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AN INVESTIGATION OF THE STRUCTURE OF NICKEL(II)
CHLORIDE BY HIGH-TEMPERATURE ELECTRON

DIFFRACTION

GENERAL INTRODUCTION

Interest in high-temperature molecular species has increased

greatly in recent years. Because of the experimental difficulties,

measurements of the structures of these species by diffraction tech-

niques have been very few relative to those of ordinary gaseous

molecules, although several workers (Rambidi, Spiridonov 1967) in

the Soviet Union have been particularly active during the past decade.

A long-standing intention to undertake high-temperature

electron-diffraction investigations at Oregon State has received

fresh impetus from other high-temperature work in the Chemistry

Department. The experimental techniques of matrix isolation infra-

red and Raman spectroscopy have been heavily used in this work,

but interpretations of the spectra have often been difficult because of

lack of information about the geometries of the molecules. In many

of these cases this important structural information could be ob-

tained very rapidly following an electron-diffraction experiment.

The first high-temperature electron-diffraction experiments at

Oregon State were carried out by R. DeMattei (1971) who built a

suitable high-temperature nozzle for the diffraction apparatus and

determined the structure of nickel(II)chloride at about 800°C.
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Unfortunately, the results of this experiment were obscured because

of the suspected presence of a tantalum pentachloride (TaC1 5) im-

purity which may have resulted from a reabtion between the NiC1 2

and the tantalum cell. It was therefore decided to repeat the experi-

ment using a graphite cell. Experiments with the existing high-

temperature nozzle revealed a number of problems related to the

electron-bombardment type of heating used by DeMattei which it

was felt could be obviated with resistive heating.

Part I of this thesis describes the design of a new high-tempera-

ture nozzle using resistive heating and Part II describes the struc-

ture determination of NiC12 at about 800°C.
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PART I

DESIGN OF APPARATUS AND EXPERIMENTAL
PROCEDURES

Introduction

The high-temperature nozzle designed by DeMattei is quite

similar in design to those used by others working in the field of

high-temperature electron diffraction. The nozzle consists essen-

tially of a sample cell, which is heated initially by radiation from

a tantalum filament. In order to reach higher temperatures (up to

about 2000°C.) electron bombardment of the cell is required. This

system has been used semi-successfully over the past couple of

years but has been cumbersome to use: filament burn-out was a

common problem and replacement was time consuming. The main

purpose in designing and building a new high-temperature nozzle

was felt to be that of providing a reliable heating system that could

be operated with a minimum number of electrical components, and

yet provide a temperature range from 200°C. to around 2000°C.

Resistive heating is a method of heating by which a low-voltage,

high-amperage current passed through a device, heats the device

by power dissipation in it arising from its resistance. Spectro-

scopists have used this method of heating in matrix isolation work,
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and have established the reliability of the method. Resistive

heating seemed to be a simple, reliable method that could also

work well in the Oregon State University high-temperature

electron-diffraction experiment. It was reported by Akishen,

Rambidi and Spiridonov that the large heating currents caused a

distortion of the electron beam in their experiments, but it was

felt that the problem could be minimized once the extent of distortion

was determined, by making changes in the geometry of the conduc-

tors. An important advantage of resistive heating over electron

bombardment is found in the simplicity of the power supply: the

components consist of an auto transformer and a voltage step-down

transformer.

Design of the Apparatus

Factors affecting the design of the high-temperature nozzle

were (1) the size and shape restrictions imposed by the existing

electron-diffraction apparatus, (2) the selection of materials which

would fulfill their intended functions reliably with a minimum of

maintenance, and (3) simplicity of design in order to avoid unneces-

sary cost and to simplify the operating procedure. The following

brief description of the design may be considered with reference

to Figure 1 which shows the completed nozzle.
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The size and shape restrictions imposed by the existing

electron-diffraction apparatus were minimal and easily accom-

modated. For example, no part of the nozzle could be greater than

four inches in diameter in order that it might be inserted through

a port of that diameter in a positioning mechanism on the electron-

diffraction apparatus. The positioning mechanism allows for hor-

izontal, vertical and in-and-out movement of the nozzle, so that the

position of the tip can be adjusted while the experiment is in prog-

ress.

The selection of materials for the high-temperature nozzle is

dependent on the electrical conductivity, heat resistance, and struc-

tural strength required by the design. In addition these materials

must be nonmagnetic or they will distort the electron beam. Sev-

eral parts of the nozzle were to serve as conductors and in order

to carry the high currents it was essential that they be of low elec-

trical resistance. A combination of copper and aluminum were

used for this purpose. Water cooling was used as extensively as

possible to prevent overheating of these conductors. The conduc-

tors attached directly to the high-temperature cell could not be

water cooled, so they were constructed of tantalum, a material

which will withstand the high temperatures involved. It was also

necessary to use nonconducting material in several places. Delrin,

a plastic which has a fairly high melting point and little tendency
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to flow was used for this application.

The high-temperature cell and the current inlet rod and outlet

collar must be made of materials which will not melt or warp at

elevated temperatures. In addition, the cell must not react with

the sample. The current inlet rod and outlet collar were made from

tantalum since they do not come in contact with the sample. Graphite

was used for the high-temperature cell.

The structural strength criterion was met throughout the de-

sign by using ample wall thicknesses on the tubing and other parts.

The main stresses in the nozzle are applied to the aluminum pieces,

which prompted the selection of a grade of aluminum (Alcoa Drn

2024-T3), which possesses good structural strength.

The power supply needed to provide the low-voltage, high-

amperage current necessary for resistive heating consists of an

auto transformer and a voltage step-down transformer connected

in series with the high-temperature nozzle. It is shown in sche-

matic form in Figure 2. This power supply provides 100 amperes

at 5 volts A. C., which is more than sufficient to reach the desired

temperatures: to reach temperatures of 1000°C. less than one-

third of the total power is needed. The temperature of the cell can

be adjusted to within ± 10°C. with this setup. If further accuracy is

needed a Variac can be connected between the wall socket and the

auto transformer, which will give temperatures within 5°C. of
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the desired temperature.

Experimental Procedure

The experimental procedure for taking electron-diffraction

photographs with the new high-temperature nozzle may be con-

sidered in three steps: (1) preparation of the photographic plates;

(2) preparation of the diffraction apparatus and the high-temperature

nozzle; and (3) exposure of the plates.

Preparation of the Photographic Plates

Because of the visible radiation emitted from the cell at

temperatures of approximately 600°C. it is necessary to protect

the photographic plates to prevent light exposure. The method de-

veloped by Akishen, Rambidi and Spiridonov, which consisted of

coating the plates with a mixture of purified black India ink and

alcohol was adopted for our purposes. Good results were obtained

by using a 50% by volume mixture of Higgins, water soluble, black

India ink in methanol. It was found that the ink must be filtered

and mixed with the methanol just prior to use or the coating will

have specks, which lowers the quality of the plate, and may make the

plate unsuitable for further use. The coating process consisted of

dipping the plate into a photographic tray that contains about 150 ml.

of the ink solution, and then placing it on a rack to dry for several
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hours, before loading it into the plate cassette.

Preparation of the Electron-diffraction Apparatus and High-
temperature Nozzle

Following protection of the sector with the sector cover, the

positioning mechanism was attached to the port at the desired

camera height. The high-temperature nozzle was then attached to

the positioning mechanism; however, the high-temperature cell was

not attached at this time in order to prevent possible damage to its

tip. The cold trap, which traps the vaporized sample, was then in-

serted into the port opposite the nozzle and the shield/ collimator

holder attached to it. The high-temperature cell was then affixed

to the nozzle, the current outlet collar placed over the tip and

pulled firmly against the body of the cell by tightening up the ad-

justing nuts on the current outlet rods. (When a thermocouple is

to be used for measurement of temperature, it is attached by placing

the thermocouple junction between the outlet collar and the body of

the cell. After the adjusting nuts are tightened, good contact is

usually obtained. However, the cell-heating current causes the

thermocouple readings to err on the high side so that it is necessary

to shut off the power supply for several seconds while making the

readings. Thermocouples may be used up to around 750°C., after

which an optical pyrometer is necessary. All temperatures in
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this work were obtained by the use of an optical pyrometer.)

The graphite high-temperature cell was always outgassed

prior to the experiment by heating it in vacuum at about 100°C.

over the desired experimental temperature for an hour. After

cooling, the cell tip was dipped into melted naphthalene, to close

the hole in the tip and thus make the cell reasonably airtight, and

transferred to a dry bag. The anhydrous NiC1
2

was then loaded into

the cell in the dry bag. The cell containing the NiC1 2
was exposed

to air for a minimal time as an effort was made to finish all neces-

sary work inside the apparatus and start the vacuum pumps as

quickly as possible.

The nozzle tip, cold trap and shield/collimator were roughly

aligned with respect to the expected path of the electron beam. The

sector was then uncovered and the apparatus was pumped down in

the normal manner. During evacuation of the diffraction chamber,

the water-cooling tubes and the power supply connections were

attached to the nozzle, and the water turned on. The desired water

flow rate was found to depend on the experimental temperature re-

quired. At higher temperatures it was necessary to increase the

flow rate in order to provide sufficient cooling, yet too high a flow

rate tends to drain heat from the nozzle. After reaching an opera-

ting pressure of 2 x 10 -5 mm. or less, the electron beam was

turned on and the alignment of the apparatus carried out. The power
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supply for the nozzle was then turned on and the temperature of

the cell slowly raised in order to outgas the sample before the

experimental temperature was reached.

Exposure and Development of Plates

After exposing the plates in the normal manner, the heating

supply was turned off and the cell allowed to cool for about 30 min-

utes in the evacuated chamber. The plates were removed from the

cassette in the darkroom and allowed to soak in cold running water

for about 30 minutes, after which the softened ink coating was wiped

off with a photographic sponge. The plates were then developed in

the usual way.
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PART II

STRUCTURE DETERMINATION OF NiC12

Introduction

Several investigators (De Kock and Gruen, 1966, 1967; Gruen,

Clifton and De Kock, 1968; Leroi, James, Hougen and Klemperer,

1962; Milligan, Jacox and McKinley, 1965; Randall, Green and

Margrave, 1959; Thompson and Carlson, 1968) have studied the

spectral properties of NiC12 in the gas-phase and in matrix isola-

tion over the range from the far infrared to the ultraviolet. Absorp-

tion, emission and fluorescence data were obtained. None of this

work has led to values for any of the geometrical parameters of the

molecule.

As mentioned in an earlier section, the electron-diffraction

work done by DeMattei on NiC12 indicated TaC1
5

as a possible im-

purity (mole fraction = 0. 039) in the gas stream due to reaction be-

tween the NiC1
2

and tantalum high-temperature cell. Because this

impurity caused considerable uncertainty in the interpretation of

the data, it seemed necessary to repeat the experiment using a

graphite high-temperature cell: mass-spectrometric studies have

shown that NiC1
2

and graphite do not react to any significant extent

at the temperature required to produce adequate amounts of gaseous
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NiC1
2

for the diffraction experiment (Thompson and Carlson,

1968).

Adequate descriptions of the diffraction apparatus and pro-

cedures for solving structures have been given by others (Gunder-

son and Hedberg, 1969; Hedberg and Iwasaki, 1962; Hedberg, Lise,

1968). Accordingly, they will be omitted from this thesis except

for references and brief remarks in the interest of clarity.

Experimental

The anhydrous NiC1
2

used in this experiment was from the

same sample used by DeMattei. It was prepared by dehydrating

NiC1
2

6H 20
(J. T. Baker Co., reagent grade) under a stream of

dry HC1 at about 400°C. for four hours. The high-temperature cell

was filled and the electron-diffraction apparatus prepared for the

high-temperature experiment following the procedure given pre-

viously. The sample was heated slowly to allow for outgassing.

The proper operating temperature was determined by observing the

amount of scattering on a fluorescent screen located in the appar-

atus. When the scattering was judged sufficient for exposure, the

cell heating was adjusted to give a constant (±5°C.) temperature

and the exposures were made. Although the current flowing through

the cell caused a slight distortion of the electron beam, it was

judged to be insignificant and the exposures were made with the
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current on. A total of 10 plates were exposed, at the long and

middle camera distances, of which five seemed suitable for use

in the structure refinement. Those which were not suitable were

either underexposed or overexposed. The data relevant to the ex-

perimental conditions under which the exposures were made is

summarized in Table 1.

Data Reduction

A complete description of the data reduction procedure can be

found in Gunderson and Hedberg (1969). Only a brief description

will be given here.

The plates were traced on a modified Joyce-Loebl double beam

microdensitometer. To compensate for emulsion grain, the plates

were spun about the center of the diffraction rings during the tracing.

The output from the densitometer was recorded on punched paper

tape and loaded into the computer from a Teletype terminal. -These

data were then reduced in the usual way to give a set of data re-

duced curves", which correspond to the superposition of the molec-

ular scattering on a smooth background. The data reduced curves

were plotted and a smooth "background curve" was drawn through

each. The background curves are a representation of that part of

the total scattered intensity which does not arise from molecular

scattering, but to a mixture of atomic, incoherent and apparatus
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scattering. When the background curve is subt racted from the data

reduced curve, a curve which represents the molecular structure

sensitive part of the scattering will result. It was these curves

multiplied by s (s = 47FX -1 sink)) that were used for the structure de-

termination. The data for these curves are listed in Tables 2-5.

According to theory these curves may be regarded as repre-

sented by the formula:
IA. I IA. I

sI = km . . r..
'Ai iJ

where

exp (- 12 ij2 s
2) cos Pri sin rijs (1)

sI = molecular intensity curve multiplied by s
m

k = scale constant

A.= scattering factor for atom i, multiplied by s 2

r.. = internuclear distance between atoms i and j

= root-mean-square amplitude of vibration between
atom i and j

47rs = sine

= scattering angle,/ 2

= phase shift factor for atom i.

The structure refinement procedure is based on use of this

theoretical formula to calculate curves from sets of geometrical

parameters. The geometrical parameters which give a theoretical
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curve best matching the experimental, are taken as the description

of the structure. The refinement procedure is thus a curve-fitting

procedure, and is carried out by a least squares method.

The intensity curves (sI ) are usually added together to form

a composite curve which is used in a variety of ways. For example,

the difference between the experimental composite curve and the

theoretical curve gives an indication of the quality of the fit and may

suggest possible sources of error, such as an incorrect background.

The individual intensity curves, the experimental composite curve,

the theoretical curve for the final model, and the difference curve

are shown in Figure 3.

The problem of determining the molecular structure of NiC1

may be regarded as the analysis of the individual intensity curves

(sI ) to obtain values for the Ni-Cl distance (rNi-C1)' and the

2

root-mean-square amplitudes of vibration Ni-Cl and C1... C1'

(If the molecule is linear it might be thought that r = 2r
C1 -C1 Ni-Cl.

This is true, however, only for the equilibrium distances. The

electron-diffraction experiment measures average distances which,

for a linear molecule, always correspond to r < 2r
Cl-C1 Ni-Cl

because of the bending vibration of the molecule.) If the experimental

composite curve (sIm) is multiplied by

atomic number of atom i, to give Im' (s)

Z.Z./A A.., where Zi is thei i 3

which has essentially constant



coefficients, then the radial distribution curve, D(r), may be

calculated. The radial distribution curve gives the probability

distribution of distances (r..) in the molecule, and may be ob-

tained by calculating the Fourier transform of (s):

D(r) = Tr_

0

I' (s) sin r s ds

16

(2)

2 s
0

max I'm (s) exp (-Bs2) sin r s As; (3)

the exponential damping factor in formula (3) minimizes series

termination errors arising from lack of data beyond s = smax.

For NiC1
2

the calculations employed experimental data over the

range 2. 25 < s < 30.75 With As = 0. 25. The observed data in the

range 0 < s < 2.00 were taken (in later calculations) from models

close to the final model. The damping constant B was given the

value 0. 0035. The final experimental radial distribution curve for

NiC1
2

is shown in Figure 4.

A radial distribution curve calculated as described above con-

sists of essentially Gaussian peaks in the harmonic oscillator ap-

proximation. The peak positions represent the internuclear dis-

tances, r.., the peak areas are proportional to n..Z.Z./r.. (n.. isij 1 j 13 13

the multiplicity of the distance r..), and the peak half-widths

(Pr
1/2)

at half-heighth are related to the root-mean-square vibra-

tional amplitude by
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1 2 2
= exp[ 1/2 / (2/ 4B)].

Analysis of the radial distribution curve for NiC1
2

gave trial values

for the molecular parameters as follows:
0

r 1Ni-C = 2. 06 A, rm.. ,C1-
4. 00 A, Ni-Cl 0.07 A, 1C1,..C1 = 0.14 A. These values were then

refined as described in the next section.

Structure Refinement

The interatomic distances obtained from the radial distribution

curve, (D(r)), do not at first glance correspond to a linear molecule

CI-Ni-C1, the non-bonded distance being substantially less than

twice the Ni-Cl distance. As mentioned earlier, however, this

circumstance is actually to be expected as a consequence of the

bending vibration which will, even if it is harmonic, give an average

ratio r Cl... Cl /rNi-Cl < 2. The problem for NiC1
2

may thus be

construed as that of determining whether or not the data can be

accounted for in terms of an equilibrium linear conformation with

a plausible amplitude for the bending vibration. As it turned out

they can.

The structure refinement with assumption of an equilibrium

linear configuration amounts to a refinement of the geometric

parameter rNi_ci, and the vibrational parameters
Ni-C1' Cl

and 6, the root-mean-square bending amplitude. It is clear that the
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parameters / Cl. Cl and 6 are responsible for the shape and posi-

tion (relative to 2rNi-C1) of the non-bonded peak of the radial dis-

tribution curve. The average position of this peak may be regarded

as a number average over all instantaneous molecular conforma-

tions in the gas sample, or a time average of the instantaneous

conformations of a single molecule. If the bending vibration is

harmonic, one may carry out the averaging procedure by calculating

the dependence of rCl... Cl on 6 and weighting each conformation

with the factor

gi. exp (0 26
2),

where 6 is a parameter corresponding to the root-mean-square

amplitude of the bending vibration, g is a multiplicity factor (equal

to 2 except for 0 = 0° where it will equal 1), and N a normalizing

constant chosen so that the sum of all terms has a weight appropriate

to the C1... C1 interaction compared to that of Ni-Cl. In practice

it was discovered that 10 terms were sufficient to represent the

CL . Cl interaction adequately. Each refinement thus consisted in

fitting an Ni-Cl distance and amplitude and 10 Cl. Cl distances

appropriately weighted and distributed at intervals of 0. 256, each

of these having the same vibrational amplitude value.

During the process of refinement it is usually desirable to

correct the background curve to remove background errors from
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the experimental intensity curves (sI ). In this investigation the

backgrounds were corrected after the first least squares refinement

and after the third.

A total of eight least squares refinements were carried out to

obtain the final results. These refinements were done treating the

individual sets of data from each plate as independent; that is, a

single theoretical curve was simultaneously adjusted to each data

set rather than to the single set comprising the composite curve.

The final values for the structural parameters and their esti-

mated errors are listed in Table 7. The errors were calculated

from the formulas

22crr= [2cr + (0.0005r) 2
]

1/2
LS

L2S
20- = 2[2o- + (0.021

)2]1/2

2cr/ 21"41

1/2
cr LS

2

S
where the quantities Cr L

are obtained directly from the least

squares refinement. The coefficient 2 associated with the o- LS

reflects possible correlation among the observations, the factor

0.0005 takes into account errors in electron wavelength, camera

distance, and sector calibration, and the factor 0.02 reflects error

in converting photographic density to scattered intensity.

The correlation matrix, which shows the interrelation of the

refined parameters, is shown in Table 8. This matrix is often
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helpful in correlating the effect of changing one of the parameters

on the other parameters. For example, if the r(Ni_ci) value found

in another work differed from the value found in this work, the

effect of this change on the other parameters could be found by

applying the following formula:

5 p 5
2 cr 1 2 1

where 61 is the difference between the two values for r(Ni-Cl)'

62 is the corresponding change in the other parameter, 0-1 is the

sigma value from the least squares refinement, o- is the sigma

value for the parameter to which the correlation is being made and

p
12

is the element from the correlation matrix which corresponds

to the two parameters.

Discussion

The results of this study differ significantly from those from

De Mattel's work as may be seen from the values of Table 9. The

system with which DeMattei worked was undoubtedly complicated

by impurities, the nature of which could only be guessed. He con-

cluded that his sample contained, in addition to NiC1
2'

TaC1
5

obtained by reaction of the tantalum cell with NiC12; he also felt
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it necessary to assume the presence of additional impurities such

as Cl
2

and monomeric NiCl. Because the structures, and

particularly the amounts of some of these impurities, were unknown,

it seems safe to conclude that the parameter values for NiC1
2

de-

duced from the present experiment are the more reliable, and that

the differences in the parameter values deduced for NiC1
2

from

the two experiments are due to the uncertainties associated with

the assumptions made by De Mattel. Support for this view is ob-

tained by the fact that the results of some of DeMattei's calculations

based on different mole ratios of impurities are in better agreement

with those obtained in the present study.

Cyvin has calculated bond and nonbond amplitudes for NiC1
2

and has also calculated the shrinkage effect. His values of 0. 075 ±

0. 014 A and 0.106 ± 0. 014 A for (Ni -C1) and compare(C1... Cl)
well with the values obtained in this investigation (1Ni-C1) = 0.079 ±

0, 006.1 and I = 0.135 ± 0.067 A). However, the calcu-(C1... C1)

lated value for the shrinkage (2rNi_c1 - rci...ci) at 1000°K of

0.269 I is not in good agreement with the experimental value of

0. 094 A. The difference is due in part to Cyvinfs use of a

deduced frequency for the bend (50 cm 1) which has been found

experimentally to be about 85 cm-1 (Thompson and Carlson).
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Experimental data from which the metallic covalent radius

of nickel II may be deduced are few: most of such compounds are

high-melting solids with ligancies in the crystal of 4 or 6. The

Ni-Cl distance determined in this experiment enables one to cal-

culate a covalent radius for divalent nickel in the desirable cir-

cumstance of ligancy 2 for the nickel atom. Using the experi-

mentally determined rNi_ci, Pau ling's value for the covalent radius

of chlorine and applying the Schomaker-Stevenson electronegativity

correction (rA_B = rA + rB -0.09 IXA- XB I), a value of 1.174 A is

calculated for the covalent radius of divalent nickel. This value

compares quite well with the metallic radius for divalent nickel

deduced by Pau ling (1. 154 A). The good agreement between these

two values indicates that the Ni-Cl bond is as expected a single bond

with very little double-bond character.



Table 1. Data for the electron-diffraction photographs used for the structure determination of NiC12.

Plate
I. D.

Platea

Size
(in)

Accelerating
Voltage
(Volts)

bWavelength
(A)

Exposure
Time
(Min)

Beam
Current

(p, A )

Temperature
(°C)

Camera
Height
(cm) s Range

2-80-2 8 x 10 44241 . 059097 6.0 .42 800 29.9340 6.75-27.00

2-80-3 8 x 10 44235 . 057088 6.0 .40 825 29.9340 6.75-30.75

2-80-4 8 x 10 44238 . 057086 5.0 .41 825 29.9340 6.75-27.00

2-81-3 8 x 10 44237 .057086 2.0 .55 775 74.9124 2.25-12.50

2-81-4 8 x 10 44237 . 057086 2.5 . 56 775 74.9124 2.25-12.50

a Kodak lantern slides.

b Wavelengths were determined from accelerating voltage which was calibrated against diffraction
patterns of gaseous CO2.



24

Table 2. Experimental intensity curve (sIm) for Nickel(II)Chloride.

Data from long camera plate 2-81-3.

0.0000 0.2500 0.5000 0.7500

2.00 -38.0270 -50.9149 -44.7085
3.00 -14.6839 37.4116 89.7866 114.6653

4.00 102.3620 60.1582 5.2902 -43.2647
5.00 -98.2021 -148.0170 -173.7725 -157.5038
6.00 -74.9259 56.1155 181.4195 245.0921

7.00 223.5532 148.0553 46.7846 -38.8727
8.00 -150.5539 -222.7372 -248.9999 -211.4103
9.00 -98.1724 29.9234 187.8164 272.5945

10.00 264.4228 190.5602 69.1109 -46.8272
11.00 -139.7489 -234.9702 -250.7062 -216.9817
12.00 -121.1257 94.8282 219.5938

Table 3. Experimental intensity curve (sIm) for Nickel(II)Chloride.

Data from long camera plate 2-81-4.

.As

0.000 0.2500 0.5000 0.7500

2.00 -3.6650 -5.1228 -4.2286
3.00 -1.2563 4.0579 9.4554 11.8574

4.00 10.1323 5.5139 0.1088 -3.7743

5.00 -9.7633 -14.7878 -17.9871 -13.2476
6.00 -8.1889 7.5003 16.5074 23.9350

7.00 22.6894 12.9671 2.8308 -5.4627
8.00 -14.9137 -21.8406 -24.8176 -21.2570
9.00 -7.5991 4.8122 22.7787 28.1515

10.00 27.0764 20.5649 5.7875 -7.3822
11.00 -15.6527 -21.6083 -26.6036 -20.4556
12.00 -11.4302 1.6171 14.0176
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Table 4. Experimental intensity curve (sIm) for Nickel(II)Chloride.

Data from middle camera plate 2-80-2.

As 0.0000 0.2500 0.5000 0.7500

6.00 13.1815
7.00 12.2547 8.5524 2.4460 -3.5027
8.00 -7.2333 -11.4389 -12.5970 -10.1831
9.00 -5.9406 3.8791 11.1618 15.9275

10.00 17.5159 11.4862 2.5528 -4.8434
11.00 -10.9257 -11.8255 -14.9508 -12.1517
12.00 -8.5637 0.0193 5.0563 10.9280
13.00 11.9031 16.3063 6.0089 -5.0724
14.00 -10.5571 -16.4003 -18.7020 -12.2637
15.00 -12.0131 -5.8377 1.7403 6.1750
16.00 10.7506 5.1026 0.4329 -0.3845
17.00 -6.3522 -11.6502 -.10.8836 -10.4734
18.00 -8.4214 -6.1274 5.0805 4.7731
19.00 4.5220 8.7209 6.3073 6. 4347

20.00 -5.5444 2.8762 -9. 9848 -11.7440
21.00 9.4476 -3.2090 -6.4611 3.1608
22.00 2.4210 0.6586 10.8274 0.2942
23.00 -0.0706 5.0666 -10.5017 -8.3843
24.00 -5.6334 2.2141 2.5061 0.5312
25.00 1.0319 10.9692 -1.6633 4.3307
26.00 2.7083 -3.3188 -1.5220 -7.1772
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Table 5. Experimental intensity curve (sIm) for Nickel(II)Chloride.

Data from middle camera plate 2-80-3.

0.0000 0.2500 0.5000 0.7500

6.00 52.4984

7.00 55.4708 46.4258 24.4894 2.8991

8.00 -15.6169 -27.7344 -34.3777 -30.9220

9.00 -14.2497 12.7180 39.4390 56.6297

10.00 55.0065 42.1186 18.1239 -6.0960

11.00 -29.4290 -42.1742 -51.4785 -43.0947

12.00 -26.7329 1.6835 30.2961 40.8950

13.00 46.5803 39.7779 14.9674 1.7695

14.00 -22.5956 -36.8055 -45.7568 -40.4735

15.00 -26.2418 -5.2362 21.1009 34.1187

16.00 35.8645 34.5730 21.0380 7.4222

17.00 -21.5047 -31.7238 -38.4734 -34.8799

18.00 -19.1765 -6.3019 18.2754 21.7522

19.00 39.3616 32.3813 23.9316 6.7313

20.00 -13.6323 -22.7098 -38.0573 -20.1400

21.00 -13.3717 -18.8065 3.4648 /5.0255

22.00 15.9459 27.5768 18.4050 13.0398

23.00 -1.4796 -6.7528 -18.6559 -21.8019

24.00 -16.0248 -1.2399 2.1277 2.1896

25.00 4.8061 -0.7481 0.5266 -2.1097

26.00 -4.6724 -6.8379 2.4876 -3.1452

27.00 -13.7193 9.6658 1.2241 2.1804

28.00 26.5588 27.8682 -11.4123 -0.0463

29.00 -12.4552 6.7701 -22.5896 -14.0467

30.00 -11.0820 -17.6356 2.2672 -11.1899
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Table 6. Experimental intensity curve (s Im) for Nickel(II)Chloride.

Data from middle camera plate 2-80-4.

As
0.000 0.2500 0.5000 0.7500

6.00 30.6504
7.00 28.8271 20.3621 6.8861 -7.4839
8.00 -22.2988 -27.5530 -30.6217 -28.6900
9.00 -16.6900 -1.0774 12.4984 28.8748

10.00 29.3486 24.1374 6.1929 6.7780
11.00 -20.9727 -33.2819 -25.1544 -31.9154
12.00 -15.9297 -0.2369 18.5167 27.8982
13.00 30.0079 23.6251 13.0400 -1.5076
14.00 -17.2555 -23.9184 -25.2045 -22.8618
15.00 -8.4135 3.9396 22.0569 25.7905
16.00 33.2431 26.7317 16.9425 6.3165
17.00 -5.2780 -19.1241 -24.8010 -23.2516
18.00 -10.9224 -11.6326 8.6228 15.0783
19.00 18.6326 22.7990 12.5478 3.5032
20.00 5.9498 -10.7781 -13.6754 -24.9314
21.00 -19.3786 -19.6425 8.3765 6.6999
22.00 17.2281 13.4543 9.1299 10.0099
23.00 2.3646 -0.1712 -13.8920 -3.4450
24.00 4.2214 5.6127 7.3131 17.7996
25.00 14.0521 24.0416 -0.2144 -8.0696
26.00 -13.8960 -8.4924 -23.1635 -7.7612
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Table 7. Final structural parameters for. NiC1
2.

Parameter Value Error

r(Ni-C1) 2.056A ± 0.004 A

(Ni-C1) 0.079 ± 0.006A

/ (C1... C1) 0.135 A. ± 0.067A

rms -amp of
bending
vibration 25.00

a Error not reported as this value represents an average value.
This quantity was held constant during final refinements.
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Table 8. Correlation matrix showing interrelations of refined
parameters. Matrix is symmetric.

r(Ni-C1) (Ni-C1) (Cl. . . C1)
Scale
Factor

1.000 0.005

1.000

-0.017

0.055

1.000

0.029

0.787

0.066

1.000

Sigma 0.001 0.002 0.023 0.028
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Table 9. Comparison of parameters for NiC12 with data obtained
by DeMattei.

Parameter Value

This work DeMattei

r(Ni-C1)

r (ci Cl)

I(Ni-C1)

2. 056 ± O. 004 A

4. 018 ± 0. 077 A

O. 079 ± 0. 006 A A

2.

4.

073

176

068

± O. 004 A.

± 0. 020 A

± 0. 004 A

(C1, .. C1) 0.135± O. 067 A O. 080 ± O. 019 A



Figure 1. Cross section of high-temperature nozzle. Key for lettered parts on following page.
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KEY FOR LETTERED PARTS ON HIGH-TEMPERATURE NOZZLE.

A. Current output collar (tantalum).

B. High-temperature cell (graphite).

C. Current output rods (tantalum).

D. Connecting rod for current input (tantalum).

E. Current input. Also serves as water inlet container
(copper).

F. Insulator between current input and output (Delrin plastic).

G. Spacers to provide for good surface area in current output
path (graphite).

H. Current output. Also serves as water outlet container
(aluminum).

I. Nut used for tightening current output rods (stainless
steel).

T. Water outlet path. Water flows between current input (E)
and current output (H).

K. Water inlet path. Water flows inside current input (E).

L. Current input and water inlet support block (Delrin
plastic).

* All parts except for A are cylindrical cross sections.
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Figure 2. Schematic of power supply.

5 V To Nozzle
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Figure 3. Experimental intensity curves [sIm(s)] presented

in the order: 2-81-3, 2-81-4, 2-80-3, 2-80-4, 2-80-2.
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Figure 4. Final radial distribution curves, D(r). Curves calculated from
the composite and theoretical curves of Figure 3. B = 0.0035.
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