9000 cm \
As assigned by Ferguson

, the transitions for

charge transfer bands are primarily from ligand orbitals to
the highest antibonding d orbitals.

The transition ener

gies for the nonbonding orbitals to the antibonding d orbi
tals are lower compared to those for the bonding orbitals
to the antibonding d orbitals.

The position of these

10
Table I
Spectra of the Tetrahedral CuCl4 Species
d-d transition

Cs2CuCl4a
—I
cm

2
dz — dxy

9000

, 2
2 ,
dx - y — dxy

7900

dxz —

dxy

5500

dyz —

dxy

4800

( (CH3I4N)2CuCl4^
cm ^
9000

6000

Table II
Spectra of the Squareplanar CuCl4 Species
d-d transition

dxz, dyz —
dxy —
2
dz —

(CH3NH3)2CuCl413
-I
cm

(C7Hl-NH1t),CuCl413
*1
cm

2 2
dx -y

dx^-y^
2 2
dx -y

a - reference 11
b - reference 14

13,000

12,800

10,700

10,500
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bands was shown by Willett and co-workers^ to be relatively
insensitive to actual co-ordination geometry as long as
there was no drastic change in the nature of the bonding.
Indeed, there is a small shift in their positions going
from octahedral to tetrahedral species but not nearly as
large as observed for the d-d transition bands.

In general,

the positions of the charge transfer bands are the same in
both octahedral and tetrahedral cases, whereas the posi
tions of d-d bands are the distinguishing features between
these compounds.
Several of the complexes exhibit thermochromism in
the solid state

and 2^ .

Most of the monoalkyl-

ammonium tetrachlorocuprates exhibit a high temperature
yellow form and a low temperature green form.

The transi

tion temperature is sometimes sharp and varies from com
pound to compound anywhere between 60 degrees °C. to
-78 degrees °C.

Usually the color change is very distinct
A

^

-i.

from yellow to light green. J
A structural investigation of the low temperature
phase of C u ((CH^)j CHNH^)2C14

shows that two-thirds of

CuCl^ ions are rearranged in such a way that Cu atoms on
the edges assume a square pyramidal configuration.

The

other one-third of the copper atoms remain unchanged in

12
the octahedral environment.

The spectra of C u (CH^NH^)2CI4

Cu(C2H5NH3)2Cl4 and C u ( (CH3J2CHNH3)2Cl4 in their low tem
perature form is r e p o r t e d . B e c a u s e of the similarity be
tween their spectra, it is assumed that the low temperature
thermochromic forms of the above three compounds have the
same structure.

The phase transition in these compounds is

believed to be related to the N-H-Cl hydrogen bonding net
work.

It is also possible that the transition reflects

order or disorder phenomena.

Further spectral and resonance

studies of several other compounds in the low temperature
phase are needed to provide a better understanding of the
thermochromism in these compounds.
Manganese salts.

The structural pattern of alkyl-

ammonium tetrachlorocuprate salts is at least partly re
peated by divalent manganese salts.

A detailed invest!-

gation of some of the manganese salts has recently been
reported by Foster and G i l l ^ ' ^ of the Australian National
University.

They prepared several compounds containing

manganese (II) in an octahedral environment.

Similar tetra

hedral salts of manganese (II) have been extensively studied
by several people, including Gill and co-workers^ ^ .
manganese salts it is very easy to distinguish visually

In

13
between the tetrahedral and octahedral complexes; most of
the known octahedral complexes of Mn(II) are pink in color,
whereas the tetrahedral complexes are generally green.
Gill was interested in the analysis of their elec
tronic spectra and the calculations of spectroscopic para
meters.

Since manganese (II) has a high spin

electronic

configuration, the same type of energy diagram applies,
whether the environment of metal ions is octahedral or
tetrahedral.

The only difference is that the energy differ

ence between the similar transitions are different for
tetrahedral and octahedral geometries and also the order of
transitions are changed.

The ground state of the metal

ions with high spin arrangements of the electrons is the
6A^ state and six absorption bands in the visible and near
the ultra-violet region of the spectrum corresponds to the
spin forbidden transitions from this state to the levels
arising from the 4G, 4P, and 4D excited states of the free
ion.

A further three absorption bands due to transitions

to the levels arising from the 4F state occur in the ultra
violet region.

The spectra of compounds containing tetra

hedral chloro complexes are essentially the same irrespec
tive of the alky!ammonium cations present.
position are given by Cotton.

27

These band

14
The crystallographic study of the compounds of the
type AmgMnX^ is also very incomplete; only two monoalkylammonium salts have been studied so far.

Willett^ re

cently reported the structure of n propy!ammonium tetrachloromanganate(II) where manganese is surrounded by six
chlorines in an octahedral environment.

The powder pat

tern of (CHgNHglgMnCl^ has been indexed^^ in terms of both
a tetragonal and a hexagonal unit cell. , No evidence of
thermochromism has been reported in any of the manganese
salts studied to date.

15
Other Divalent Transition Metal Salts
Gill

25

has also investigated some bis tetraaIkyl-

ammonium tetrachloroferrates and concluded on the basis of
the spectral data and magnetic data that these all contain
tetrahedrally co-ordinated iron.
Quite a number of workers have examined the spectra
and magnetic properties of ammonium and aIkyIaammonium
tetrachlorocobaltates^”^ .

The data in all cases have

been explained using a tetrahedral model, but the only cry
stal structures which have been investigated are the cesium
s a l t ^ the tetr antethy !ammonium salt?**, and the triphenylmethylarsonium salt^®. A comparison of the spectra of the
s
>
32
tetrahedral CoCl^ units in the solid phase
and octahedral
4—
33
CoClg units
indicates that a distinction between these
two configurations on the basis of spectra alone is very
difficult to make.

The magnetic susceptibility has also

been used as a criterion to distinguish these configura
tions, but in, at least some cases, even this data is equi40
.
vocal for tetrachlorocobaltates.
'
Tetrachloronickelates have proved to be very diffi
cult to prepare; the only compound reliably reported in the
solid state is the tetramethylammonium salt^**, which has
the expected tetrahedral structure.

16
Tetrachlorozincates have been used as a doping media
41
for other transition metal ions , particularly the cesium
'‘ "
40
salt. The structures are known for the cesium salt
and
38

the tetramethy!ammonium salt

r '.

.

-

No structural studies

have been done on compounds of cations capable of hydrogen
bonding.
Purpose of Study
The synthesis and investigation of first row transi
tion metal compounds with aIkyIammonium cations was under
taken as a part of a larger program, in an effort to provide
the answer for the following questions:
1)

What is the pattern of occurrence of the pseudo
octahedral layer structure in the series?

2)

What factors are responsible for the occurrence
of layer structures?

3)

Do the zinc compounds also display a variety of
lattice forms which could be used as a doping
media for the compounds of other transition
metals, which are intensely colored so that
the prime compound is unsuitable for spectral
studies?

17
The complete crystal structure determination of all
the compounds of this class would be very time consuming and
expensive.
explored.

Therefore, several other possible methods were
The X-ray powder data showed that the series con

tained very few isomorphic compounds, therefore, it was
necessary to study some other physical property which would
provide additional information.

Refractive indices of most

of the available compounds were measured for that purpose.

EXPERIMENTAL „
-

"-

I.

-

■

-

-

-

Preparation of Co-ordination Compounds
A.

Solvent purity.

Methanol and ethanol were

used exclusively in the synthesis of these compounds. An..
r'''43
hydrous ethanol and methanol were obtained by reflexing
reagent grade anhydrous material over magnesium turnings
for twelve hours and then distilled.

A convenient test

capable of detecting .05% of water in the solvent was per
formed by adding a solution of aluminum ethoxide in benzene
to a test sample of dry alcohol.

A voluminous precipitate

was formed if excess water was present.

Commercially avail

able anhydrous ether was used.
B.

Preparation of Anhydrous Metal(II) Chlorides.

Anhydrous metal chlorides were prepared using thionyl chlo44
ride as described by Pray . This method has the advantage
of convenience and simplicity, requiring no special aparatus.

The anhydrous product was stored over drierite.
C.

Synthesis of Alkylammonium Tetrachlorometal-

lates (II).

Stoichiometric quantities of anhydrous metal

chloride and the appropriate alkylamine hydrochloride were
dissolved in the minimum amount of dry ethanol or methanol

19
and anhydrous diethyl ether was diffused slowly into the
above alcoholic solution.

The crystals of tetrachloro-

aIkyIammonium salts of divalent metals separated a few days
later from the reaction mixture.

The crystals were washed

with diethyl ether and stored over dry calcium chloride.
In general, they were recrystallized from the dry ethanol
or methanol.

^

Alkylammonium Tetrachloromanganates(II).

Since an

hydrous manganese chloride was not very soluble in ethanol,
dry methanol was used as a solvent.

0.001 Mol. of anhydrous

manganese chloride was dissolved.in 10 ml of methanol by
heating it in a beaker covered with a water glass and then
mixed with 10 ml of methanol contining .002 Mol. of the ap
propriate amine hydrochloride.

The mixture was kept in a

dessicator over anhydrous diethyl ether.

The mono alkyl-

ammonium salts crystallized out as thin pink sheets, whereas
the die and tetra alkylammonium salts separated as greenyellow needles.

Several attempts were made to synthesize

trimethy!ammonium tetrachloromanganate(II), but in each case
pink needles of trimethylammonium trichloromanganate were
obtained instead.

20
Alkylammonium Tetrachlorocuprates(II). - Anhydrous
copper chloride is fairly soluble in either solvent and no
heating was necessary for dissolution.

All the copper

salts could be crystallized out of methanol as well as
ethanol.

All the monoalkylammonium salts except the iso

propyl ammonium salt were isolated as thin yellow plates.
Isopropylammonium tetrachlorocuprate(II) is green needles.
Di, tri, and tetraalky!ammonium salts crystallized out in a
variety of morphological forms.
Alkylammonium Tetrachlorozincates(II).

Some diffi

culties were encountered due to the extremely hygroscopic
nature of anhydrous zinc chloride.
ethanol or methanol.
in the solvent.
was employed.

The solvent used was

The metal chloride dissolved readily

A change in the diffusion process of ether
First diethyl ether was added dropwise to

the alcoholic solution of stoichiometric amount of zinc
chloride and alkylamine hydrochloride until the salt began
to precipitate.

Then a few drops of ethanol were added to

redissolve the precipitate.

This reaction mixture in a

beaker was placed in a bigger beaker containing anhydrous
diethyl ether.

The large beaker was covered with a watch

21
glass and placed inside a dessicator overnight.

Colorless

needles of zinc salts were collected, dried, and stored in
sealed bottles.

The solvent ethanol was used in all cases

except di and trimethylammonium tetrachlorozincate(II).
The di- and trimethylammonium salts of zinc were synthe
sized out of methanol.

22
II.

Analytical Techniques
A.

Manganese Analyses.

Estimations of manganese

were carried out by complexometric titrations using EDTA.
The procedure is outlined by Grindley45.

One molecule of

EDTA forms a stoichiometric complex with one atom of the
metal.

Erichrome Black T was used as an indicator.

The pH

is critical and difficult to control in this titration.
Ammonia-ammonium nitrate buffer was found to be most satis
factory.
B.

Copper Analyses.

Iodometric titrations using

sodium thiosulfate were used for the estimation of copper.
The basic method is outlined by Koltoff and Sandell45.
C.

Zinc Analyses.

The zinc analyses were also done

by complexometric titration with the disodium salt of EDTA
using the method of Grindley45.

Indicator color changes

were sharp and the results were very precise.
D.

Halide Analyses.

Halogens were quantitatively

titrated against standard silver nitrate solution using
dichloroflourescein as an indicator.

23

Table III
Analyses for Alkylammonium
Tetrachloromanganates(II)

Formula

F. W.

/ Metal
Calc.

/ Metal
Found

/ Cl"
Calc.

/Cl"
Found

Mn(CH3NH3)2Cl4

260.87

21.06

20.53

54.36

54.2

Mn(C2H5NH3)2Cl4

288.924

19.02

19.1

49.08

48.95

M n ( U-C3H7NH3)2C14

316.978

17.33

16.8

44.74

44.4

M n { U-C4H9NH3)2C14

345.032

15.92

15.84

41.1

41.0

Mn((CH3)2NH2)2Cl4

288.924

19.02

18.7

49.08

49.0

Mn((CH3)4N)2Cl4

345.032

15.92

16.2

41.1

40.98

Mn((C,Hc).N),Cl.

456.248

12.04

12.1

31.08

30.9
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Table IV
Analyses for Alkylammonium
Tetrachlorocuprates(II)

F. W.

/ Metal
Calc.

/ Metal
Found

/Cl /Cl
Calc. Found

Cu(CH3NH3)2Cl4

269.472

23.58

24.0

52.62 52.65

Cu(C2H5NH3)2Cl4

297.526

21.36

21.52

47.66 47.50

C u ( U-C3H7NH3)2C14

325.58

19.52

19.6

43.55 43.6

Cu( Iso-C3H7NH3I2Cljj

325.58

19.52

19.35

43.55 43.58

Cu(U-C4H9NH3)2Cl4

353.634

17.97

18.15

40.1

Cu((CH3)2NH2)2Cl4

297.526

21.36

21.5

47.66 47.16

Cu((CH3)3NH)2Cl4

325.58

19.52

19.63

43.55 43.45

Cu((CH3)4N)2Cl4

353.634

17.97

18.2

40.1

Cu((C2H5)4N)2Cl4

464.85

13.67

13.75

30.51 30.07

Formula

39.86

40.0
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Table V
Analyses for Alkylanunonium
Tetrachlorozincates(II)

Formula

F. W.

/ Metal / Metal / Cl" / Cl"
Found Calc. Found
Calc.

Zn(CH3NH3)2Cl4

271.302

24.1

23.89

52.27 52.11

Zn(C2H5NH3)2Cl4

299.368

21.83,

21.58

47.37 47.6 v

Z n ( n-C_H_NH_),Cl.

327.41

19.97

20.0

43.3

43.2

Z n ( Iso-C3H7NH3)2C14

327.41

19.97

19.48

43.3

43.65

Zn( !'.-C4H9KH3)2C14

355.464

18.39

18.22

39.89 40.1

299.356

21.84

21.94

47.37 47.42

Zn((CH3)3KH)2Cl4 '

327.41

19.97

19.55

43.3

Zn((CH3)4K)2Cl4

355.464

18.39

18.5

39.89 40.2

Zn((C2H5)4N)2Cl4

466.68

14.01

13.5

30.39 30.45

Zn((CH3)2NH2)2Cl4

.

43.4
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Table VI
Densities for Standard Liquids

Density at 25°C.
(gm/ml)

Chlorobenzene

1.10

i
H
H

Liquid

Carbon tetrachloride

1.60

-1.9

Methyl iodide

2.28

rCN
I

a - reference 47

Table VII
Densities of Reference Compounds

Standard Compounds

Density at 25°C.
(g/ml)

Ammonium formate

1.280

Ammonium oxalate

1.500

Ammonium chloride

1.527

Sodium citrate

^'857

Sodium formate

1.920 ...

i

,

All of the density calculations were made on DS Sigma 7 us
ing terminal access with programs described in the
Appendix A.
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E.

Density Measurements.

Densities of the com

pounds were determined by a gradient tube technique.

When

one liquid is layered over another of greater specific
gravity with which it is miscible, a linear gradient of
density develops near the surface.

Manipulation of a stir

ring rod in the graduated cylinder can extend the gradient
over the greater part of the column.

In the absence of

convection processes the diffusion in a column of this type
is so slow that the gradient will be maintained virtually
unchanged for many days.

A crystal introduced into such a

tube settles until it reaches a level corresponding to its
own density, where it remains stationary.

The density gra

dient was calibrated by introducing crystals of known den
sity.

The immersion liquids were required to be pure and

chemically inert to the compounds of interest.

The table

below lists the compounds used as standards and the immer
sion liquids with their densities.
The density at temperature t°C. can be computed by
substituting the values of density at 25°C. and in the
formula:
-3 a(t-25)
d25 +1°
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F.

Refractive indices measurement.

indices were measured by immersion methods.^®

All refractive
This method

of refractive index measurement employs liquids of known
refractive indices as immersion media.

Fragments or crys

tals were placed in successive immersions until by the
Becke line technique it was ascertained that the refractive
index of the fragment or crystal matched that of the immer
sion medium.
The Becke line refers to a phenomenon associated
with a vertical contact of two substances of different in
dices of refraction observed on the stage of petrographic
microscope.

The Becke line is seen to the best advantage

under the microscope when a medium power objective is used
and the opening in the substage diaphragm is partly closed
to render the incident light more nearly parallel and to
reduce the total amount of illumination.
Under the microscope the Becke line may not be seen
when the microscope is exactly focused on a fragment.
However, if the tube of the microscope is slightly raised,
a narrow line of light (Becke line) appears just inside or
outside of the contact of the fragment when the microscope
is raised, the fragment has a lower index than that of the
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surrounding medium.
in.each instance.

Lowering the tube reverses the effect
The greater the difference in the refrac

tive indices between the fragment and immersion medium, the
greater is the displacement of the Becke line as the micro
scope tube is raised or lowered.

This effect is illustrated

in the following Figure 4.
In Figure 4 (a), the objective lense is focused on
the vertical contact between two substances of different
refractive indices, N and n; n is smaller than N. The light
totally reflected at the contact of the medium of higher in
dex with the medium of lower index and the light refracted
into the medium of the higher index (not shown in the dia
gram) come to focus in the upper focal plane of the lens.
Any concentration of light at the contact can not be seen.
In the Figure 4(b), the microscope tube is raised slightly
above the position of sharp focus.

The toally reflected

light (and the refracted light) now converges below the up
per focal plane of the lens and in the focal plane forms a
concentration near the image of the contact on the side of
the medium of the higher index.

In Figure 4(c), the micro

scope tube is lowered and the concentration of light has
moved across the image of the contact into the medium of
lower refractive index.

FOCAL. PL ANE
FOCAL PLANE
.

FOCAL PLANE

i
v
I
’
-Va

TUBE RASED
IN FOCUS
TUBE LOWERD
I LENS
LENS

W

LENS

FOCAL PLANE
FOCAL PLANE

FOCAL PLANE

F i g u re d

Diagram Illustrating M o v e me n t of Becke Line
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When the refractive index of a fragment matches.the
refractive index of the liquid in which it is immersed for
a particular color, the liquid will have a higher index than
the solid for colors of shorter wave length than the match
ing color and a lower index than the solid for the colors
of longer wave length.

This is because the dispersion for

the liquids is considerably greater than that for solids.
For example, for an index match for the yellow color of the
D line of sodium, the liquid will have a higher index for
violet compared to the solid, and a lower index for red.
Separate red and blue (violet) Becke lines thus form on op
posite sides of the contact between the solid and the
liquid.
Thus, Becke lines on opposite sides of the inter
face are medium blue and medium yellow when the refractive
index matches near the middle of the spectrum.

For match

ing indices in the short-wave length portion of the spec-r
trum, subtraction produces a rich blue or violet on one
side of the interface and a very pale yellow or yellowish
white on the other side.

If the index of the liquid and

solid are the same for long wave lengths in the red portion
of the spectrum, a yellowish brown or red Becke line on one
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side of the contact opposes a pale blue Becke line on the
other side.

This colored Becke line method has been used

to give better results.
The accuracy of the results depends on the numeri
cal apertures, the quality of lenses of the microscope, the
extent to which the temperature of the immersion medium is
controlled and the care with which the observations are
made.

Using the colored Becke line method with a white

light shource and immersion media of low dispersion, the
results could be reproduced with

a. 0.001 refractive index

unit.
The refractive indices were measured for uniaxial
and biaxial crystals, that is one or two optice axes.
Tetragonal and hexagonal crystals have one optical axis,
whereas orthorhombic, monocline and triclinic crystals have
two.

In uniaxial crystals there are two indices of refrac

tion termed ne and no ,

In biaxial crystals there are three

indices of refraction termed n^, n ^ , and n^; where nz^ ny^nx*
In all cases there are at least two of these which are meas
ured.

Because of the special morphological features, it was

difficult to find all three refractive indices.
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MOLAR REFRACTION:

From the refractive index, the

molar refraction was calculated using the following formula:

R=

n2-l
n2+2

M
P

R=Molar Refraction
n=Refractive Index
M=Molecular Weight
P=Density in gms/ml
The differential error was calculated from the following
formula:
dR= R

E

JL

(n2-l) + (n2+2)

P

dR=possible error in Molar Refraction
dn=uncertainty in measured refractive index
dp=uncertainty in measured density
All the calculations for molar refraction and the differen
tial error were made on the XDS Sigma 7 using terminal ac
cess with programs described in the Appendix (B).
III.

X-ray Analytical Technique
A.

Powder diffraction.

All the powder diffraction

data were collected on manual G. E. XRD 5.

The compounds

were powdered and sieved through the 200 mesh size screen
for uniform particle size.

The powdered sample was placed
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on a regular microscope slide covering an area of
I" x 3/4".

The thickness of the sample was about I 1/2 mm.

The sample thickness has a small effect on the 20 value of
the peaks.

Next, the slide was sprayed with an acrylic

resin aerosol.

This made the samples stick to the slide.

After drying, the slides were placed on the diffractometer
where the powdered sample was left stationary at the focus
of the X-ray beam.
radiations.

All the data were collected using CuKa

The 20 diffraction angles were recorded on a

strip chart in the form of peaks.

The counter was scanned

through 90 degrees of 20 at a rate of two degrees per min
ute.

The positions of the peaks were read directly from

the chart and were judged to be uncertain by .2 degrees be
cause of the mechanical misalignments.

Error in determin

ing the center of the peaks on the chart was estimated to
be less than .1 degrees.

The background count was estimated

to be the square root of the maximum count limit of the
counter for the particular scan and all the peak intensi
ties were collected for it.
B.

Single crystal diffraction studies on

N-Propylammonium Tetrachlorozincate(II).

A single crystal

was carefully chosen by examining all the crystals under a
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polarizing microscope and mounted on a glass fiber using
Dupont's lDuco Cement'.
For intensity data, the goniometer head and crystal
were transferred from the Wissenberg camera to a General
Electric XRD5 Geniostat.
the Chi-ninety technique.

The crystals were aligned using
Twenty-four independent high

angle axial reflections were refined by least squares giv
ing accurate cell parameters of crystals.

The cell con

stants obtained from the geniostat were used as input data
for a computer program by Enwall^ which calculated the
machine settings for the collection of intensity data.
Three reflections were chosen as standard to pre
vent any accidental loss of alignment; the intensity of
these reflections was checked every four hours and at the
beginning and end of each data collection shift.

The data

were collected by the standard theta-two theta technique
(Moving crystal moving counter method).
two rate in two theta was two degrees

The scan rate in

per minute and the

take off angle of the X-ray tube was four degrees.

Zircon

ium filtered molybedum radiation (0.714 A) was used for the
data collection.

Each peak was scanned for 60 seconds, and

30 seconds of background were counted on either side of the
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peak.

The intensity of a peak was considered to be the dif

ference between the count for the peak scan and the sum of
the background counts.

All intensities with a net count

less than 30 were considered unobserved.

Intensity data

for all unique reflections could be collected only up to
35 degrees of the two theta value as the intensity for the
reflections beyond that were too weak to measure.
The intensity data were corrected for Lorentz polar
ization factors using a computer program from the crystallo
graphic library
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.

Anomalous scattering terms were used

for zinc and chlorine.

The scattering factor tables were

taken from the International Tables for Crystallography,
Volume III, Birmingham, England: Kynoch Press (1968).

RESULTS AND DISCUSSION
Part I
X-ray Powder Diffraction Pattern in
Alkylammonium Tetrachlorometallates(II)
•
14
Several years ago Willett
reported that ammonium
tetrachlorocuprate(II) and methylammonium tetrachlorocuprate(II) was isostructural. It was also found in another
38
study
that tetramethyIammonium tetrachlorocobaltate(II) ,
-nickelate(II), and -zincate(II) were iso structural.

This

encouraged the investigation of crystallographic character
istics of alky!ammonium tetrachlorometallates(II).

The

powder method is a desirable way of studying these compounds
as in many cases, single crystals are either not available
or very difficult to obtain.
The examination of the X-ray powder data of alkylammonium tetrachloromanganate(II), -cuprate (II), and
-zincate(II) showed only two isomorphic compounds, namely
n-buty!ammonium tetrachlorocuprate(II) and -manganate(II).
A close resemblance in the structure was noted in other
cases.
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The similarity of the powder patterns of methyl-s
ammonium tetrachlorocuprate(II) and ethylammonium tetrachlorocuprate(II) is illustrated in the Figure 11.

The

positions and heights of the peaks indicate that the struc
tures of methylammonium and ethylammonium salts of copper
are very similar, though the single crystal study of these
compounds shows that they belong to two different space
groups.

Me thyIammonium tetrachlorocuprate(II) crystallizes

in the space group Cmca.

Whereas, ethylammonium tetra

chlorocuprate (II) crystallizes in the space group Pbca.
The slight shift in the major peaks in their powder pat
terns are indicative of the symmetry of the molecules and
the two different space groups.

From the powder pattern

in general, it is not unreasonable to believe that the
basic structure, i.e., the co-ordination.of the chlorides
around the copper atom and the packing of alky!ammonium
cations, is the same in both compounds.
. N-propylammonium tetrachlorocuprate(II) and
n-butylammonium tetrachlorocuprate(II) also resemble each
other.

Eight of the major peaks for n-butylammonium tetra

chlorocuprate (II) are listed along with the corresponding
peaks of n-propylammonium tetrachlorocuprate (II) in
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Table VIII.

However, from Figure 11, it may be noted that

there are differences also.

The four peaks of

n-propy!ammonium tetrachlorocuprate(II) are shifted to
higher theta values compared to those of n-buty!ammonium
tetrachlorocuprate(II).

Some of the remaining large peaks

of n-propy!ammonium tetrachlorocuprate(II) stay at about
the same theta values, whereas others shift to a higher
value compared to the corresponding peaks of
n-buty!ammonium tetrachlorocuprate(II).
There does not seem to be an obvious resemblance
among any of the .alky!ammonium tetrachloromanganates(II).
The same can be said for the powder data of alkylammonium
tetrachlorozincates(II).
When the comparison is made across the different
metal series, n-butylammonium tetrachlorocuprate(II) and
n-butylammonium tetrachloromanganates(II) are isomorphic.
Comparative values of theta are listed for all the major
peaks of both compounds in Table IX.

An agreement in the

relative intensities can also be observed from Figure 11.
The theta angles for the major peaks of n-butylammonium
tetrachlorocuprate(II) are relatively higher.
sibly indicates the larger cell parameters in

This pos
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Table VIII
Theta Angles of Major Peaks (I)
Cu(H-C3H7NH3)2Cl4

Cu(H-C4H9NH3)2Cl4

Mn(H-C4H9NH3)2Cl4

3.24

2.62

2.58

3.6

2.93

2.87
3.83

7.18

5.86

10.78

8.88

8.5

9.65

9.75

11.78

11.35

14.83

13.88

13.98

-

5.87

15.05
17.71
21.51
25.92

16.03

15.35

17.88

16.84

18.60

17.7

20.98

18.8

21.4

20.45

24.15

22.75
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n-buty!ammonium tetrachloromanganate(II).

As of the earlier

discussion, n-propy!ammonium tetrachlorocuprate(II) and
n-buty!ammonium tetrachlorocuprate(II) appear to have simi
lar structures.

Thus, the structure of n-buty!ammonium

tetrachloromanganate(II) should also be very close to that
of n-propylammonium tetrachlorocuprate(II).
The powder patterns of the ethylammonium salt of
manganese and the ethylammonium salt of copper also show a
'

■

considerable resemblance with each other.

y

'

The six large

peaks of ethylammonium tetrachloromanganate(II) and ethyl
ammonium tetrachlorocuprate(II) are given in Table IX.
general patterns of the peaks are also very similar.

The
Ap

parently there is a relation between the two structures,
though some of the peaks which are present in ethylammonium
tetrachlorocuprate(II) are not seen in ethylammonium tetra
chloromanganate (II).

This could be due to the higher molec

ular symmetry of ethylammonium tetrachloromanganate(II).
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Table IX
Theta Angles of Major Peaks (II)
Mn(C2H5NH3)2Cl4

Cu(C2H5NH3)2Cl4

3.95

4.015

10.44

10.4

12.0

12.42

16.17

16.77

16.68

16.94

20.86

20.77
21.14

Table X
Theta Angles of Major Peaks (III)
Mn(CH3NH3)2Cl4
4.5

Zn (H-C3H7NH3)2Cl4
4.45

13.72

13.3

18.45

17.9

As shown above, no general pattern in the structure
could be observed, either in the series of compounds of
each metal or in the same aIkyIammonium salts of manganese.
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copper, and zinc.

A close examination of the powder pat

tern of all the compounds reveals the fact that the whole
class of compounds can be divided into two categories.

The

powder patterns of the compounds in the first category show
a large peak at or below 5 degrees of theta; those in the
*
:
second category have no such large peak. The first cate
gory of compounds includes all the monoalkylammonium salts
of manganese, copper, and zinc except methy!ammonium tetra3
chlorozincate(II). All the di, tri, and tetra aIkyIammon
ium salts of manganese, copper, and zinc and methylammoniumtetrachlorozincate(II) fall into the second category.
■
The d spacings from the theta angles can be calcu
lated using the Braggs equation in the form shown below:
X = 2dSin0
■ -

X = the wave length of the X-rays; in all cases happened to
be CuKrv=I.54 A.
d = the interplanar spacings in the crystals in A unit.
SinG = the measure of deviation of the diffracted X-ray
'

^

beam from the direct beam.
When the d spacings from the large peaks of the com
pounds of known structures were calculated, they were equal
t

-

-

to one-half of the cell axis which is parallel to the

Table XI
Calculated Distances Between Layers from Powder Data (I)

NAME

Ca l c , i n t e r
PLANER DISTANCE

Ca l c ,

cell
axis

Ob s e r v e d

cell

axis

La y e r / a x i s

9.686

19.372

19.37

2

13.197

26,384

25.94

2

9.4

18.6

18.55

2

C u (CH3 C H 2 N H 3 )2 C lzi

10.809

21,60

21.18

2

C u (CH3 C H 2 C H 2 N H 3 )2 C l 4

12.282

24.564

24.66

2

Z N ( C H 3C H 2C H 2N H 3)2C L 4

9.94

18.88

20.0

2

M n (CH3 N H 3 )2 C l zi
M N ( C H 3C H 2C H 2N H 3)2CLzi
C u (CH3 N H 3 )2 C lzi

Table XII
Calculated Distances Between Layers from Powder Data (II)

Ca l c , i n t e r p l a n e r
NAME

Ca l c , c e l l

L a y e r /a x i s

DISTANCE

axis

11.195

23.390

2

M n (CH3CH2CH2CH2NH3 )2 C l zi

15,45

30,90

2

C u (CH3CH2 CH2 CH2 NH3 )2C l 4

15.15

30.30

2

19.466

2

21.50

2

ZN(CH 3 CH 2 NH 3 )2 CL 4
Z n (CH3CH2 CH2 CH2NH3)2 C l 4
* Predicted

8.735
10.75
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hydrocarbon chains of the alky!ammonium cations.
listed in Table XI.

This is

In all such known structures the MCl^

layers lie in planes perpendicular to the longest axis.

The

aIky!ammonium cations are packed between these layers in
such a way that the hydrocarbon chains lie parallel to the
longest cell axis. , In all the studied cases, there are
two such layers per unit cell.

This suggests that the larg

est peaks in the compounds in the first category are due to
the diffraction of X-rays from the atoms in the layers.
explanation for this large intensity peak is obvious.

The
The

atoms in layers such as metal and chlorides have a much
higher electron density than those of carbon, nitrogen, and
hydrogen which are between the layers.
On the basis of the above hypothesis, tetraethylammonium salts of manganese and copper both fall into the
second category and should have a nonlayer structure.

The

powder diffraction data of both these compounds show an in
tense peak near 5.7 degrees of theta.

This cannot arise

from the diffraction of the X-rays by MCl^ layers.

Calcu

lations using that value of theta give a d-spacing of 7.8 A;
this implies that the two layers are only.7.8 A apart.

The

smallest observed interlayer distance is in methyIammonium
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tetrachlorocuprate(II), where d is equal to 9.25 A.

The

tetraethylammonium ion is much larger than that of the
methyIammonium ion, and cannot possibly be packed between
layers only 7.8 A. apart.
This appears to be a good method of distinguishing
between structures with and without MCl^ layers.

On this

basis, the interlayer distances for some unknown structures
were calculated and are listed in Table XII.

The table

also lists the computed values of the longest axis of the
cell.

Until the structure of n-propylammcnium salt of zinc

was completed, it was believed that the KGl^ layers occurred
only in those structures where the chlorides were octahedrally co-ordinated around the central metal atom.

But in

the n-propylammonium salt of zinc, it is seen that the chlo
rines are tetrahedrally co-ordinated around the metal atom
and also there are two MCl^ layers per unit cell.
The tetramethylammonium salts of copper and zinc do
not show any large peaks at low theta angles and fall into
the second category.

In the structure determination of the

above two compounds, Lingafelter and co-worker
not report the presence of any MCl^ layers.
supports the correlations.
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also did

This further
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On the basis of these deductions, it can be seen
that all the di, tri, and tetraalkylammonium salts of man
ganese, copper and zinc and methyIammonium tetrachloro,- - _
zincate(II) do not show the presence of MCl^ layers.
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Part II
The Crystal and Molecular Structure of
N-Propylammonium Tetrachlorozincate(II)
The structure determination for n-propylammoniumtetrachlorozincate(II) was undertaken to see if the struc
tural pattern of alky!ammonium salts of zinc were similar
to those of manganese and copper.
Tetramethylammonium tetrachlorozincate and -cuprate
have been shown to be isostructural studies of
n-propy!ammonium tetrachloromanganate and -cuprate by
49
57
by Willette
and Schenk , respectively# showed that the
co-ordinations of chlorides around the central metal atom
and packing of n-propy!ammonium groups were essentially the
same in both the compounds.

A further study of powder data#

as shown in Figure 5 for n-propylammonium salts of manganese
copper and zinc# showed the presence of layered structures.
It was# therefore# thought that zinc salt may also have a
'
structure similar to those of manganese and copper. Later
in the discussion of the structure it may be seen that the
co-ordination of chlorides around the zinc in
n-propylammonium salt was tetrahedral unlike the octahedral
co-ordination of chlorides around manganese and copper in

Cu (II)

Zn (II)
in
o

I
10

I____I
20

Mn (II)
30

O (Bragg Angle)
X -ray Powder Data of N-propylammonium TetrachlorometaIIates(II)
Figure 5.
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their n-propy!ammonium salt.

Nevertheless, to gather more

structural information in the relatively less studied zinc
system, the crystal structure determination of
n-propy!ammonium tetrachlorozincate
Structure Determination and Refinement
The structure was determined by conventional single
i
,
crystal diffraction techniques. The observed density is
1.45 gm/ml.

The lattice parameters are listed in Table XIII

The calculated molecular weight is 327.37.

The space group

for the crystal was determined from the systematic extinc
tions (k=2n+l for o k o reflections, h+l=2n+l for h o i

re

flections) which uniquely determine the space group as
P2 / •
1'
tions:

This space group has the following equivalent posi, ~
•,
.. . '

*'

y '

z?

-x, -y, -z?
1/2-x, 1/2+y, 1/2-z;
1/2+x, 1/2-y, 1/2+z;
An attempt was made to solve the structure by the
CO

symbolic addition
method outlined by Harptman and
54,55
Karle
. While searching for the origin defining re
flections, it was found that eoo or oee reflections which
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satisfy the Sigma 2 relationship had very small normalized
structure factors.

Thus, a proper origin defining reflec

tion could not be selected.
A trial structure was obtained by calculating an
unsharpened three dimensional Patterson function from 620
observed reflections.

In the Patterson function, the peaks

with constant value of y but arbitrary values of x and z
are known as the Barker Section peaks.

Considering the

vector between an atom at (x, y, z) and (1/2-x, 1/2+y,
1/2-z), u$l/2-2x, V jtI/2, w*l/2-2z was obtained.

Thus, the

Barker Section at v«l/2 exists due to the 2^ screw axis in
the y direction.

This means that for every atom in the unit

cell, a peak is obtained on the vsl/2 section of the Patter
son map.

Peaks with constant values of x and

zi

but an ar

bitrary value of y-are known as the Barker line peaks.
to the n-glide geometries the vector
on the Barker line.

*

:

Due

1/2 , l/2-2y, 1/2 was
'

The largest peak on the Barker line was at (0.5000,
0.0000, 0.5000) and the major peak on the Barker section was
(0.0000, 0.5000, 0.8750).

From these positions it was pos

sible to determine the position of the centrosymmetric peak
at 2x, 2y, 2z which is calculated to be (0.5000, 0.5000,
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0.125).

A peak was found at this position on the Patterson

map and was of the appropriate height for a Zn-Zn vector.
Table XIVgives a summary of the atomic positions, Patterson
vectors and peak heights.
The structure factor calculation with heavy atom
■

t,

alone gave an R-index of 38%.

-

,

Scattering factors for the

individual atoms were taken from the International Table of
Crystallography

47 (c)

.

A Fourier map showed the positions

for the four chlorine atoms.

Three cyles of block diagonal

least squares refinement with the new positions of zinc and
four chlorines dropped the R-index to 25.7%.

A second

Fourier using structure factors from the previous calcula
tion gave positions for three carbon and two nitrogen atoms.
The refinement of these atoms gave an R-index of 21.9%.
A full matrix refinement showed an R-index of 20.9%.
These new positions did not seem to refine well.

A series

of another three dimensional electron density functions and
isotropic refinement lead to the location of all nonhydrogen
atoms.

Now all the nonhydrogen atoms positional parameters

were refined by full matrix program to R-index of 17%.

The

absorption correction and anomalous scattering for zinc and
chlorine as well as anisotropic refinement gave a final
value of R 14.1%.
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Table XIII
Summary of Crystal Data for
(CH3 CH 2 CH 2 NH 3 )2 ZnCl4

I
,

a

7.337 j\

b

10.199 j\

c

20.016

I

,

- ■

i\

93.004

{

Space Group

P21/n

3>Molecules per unit cell
%

4

Calculated Density

1.455 gm/ml

Measured Density
M ’
.

1.450 gm/ml
* --

*

-

Table XIV
Co-ordinates and Vector Assignments
3 for the Structure

V

*»...•

(CH-CH
j 2c h 2n h 3)2ZnCl4

Atom

x/a

y/b

z/c

Zna

0.25578

0.27090

0.03575

Assignment

Position

*'■ -

' •" ■'

Height ^

Zn-Zn (21)

0.0000

0.5000

0.8750

1142

Zn-Zn (n)

0.5000

0.0000

0.5000

958

Zn-Zn (i)

0.5000

0.5000

0.1250

726

a

Refined position of zinc

b

Observed peak heights for the vectors.
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Table XV
Final Atomic Co-ordinates for
Z n (CH3CH
3CH2HH3)2C14
Atom
Zn

.25470

.27089

.03568

Cl ( I)

.25347

.48182

.05982

.00885

.16784

.07133

Cl ( 3)

.50027

.16953

.08555

Cl ( 4)

.27481

.24720

-.07381

N

(H)

.23139

.38329

.44345

C

(12)

.28166

.32275

C

(13)

.21984

.35377

.32897

C

(14)

.28448

.28256

.27337

N

(21)

.75659

.44244

.09798

C

(22)

.82798

.45329

.16549

C

(23)

.67451

.47951

.20283

C

(24)

.72816

.50813

.27394

Cl ( 2)

>

'

, .

.38750
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Table XVI
Isotropic Thermal Parameters of
Zn (CH3CH2CH2NH3)2C14

B isotropic

Atom
Zn

5.13534

-

Cl ( I)

6.66680

Cl ( 2)

6.02733

Cl ( 3)

6.45295

Cl ( 4)

6.53200

N , (ID

8.79523
8.36071

c

(12>

C

(13>

C

(14)..

N

(21)

C

(22)

C

(23)

8.21404

C

(24)

10.40457

. 9.53946

! ■

.12.65833
6.25750
....

...

■

10.95478
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Table XVII
Bond Distances for
Zn (CH3CH 2 CH 2 NH 3 )2C14

Atom

Bond Distance

Zn ——- Cl (I)

2.205 A

Z n --

Cl (2)

2.237 A

Z n --

Cl (3)

2.263 A

Zn ——

Cl (4)

2.217 A

N (11) -- C (12)

1.347 A

C (12) -- C (13)

1.274 A

C (13) -- C (14)

1.430 A

N (21) -- C (22)

1.428 A

C (22) --- C (23)

1.409 A

C (23) —

1.486 A

C (24)
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Table XVIII
Bond Angles for
Zn (CH3 CH2 CH 2 NH 3 )2C14

Angles Between

Degrees

Cl (I) - Zn - Cl (2)

112.07

Cl (I)

-

Zn - Cl (3)

111.19

Cl (I)

-

Zn - Cl (4)

108.91

Cl (2)

-

Zn - Cl (3)

106.34

Cl (2)

-

Zn - Cl (4)

111.13

Cl (3)

-

Zn - Cl (4)

107.08

N (11)

-

C (12) - C (13)

123.43

C (12)

-

C (13) - C (14)

118.22

N (21)

-

C (22) - C (23)

104.65

C (22)

—

C (23) - C (24)

111.49
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Discussion of Structure
The gross structure did not refine to the degree ex
pected.

The Fourier synthesis was done to see if the posi

tions of carbons and nitrogens were incorrect. , The peaks
for some carbon and nitrogen in the new Fourier map did
show a little shift in their positions, but three cycles of
refinement moved the positions back where they were origin
ally after the refinement of regular Fourier synthesis
Furthermore, all the carbon and nitrogen showed unusually
large values for their thermal parameters.

It is unlikely

that these temperature factors describe actual thermal mo
tions of the atoms since they are much larger than any that
are reported in other normal structures.
possibilities.

This leads to two

One, there may be some kind of structural

disorder as suggested by the thermal parameters.
is some random error in data.

Two, there

The crystal used for data

collection was not of very good quality.

It was a long

thin plate which could provide room for mechanical vibra
tion.

This may have produced a random error in intensities

during the collection of data.

A graphical display of the

scales obtained from the standard reflections showed the
possibility of a random error.
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A picture of the model made from the results ob
tained from the crystallographic analysis is shown in
Figure 6 .
The structure of n-propylammonium tetrachlorozincate(II) consists of ZnCl^ tetrahedra.

These tetrahedra

form a layer in XY plane and there are two such layers per
unit cell along the Z axis.

The positions of chlorines and

zinc from Table XV show that the four chlorines are arranged
at the corners of a regular tetrahedron with the zinc atom
in the center.

The positional and isothermal parameters for

all the nonhydrogen atoms are listed in Table XVI.

Zinc

chlorine bond distances are between 2.205 A and 2.263 A.
The estimated standard deviations are in the order of
1.015 A.

These bond lengths are in very good agreement with

those found in Zn( (CH^)^N)2C^4 and CSgZnCl^^^.

The tetra

hedral angles between Cl-Zn-Cl are listed in Table XVIII
and are between 106.34 and 112.07 degrees.
standard deviations are about 0.5.

The estimated

The n-propylammonium

ions are packed in the spaces between two ZnCl^ layers.
The possible forces between successive zinc-chlorine layers
could be Van der Walls forces.

The positions of nitrogens

and carbons are listed in Table XV.

The bond lengths for

------ >C

Figure 6.

Molecular Structure of N-propylammonium TetrachIorozincate(II)

( ^ ) Chlorine

@Carbon

@Nitrogen

©Zinc
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C-C and C-N are within the usual ranges.

There seems to be

some distortion in the aliphatic chain.

This phenomenom of

distortion in the aliphatic chain and high thermal para
meters have also been observed by Lingafelter and co38
workers
in te trame thy Iammon itun tetrachlorocobaltate (II) ,
-nickelate(II), and -zincate(II), and by Barendregt and
57
Schenk
in n-propy!ammonium tetrachlorocuprate. Although
the short N-Cl distances could be indicative of hydrogen
bondings.

Due to the final overall Reliability Index of

14.1, there is no hope of locating H atoms directly.
presence of hydrogen bonding, therefore, could not be
positively concluded.

The
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Part III
Optical Properties and Structures of
Alkylaimnoniuin Tetrachlorometallates (II)
Mineralogists have long used the optical properties
of minerals as a diagnostic tool for the identification of
minerals.

However, the identification of crystal and chemi

cal compounds on the basis of optical data alone is not
usually possible.

One of the reasons for this is that the

published optical data and determinative tables of refrac
tive indices for, chemical compounds are incomplete.

Fur

thermore, the precise determination of all the refractive
indices is very complicated.
Refractive index and polarizability.

When electro

magnetic waves of light (a beam of light) passes through a
transparent medium, the electron clouds of the atoms are
displaced in relation to the positively charged nuclei by
the electric field of the waves, i.e., the atoms become
electric dipoles and they are said to be polarized.

The

field is, however, alternating in direction with the fre
quency of the light used, and so the orientation of the
atomic dipoles oscillates with the electric vector of the
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light; in classical terms, the electron clouds are caused
to vibrate.

The electron clouds of single atoms or the

combined electron clouds of the atoms in a molecule, have
certain natural frequencies of vibration.

In the case of

transparent media, the frequency of the light does not
match any of the natural frequencies of the atoms, the
electron clouds virbate with a low amplitude.

It is not

obvious, but the velocity of the waves differs in the media
from the velocity in the vacuum.

The ratio of the velocity

in the vacuum to the velocity in the media is called the re
fractive index of the matter.

If the matter is isotropic,

for example a cubic crystal, the velocity of the waves is
independent of the direction and the compound has only one
refractive index.
When the waves travel through an anisotropic crys
tal, the extent of polarization for a given field depends
upon the direction of the field.

This is so because the

polarization of each atom is caused not only by the electric
field of the wave, but also by the dipole moments produced
in other atoms in its neighborhood.

Since these neighbors

lie in certain definite directions, determined by the crys
tal structure, the extent of polarization, and therefore
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the velocity of the waves depends upon the crystal axes.

A

beam of light entering a tetragonal, orthrombic, monoclinic
or triclinic crystal splits up into two plane-polarized com
ponents which travel at different rates.

Thus, all the

crystals except those belonging to the cubic systems have
more than one refractive index and they are dependent on
the direction of the light wave through the crystal.
In a crystal the atoms have a particular spatial re
lationship to one another.

In general, the effect of neigh

boring dipoles on the polarization of any atom varies with
the direction of the electric vector.

However, this effect

falls off rapidly with the distance between the atoms con
cerned.

In a qualitative treatment of the problem, it is

sufficient to regard it as operating only between those
which are linked by chemical bonds.
A simple case of two atoms which are chemically
linked and more widely separated from other atoms in the
crystal is compared in Figure 7 (a) , where the electric
vector of light is parallel to the line joining the atomic
centers.

The dipoles are in the line - + - +.

Such an ar

rangement of the charges results in the moments of the di
poles being increased by induction.

In 7(b) the electric
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vectors are at right angles to the line joining the atomic
centers.

Charges of like signs are adjacent and by induc

tion the dipoles,are reduced.from the values corresponding
to normal polarizabilities.

The polarizability of such an

atom pair as a whole for different directions of the elec-.
trie vector may be represented by the radius vectors of an
elipsoid of revolution as in Figure 7(c).
a,

In 7(c) the axis

and a2 correspond to the polarizabilities in cases

7(a) and 7(b) respectively, so that a, is greater than O2 .
Crystals built up of similarly oriented molecules
have refractive indices which reflect the directional po
larizabilities of the molecules.

Therefore, if the dia

tomic molecules shown in Figure 7 were arranged parallel or
nearly parallel to one another and the crystal would have a
larger refractive.index for the light vibrating in the di
rection of the long axis of the molecules than for the
light vibrating perpendicular to it.

This phenomenon has

been observed for molecules like paraffins, aliphatic alco
hols, and acids.
The same principle could be extended to the mole
cules with parallel platelike structures where the chemi
cally bound molecules lie in one plane and the cations are
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in between them.

These molecules have greater polariz

ability for any direction of the electric vector which lies
in the plane of the atomic centers of the plate than for the
I

i

direction normal to this plane.

As a result, these moIe"
cules have two large refractive indices for light vibrating
.

.

.

perpendicular to the plane of the plate.
/
figures are shown as an oblate elipsoid.

The polarization
'
By convention n z

is the largest refractive index, n^ is the intermediate one,
and nx the smallest.
n

■

In this case, n^ should be very close

as both these refractive indices are for the light vi-

brating parallel to the plane of sheet.

This sort of be

havior has been observed for aromatic ring compounds such
as hexamethyl benzene and napthalene.

Similarly the paral-

Iel layers of atoms in mica also give two large and one
V
' "
",./

•
' ,■

•

small refractive index;
Molar refractivity.

The simplest case is that of a

number of widely dispersed atoms such as those of a monoatomic gas.

When the atom is placed in an electric field E,
1.
i
it becomes a dipole. Since in:this medium the atoms are

widely distributed, it can be assumed that the average ef
fect of the neighboring dipoles on the dipole of any atom
is zero for all directions of the electric vector.

The
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ELECTRIC VECTOI

0£

+

(a)
Polarizability of Elongated Atom Group
/3

Figure 7.
Polarizability and Refractive Indices of Sheet like Molecules
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relationship between the atomic polarizability and the re
fractive index n for a given wave length is given by the
Lorentz-Lorenz equation58.
H-Zl
n +2

•

Cii-IfNa=R(a)
p J

h

Where A is the atomic weight, p is the density of the med
ium, N is the Avogadro number and R (a) is known as the
atomic refractivity of the atom.
A crystal of a solid consists of molecules composed
of two or more atoms.

In general, each molecule will have

a polarizability which varies with the direction of the
electric vector as explained in the discussion of refrac
tive index.

But if it is supposed that the molecules are

widely dispersed and have a mean polarizability of a which
is an additive function of the atomic polarizability, the
Lorentz-Lorenz equation is as follows:

i f e - s - '

Where M is the molecular weight, and R is the molar refrac
tivity.
2
2
Since an increase in the quotient (n -l)/(n -2) cor
responds to an increased value of n, it can be shown from
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the equation that if a series of compounds with similar
values of M/p are compared to those compounds with greater
value of R would also have greater refractive indices.
The influence upon an atom from its immediate neigh
bors has been so far neglected.

In simple crystals like

NaCl or CsCl where covalent bonding is unimportant, it is
expected that the molecular refractivity should be equal to
the sum of the characteristic refractivities of the positive
and the negative ions.
In the complex molecules with less symmetrical ar
rangement of atoms, there is a departure from the additive
law owing to the distortion of ions by each other and the
presence of electron clouds between the atoms due to the
formation of chemical bonds.

The contribution to molar re

fractivity by the electron clouds which form the bond is
not well defined, but it has been confirmed in certain or
ganic compounds whose molar refractivities can be calcu59
lated
by assigning a refractivity to a given type of
bond and adding this to the contributions derived from the
characteristic atomic refractivities of all the atoms.
In inorganic molecules, it was shown by Bragg**®
that the molar refractivity is greater in calcium carbonate
and sodium nitrate when the electric vector of light is
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parallel to the plane of carbonate and nitrate groups.
St. B. Hendricks and W. E. Deming^ calculated the refractivities of a number of oxalate crystals from the anisot
ropy and the orientations of these oxalate groups.
This suggests the molar refractivities could be
used to distinguish layer and nonlayer structures.

This

has an advantage over using the refractive indices for the
interpretation of structures in the molecules.

Since molar

refraction corrects for density contributions, it is con
venient to use the molar refractivity of the molecule and
not its refractive index when seeking to relate the optical
properties of the molecule to its structure.
Refractive Properties of Alkylammonium
Tetrachlorometallates(II)
The alky!ammonium tetrachlorometallates of mangan
ese and copper as discussed in the introduction form sheets
of MCl^ ions in the octahedrally co-ordinated structures.
The metal atoms in these layers are bonded through bridged
chloride ions.

This is illustrated in Figure I.

According

to the earlier discussion of refractive index, these alkylammonium tetrachlorometallates with MCl^ chlorine bridge
structures should have strong negative birefringence, i.e.,
the refractive index for the ray of light vibrating parallel
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to the plane of MCl^ sheets should be much larger than the
light wave vibrating normal to this plane.

Most of the

alky!ammonium tetrachlorometallates appear to have three un
equal cell axes (no crystal symmetry higher than m m m.).
They should have three different indices of refraction
namely n z . yn . and nx .

If the alkylammonium tetrachloro-

metallates have MCl^ sheets, they should show two high re
fractive indices (nz and n^) and one low refractive index
(nx ).

Other nonlayered alkylammonium tetrachlorometallates

should not show such behavior and should have, in general,
lower refractive indices.

_

To distinguish the bridged MClT layered structures
from others, the refractive indices of all the synthesized
compounds were measured and are listed with the densities in
Tables XIX-XXI.

Most of the monoalky!ammonium salts of cop

per and manganese crystallize in the form of plates.

This

morphological feature presented a severe problem in the de
termination of the lowest refractive index (nx ).

The

method used for the determination of refractive indices was
the Becke line method.

In this technique, for the deter

mination of refractive index, fragments of the crystals
were immersed into the different oils of known index of
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Table XIX
Density and Refractive Properties of
Alkylammonium Tetrachloromanganates(II)

Formula
Mn(CH3NH3)2Cl4

Mn(C2H5NH3)2Cl4

Mn ( ^ C 3H7NH3)2Cl4

M n ( U-C4HgNH3I2Cl4

Density
1.7

1.56

1.45

1.34
-

Mn((CH3)2NH2)2Cl4

Mn((CH3)4N)2Cl4

Mn((C2H5)4N)2Cl4

1.478

1.3

1.26

Refractive
Indices

Molar
Refractivities

1.62

53.93 +-.228

1.616

53.65 +-.227

1.619

65.032+-.292

1.616

64.779+-.292

1.602

74.993+-.359

1.590

73.778+-.356

1.554

82.513+-.431

1.549

81.896+-.429

1.539

61.255+-.302

1.522

59.6364— .298

1.519

80.549+-.44

1.517

80.288+-.439

1.53

111.865+-.620

1.526

11.158+-.618
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Table XX
Density and Refractive Properties of
Alkylammonium Tetrachlorocuprates(II)

Formula
Cu(CH3NH3)2Cl4
Cu(C7Ht-NH^)0Cl4

Density

C u ( Iso-C7H7NH7)7C1A
C u ( U-C4HgNH3I2Cl4
Cu ((CH7)7NH7)7CI a
Cu((CH3)3NH)2Cl4
Cu ((CH7)a N)7CI a
Cu((C2H5)4N)2Cl4

Molar
Refractivities

1.686

60.002+-.244

1.686

60.002+-.244

1.675

67.746+-.284

1.671

67.431+-.283

1.658

76.844+-.328

1.654

76.475+-.337

1.614

76.139+-.355

1.59

73.722+-.349

1.385

1.59

86.134+-.43

.. *

1.589

86.015+-.429

1.594

66.515+-.309

1.562

63.473+-.302

1.574

75.269+-.371

1.54

71.567+-.361

1.38

1.574

75.269+-.427

-

1.554

82.095+-.42

1.566

119.941+-.648

1.55

117.136+-.639

1.709
1.65
,

C u ( U-C7H7NH7)7C14

Refractive
Indices

1.56
1.49

.

1.52
1.427

1.266
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Table XXI
Density and Refractive Properties of
Alkylaxamonium Tetrachlorozincates (II)

Formula
Zn(CH3NH3)2Cl4
Zn(C2H 5NH3)2Cl4
Z n ( n-C3H7NH3)2C 4
Z n ( Iso-C3H 7NH3J2Cl4
Zn ( ^ C 4H9NH3)2C14
Zn((CH3)2NH2)2Cl4
Zn((CH3)3NH)2Cl4
Zn((CH3)4N)2Cl4
Zn((C2H5)4N)2Cl4

Density

Refractive
Indices

1.74

1.572

51.322+-.221

1.568

51.027+-.22

1.541

60.816+-.29

1.527

59.500+-.286

1.45

1.532

69.967+-.351

1.49

1.529
1.564 .

1.547

1.37
1.335
1.35
1.364
1.179

Molar
Refractivities

69.637+-.35
''71.467+-.344

1.548

69.789+-.34

1.532

80.386+-.42

1.529

80.007+-.418

; 1.544

70.798+-.373

1.530

69.277+-.369

1.524

74.203+-.394

1.508

72.293+-.388

1.523

79.537+-.419

1.523

79.537+-.419

1.538
1.534

124.0

+-.718

123.231+-.715
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refraction.

In the case of monoalkylammonium salts of

copper and manganese, all the crystal fragments remain with
their largest faces upwards. " This enabled the measurements
of their two high indices of refraction n

z

and n .
y

In order

to measure the lowest index of refraction nx , the fragments
were required to be on edge in orientation.

Several unsuc

cessful attempts to achieve this particular orientation of
the crystals were made.
very fine powder.

The compounds were ground into a

Another attempt was made by cutting the

sheets into thin fibers with a razor.

These thin fibers

or the powder when placed into the oils still showed the
best developed surfaces facing upwards.
The refractive indices values listed in Tables XIXXXI are higher for the studied copper and manganese salts
which possess bridged MCl^ layers.
of the compounds were calculated.

The molar refractivities
The computed molar re

fractivities for all the compounds are listed in Tables XIXXXI.

'''

' -

-" ;

In Figure 8, the molar refractivities of alkylammonium tetrachloromanganates are plotted aginst the num
ber of carbons in the alky!ammonium cation chain per mole
cule.

It can be seen that the molar refractivities of the
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methy!ammonium, ethy!ammonium, n propy!ammonium, and n
butylammonium salts of manganese fit into a straight line.
The slope of the line was calculated by least squares and
was found to be equal to 4.78 units per CK^ group.
computed value for a CH2 group is 4.647 units.

The

This con

firms that all four monalky!ammonium tetrachloromanganates
have a similar structure and the relative environment of
the MnCl^ ions are nearly the same.

The molar refractivi-

ties of the dimethy!ammonium and tetramethy!ammonium salts
of manganese versus the number of carbons in a hydrocarbon
chain per molecule were also plotted.

They form a second

straight line which is exactly parallel to the first line.
However, it is a two point line as the trimethy!ammonium
tetrachloromanganate(II) could not be synthesized.
slope of this line is also 4.8 units per CH2 .

The

The molar re-

fractivity of dimethy!ammonium tetrachloromanganate(II)
compared to that of ethy!ammonium tetrachloromanganate(II)
is lower.

Similarly, tetramethylammonium tetrachloroman

ganate (II) had a lower molar refractivity than that of
n butylammonium tetrachloromanganate(II).

This comparison

was made as both sets of compounds have the same empirical
formula.

This indicates that all the monoalky!ammonium

( V e rtica l axis; No. of C per mole. ) ✓

Molar. Refractivity
Figure 8.

Alkylammonium Tetrachloromanganates (ID
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tetrachloromanganate(II) should have chloride bridged
MnCl^ layers, whereas the di and tetramethy!ammonium tetrachloromanganates(II) lack such a layer.

This particular

distintiction is supported by the crystal structure of
tetramethy!ammonium tetrachloromanganate(II)

.

On the

other hand, n-propylammonium tetrachloromanganate(II) has
an octahedral geometry of chlorines around the manganese
metal atom, where MnCl^ octahedra are linked to each other
by bridges of chlorines.

On this basis, the possible co

ordination of chlorines around the manganese metal atom can
be suggested for the compounds with unknown structures.
Methyl, ethyl, and n butylammonium salts of manganese
should have an octahedral geometry.

Further evidence in

support of this conclusion is that all the four monoalkylammonium salts of manganese are pink in color.

In all the

studied compounds of manganese, the pink compounds have
chlorine bridged MnCl^ octahedra.

The powder pattern of

methylammonium tetrachloromanganate(II) has been shown^* to
be similar to that of cesium tetrachloromanganate(II).

The

latter also possesses an octahedral geometry.
In the alky!ammonium salts of copper, a behavior
similar to that of manganese is observed.

The molar refrac-

tivities of monoalky!ammonium salts of copper form a
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straight line as illustrated in Figure 9.

The slope of

this line is comparable to the slope for the related mangan
ese compounds.

However, the R values, in general, are

higher than those of manganese.

This is because the copper

compounds absorb in the visible region.

The di, tri, and

tetramethylammonium tetrachlorocuprates(II) have lower molar
refractivities compared to those of monoalky!ammonium salts
of copper.

This again confirms the presence of chlorine

bridged CuCl“ layers in the monoalkylammonium salts.

The

crystal structures of ethy!ammonium tetrachloro39
57
cuprate (II)
, n-propy!ammonium tetrachlorocuprate(II)
-

.

confirm the presence of chlorine bridged MCl^ layers.
Willette*^ has suggested a structure similar to the above
for methy!ammonium tetrachlorocuprate(II).

But a complete

structure has not been carried out.
On the basis of the molar refractivity values, the
di, tri, and tetramethylammonium salts of copper should
have nonbridged tetrahedrally co-ordinated chlorines around
the copper atom.

Dimethylammonium tetrachlorocuprate(II)

has been assigned a tetrahedrally co-ordinated geometry
from the spectroscopic studies^.

The crystal structure of

tetramethylammonium tetrachlorocuprate(II) also shows

( V e rtica l axis; No. of C per mole. )
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a tetrahedral co-ordination of chlorines around the copper
atom.
From Figure 10 it seems clear that alky!ammonium
salts of zinc, in general, do not show a structural pattern
like those of manganese or copper.

There are no ligand

field stabilization effects in the Zn-2 ions due to its
completed d shells.
The molar refractivity of the monoalky!ammonium
salts of zinc show a trend similar to that of di, tri, and
tetramethyIammonium salts of manganese.

The slope is in

agreement to the molar refractivity of the CHg group.

From

the value of this slope, a similarity among the structures
of monoalky!ammonium tetrachlorozincate can be predicted.
The only known structure of this series is n-propy!ammonium
tetrachlorozincate(II) where the chlorines are tetrahedrally
co-ordinated around the zinc atom and there are no chloride
bridging between the two tetrahedrons.

The slope of the

line for di, tri, and tetramethy!ammonium salts of zinc is
much too small for CHg group.

Therefore, no general simi

larity between these structures can be predicted.

(V ertical axis; No. of C per mole. )
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Alkylammonium Tetrachlorozincates(Ti)

SUMMARY AND CONCLUSION
The powder diffraction data reported in this dis
sertation have provided a new analytical tool for distin-,
guishing layer and nonlayer structures of alkylammonium
tetrachloromanganate(II) , -cuprate (II), and -zincate(II).
On the basis of powder data alone, all of the monoalkylammonium tetrachloromanganate(II) , -cuprate (II), and
-zincate(II), except methy!ammonium tetrachlorozincate(II)
should have a layered structure.

,

All others should have .

non-layered structures.,
From the correlations of molar refractivity data,
the compounds with bridged chloride structures can be-dis
tinguished from those which do not show any bridging of
chlorides.

It was known from the earlier structural inves

tigations that M-Cl-M briding was found only in those com
pounds where chlorines are octahedrally co-ordinated around
the metal atom.

In compounds where chlorines are tetra-

hedrally co-ordinated around the metal atom, no M-Cl-M
bridging is possible.

Thus, using the molar refractivity

data, the distinction between the structures with octahe
dral and tetrahedral geometries could be made.

In the dis

cussion of molar refractivity data, it is shown that all of
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the monoalky!ammonium tetrachloromanganates(II) and
-cuprates (II) possess M-Cl-M bridges and the probable co
ordination of chlorines around the central metal atom is
octahedral.

All other salts of manganese, copper, and all

the zinc salts have tetrahedrally co-ordinated chlorines
around the metal atom.
The powder diffraction data together with the molar
refractivity data show that there are at least three gener
al structural patterns.

In Table XXII all the studied

alky!ammonium tetrachloromanganates(II), -cuprates (II), and
-zincates(II) are classified in the three structural groups.
The compounds with tetrahedrally co-ordinated MCl^
layered structures were not studied before.

The complete

structural determination of n-propylammonium tetrachlorozincate(II) shows tetrahedral co-ordination of chlorines
arranged in MCl^ layers.

Dimethylammonium tetrachloro-

zincate(II) and trimethylammonium tetrachlorozincate(II)
show no indication of MCl^ layers in the powder data, but
have unusually high molar refractivities, which do not cor
relate with the properties of tetramethy!ammonium tetra
chlorozincate (II) .
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Table XXII
Structural Patterns Observed in
Am^MnCl^, 7^2^01^ and AntgZnCl^

Layered Structures
With M - C l - M Bridges
( Oh. Symmetry J

Nonlayered Structures
No M-Cl-M Bridges
( T d . Symmetry
)

Mn ( C H 3N H 3)2Cl4

M n ( ( C H 3 )2N H 2)2Cl4

M n ( C2H 5N H 3 )2Cl4

M n ((CH3 )3NH)2Cl4

Mn( U - C 3H 7N H 3J2Cl4

M n ( ( C H 3)4N ) 2C l 4

Layered Structures
N o M-Cl-M Bridges
( T d . Symmetry

Mn( H-C4H9N H 3 J2Cl4

Cu ( C H 3N H 3 )2C l 4

C u ( ( C H 3)2N H 2)2C 14

Cu(C2H 5N H 3)2C l 4

C U ((CH3)3NH)2C l 4

Cu( H - C3H 7N H 3 J2C l 4

C U ((CH3 )4N ) 2C l 4

Cu( H-C4H 9N H 3 J2C l 4

Zn(CH3N H 3 )2Cl4

Zn(C2H 5N H 3 )2Cl4

Zn((CH3)4N ) 2C l 4

Zn( H - C 3H 7N H 3 I2Clj

zn( H-C4H9NH3J2Cl4
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The isomorphism between the n-buty!ammonium tetrachloromanganate(II) and n-buty!ammonium tetrachlorocuprate(II) is obvious from the X-ray pwoder diffraction
data.

A structure similar to that of n-propy!ammonium

tetrachlorocuprate(II) is suggested for n-butylammonium
tetrachlorocuprate(II)

and -manganate(II).

This structural

suggestion is made on the basis of powder diffraction and
molar refractivity data.

APPENDIX
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A.

Computer Program for the Calculation of Density

1.000

I

READ(105,11)X,Y,Z,XN,YN

2.000

11

FORMAT(FI0.5)

3.000

GD=I.6-(0.05*Z)

4.000

WRITE(108,2) GD

5.000

2

FORMAT(1GRADIENT DENSITY=',FlO.5)

6.000

V=(XN-YN)/(Y-X)

7.000

XS=Z-X

8.000

YS=Y-Z

9.000

IF (XS-YS) 3,4,4

10.000

3

11.000

AD=YN+(YS*V)
GO TO 5

12.000

4

AD=XN-(XS*V)

13.000

5

WRITE(108,6) AD

14.000

6

FORMAT('STANDARD SUBSTANCE DENSITY=',FlO.5)

15.000

GO TO I

16.000

STOP

17.000

END

* x

distance in cm. from the bottom of the tube for the
reference compound X.

y

distance in cm. from the bottom of the tube for the
reference compound Y.

1Z

distance in cm. from the bottom of the tube for the
compound Z of unknown density.
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B.

Computer Program for the Calculation of
Molar Refractivity and Differential Error
DIMENSION X (2)

1.000
2.000

99

READ (105,lrEND=200)

3.000

I

FORMAT(F10.6)

(X(I),1=1,2),Y,Z

4.000

DO 5 1=1,2

5.000

B=Y/Z

6.000

A=((X(I)**2)-l)/((X(I)**2)+2)

7.000

AM=A*B

8.000

C=((X(I)**2)-l)*((X(I)**2)+2)
D=AM*.005/Z

9.000
10.000

DAM=(AM*6 .* X (I)*.001/C)+D

11.000

WRITE(108,2) AM,DAM

12.000 2

FORMAT(IX,'MOLAR REFRACTION= ',FlO.6 , ' ' ,F10.6)

13.000
14.000
15.000
16.000
*

5

CONTINUE
GO TO 99

200 STOP
END

X(I)

The highest refractive index

X (2)

The lower refractive index

Y

The formula weight of the compound

Z

The density of the compound

O
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