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Ab stract app rove
f

The molecular structure of arsenic tribromide has been

studied by electron diffraction frorn the vapor at nozzle ternperatures

of. 37 0' K and 47 3o K. The root-mean-square arnplitudes of vibra-

tion were found to be significantly greater at the higher ternperature.

The increases were l5 and 19 percent for 1A"-8" and 18r... Br,

respectively, in good agreement with prediction from sirnple theory.

The results for the interatomic distances, root-mean-square arnpli-

tudes, and the bond angle lBr-As-Br at 370' K and 473" K, respec-

tively, are rAs-Br = Z.3Zg * 0.002.8. a.rd 2.331* 0.002 A;

rBr...Br = 3.561 * 0.005 i and 3.563 + 0. OO5 i; Ia"_Br =
o

0.0479 + 0.004U A and 0.0555 + 0.0045i 18"...8, = 0. IL3Z+
co

0.0053 A and 0. 1353 + 0.0053 A; and /Br-As-Br = 99.66 + 0.26" and

99.7 Z * O. 29'. These values were determined f rorn least-sguares

refinernents of intensity curves. The estimated standard errors
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include standard deviations derived from the least-squares procedure,

estirnates of correlation arrrong the data, uncertair:.ties in the con-

stants of the experirnent, and uncertainties in the factors ernployed

in data reduction.

Using the rnean-square arnplitudes of vibration obtained frorn

the electron diffraction experirnents together with the norrnal vibra-

tion frequencies, a set of values has been derived for the potential

constants of a general quadratic vibrational potential function. The

values in rnillidynes lA ar" f , = L.69, fr, = 0.23, fR = 0.42,

fRR = 0.07, frR - -0.07; fln = -0.05. These results suggest that a

sirnple central force field can be applied with confidence to arsenic

tr ibornide
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THE EFFECT OF TEMPERATURE ON THE STRUCTURE
OF' GASEOUS ARSENIC TRIBROMIDE

INTRODUCTION

The effect of molecular vibrations on the intensity of x-rays

scattered by free rnolecules was first investigated by Jarne s (27,

p. 737 -754).. His treatrnent yields a result which is also applicable

to electron scattering, and over the years has been repeatedly ern-

ployed in structure determinations by electron diff raction, largely to

bring about better agreerrrent between the calculated and observed

scatte red intensities.

A natural application of Jarnesr theory would appear to concern

a deterrnination of the form and arnplitudes of rnolecuLar vibrations

instead of a sirnple taking into account of their effect on the scattered

intensity, and this has been done in a few cases (ZZ, p. 589-594;34,

p. 643-652),. The procedure is straight-forward in concept. Ac-

cording to Jarnes, assurning harrnonic vibrations, the scattered in-

tensity from each atornic pair incJ.udes a factor

A (s) = exp l-z-t u4"' ) (t)

where 61i12 is the mean-sguare-arnplitude of vibration associated

with atorn pair i, j and s = 4r\-lsin O is dependent on the wave-

length of the electrons and on the scattering angle 29. Now, if U

denotes the transformation rnatrix for the transforrnation of norrnal

coordinates, Q, to internuclear displacement coordinates, Al-,



(internal coordinates), the matrix of rnean square arnplitudes of

vitrration is given by (33, p. 19271

E, = 4A,t Art ) = IJA lU' {Z')

4 is a diagonal rnatrix whose elernents (for harrnonic vibrations) are

(8, p. 295)

(l)

where Qi is the ith norrnal coordinate, vi the norrnal frequency, h

Planckrs constant, k Boltzrnannls constant and T the absolute tern-

perature. It has been shown (13, p. llZI) that in the classical lirnit,

that is for high ternperatures and 1ow frequencies, the rnean square

arnplitudes are linearly reLated to the ternperature: under these

ccnditions

t* il zkT << I

and

cothhvilZXiI: ZkT/hv,

frorn which is obtained

-l-kxi T

- krA- I

= kT IU A-l U,

wh.o, r.-)

Ai=(a?r=tr.othH

x , .= l+nzv ll
elerrrents of the rnatrix,

Ai

(4)

(5)

(5)

(7)

(8)

A

?t
1

'Ihus, the diagonal which are the observed



fi)ean- square -amplitudes, are proportional to absolute ternperature,

and an increase of 100" C at roorn ternperature would predict an in-

crease of about 13 percent in the root-mean-square arnplitude of

vibration, since.the errors asso.ciated with these parameters are

about one-third of this increase, significant rneasurements shoirld be,

and have proven to be (in ttre case of phosphorus trichloride (zz,

p. 589-5941), easy. An investigation of this ilternperature effect, "

in the case of arsenic tribnornide, constitutes a part of this thesis

work,

Of rnore interest than the demonstration of a ternperature

effect is the question of a deterrnination of the intrarnolecular poten-

tial function, which rnay be expressed in the harrnonic oscillator ap-

proxirnation by

fk, 
1919k

(e)

where the qtts are some set of molecular coordinates, and the tu, I'"
are rrpotential constants. rr rhe connection between these fp, 1rs and

equation (2) rnay be seen by the following: rf the girs of equation (!)

are the internal coordinates of equation (2), equation (9) rnay be

written as

ZY= I
k, I

2V = Q'U'EUQ

It i.s well-known (J8, p. 309) that [I is chosen such that

( l0)



Therefore, by substituting equation (l I) in equation (B) the diagonal

elernents of the D, rnatrix rnay be expressed in terms of the tU, r,".
Knowledge of the vibrational potential function is of great

irnportance in interpreting chernical and physical properties of rnole -

cules in terrns of their structures, and is a great aid to spectro-

scopists in assigning the observed vibrational frequencies (in infra-

red and rarrran experirnents) to the norrnal rnodes of vibration,

Spectroscopists are hand,icapped in this task since there are usually

rnote such constants than observable f requencies (15, p. 5l l). The

additional experirnental evidence provided by electron diff raction

allows, then, for a deterrnination of a rnore general potential function.

There exists another approach to the vibrational potential

function problern, this being through the inverse lF rnatrix, or

"cornpliance rnatrixrr (14, p. Z4I-2481. Since

IItFU=Ar

q-t = lu1\-1rI,

Equation (8) rnay be written as

D = kTF-lrr

(1r)

(t la)

(8a)

-IorlettingC - tr

E.. = kTC
r1l

(Bb)



Although cornplete knowledge of C irnplies knowledge of F

through the inverse transforrnation, there is a certain usefulness to

the cornpliance rnatrix approach. As rnentioned above, the solution

of the potential problern may be handicapped by lack of sufficient ex-

perirnental data. I-urther, lF rnay be deterrnined only if F -l is known

completely. Equation (8b) shows that the rnajor diagonal compliance

constants, which are related to the bonded and non-bonded distances

in the rnolecule, can be obtained without cornplete deterrnination of

all the constants. The units of F are rnillidynes per angstrom, that

is, the force necessary to produce a unit change in distance, and the

units of C are angstrorns per rnillidyne, or the change in distance

produced by a unit force. Knowledge of either the compliance or

force constant for a given bond, for exarnple, irnplies the sarrre know-

ledge of that bondrs strength. Therefore, when the problern is not

cornpletely solvable, the deterrnination of the cornpliance constants

frorn eguation (8b) for the bonded and non-bonded distances rray prove

useful in structural analyses.

The rnean-square-arnplitudes of arsenic tribromide, along

with the vibrational frequencies frorn rarnan spectroscopy, were used

as part of this thesis work to deterrnine the potential function of the

rnolecule. Both the cornpliance constant and the potential constant

approach have been ernployed.

The choice of arsenic tribrornide as an exasrple for study was
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based on several considerations. First, the sirnple structure of the

rnolecule with two widely separated internuclear distances prornised

high accuracy in the values of the deterrnined pararneters and a

rninirnurn of correlation arnong errors, Second, the cornplicating ef -

fect of phase shift (19, p. 669) is rninirnized by the srnall atornic

nurnber difference, Third, the rnolecule has four active vibrational

frequencies which, with the two mean-square arnplitudes, provides

sufficient inforrnation to attempt the deterrnination of the six potential

constants associated v/ith the general quadratic potential function for

the molecule (23, p. 5961.



EXPERTMENTAL

Although the technique of rnolecular structure deterrnination

by gaseous electron diff raction has been described in other theses

(I0, p, 5-44; 35, p. 63-ll6), there exist certain differences between

the earlier work and the work to be described here, which makes a

rnoderately detailed account of the latter desirable. These differ-

ences are due partly to the apparatus used and include somewhat dif -

ferent data reduction procedures.

The electron diffraction photographs of arsenic tribrornide

were taken at the University of Os1o, Norway. (Other work at Oregon

State University has been based on data f rorn the California Institute

of Technology. ) The Oslo apparatus has been described by

Bastiansen, HasseI and Risberg (4, p. Z3Z-2381. A sirnplified dia-

gram of this apparatus is shown in Figure la. Its principal differ-

ence frorn the California apparatus is its larger size, which gives

an extended range of scattering angles by allowing a variable carnera

distance and perrnits greater flexibility with auxillary units. The

electron source is a hot.cathode electron gun (A) frorn a, corrtrrrer:

cial electron rnicroscope, mounted above the focusing device, a

rnagnetic lens (B). Gas is released through a r.ozzle (C) and frozen

out on a cold trap (D) opposite the r:,Lozzle. An enlarged view of the

nozzle and cold trap is shown in Figure lb. The well-collirnated



plate box

purnp

FIGURE Ia. Sirnplified Section Sketch of the Oslo Electron Diffrac-
tion Apparatus.
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electron bearn is diffracted by the gas and the scattered radiation

detected by photographic plates at (E). A nurnber of plates may be

positioned for exposure during one experiment as is shown in Figure

lb. The plate box rnay be translated in the vertical direction ( a

second position is shown by the dotted lines) by rneans of chain-driven

screws (F, f igure la) which carry the plate box support. The appa-

ratus also uses a spiral shaped sector (G, Figure lb) rotated during

exPosure about the axis of the undiffracted bearn; the sector opening

is an increasing function of the scattering angle and prevents over-

exposure of the plates at small angles (lI, p. 404-4061.

A cornrnercial sarnple (CIBA) of arsenic tribrornide of high

purity (99+ percent) was used without purification. Diffraction

photographs were taken at two ternperatures (370" K and 473' K)

using Kodak process plates. Early atternpts at higher ternperatures

(above 573" K) resulted in decomposition of the sarnple. The ternper-

ature 473" K was the highest attainable without significant sarnple

decornposition, as ascertained by separate experirnents in which

arsenic tribrornide was heated in the presence of rnetal of the sarne

kind as encountered in the heated r:ozzle-

Two carnera distances were used at each of the two ternpera-

tures. These were 47.85 centirneters and 19. l5 centirneters at 370"

K and 48,21 centimeters and 19.53 centirneters at 473" K. Five

photographs were selected for analysis frorn the low ternperature
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Iong-carnera-distance experiment and four at the short carnera dis-

tance. The same nurnber of plates were selected at the corresponding

distances at the high ternperature.

The electron wave lengths were deterrnined in separate exper-

iments on thin gold foil (!, p. Z4Zl. They were found to be O,0646I

Angstrorns at the lower ternperature and 0. 06454 Angstrorns at the

highe r.
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DATA REDUCTION

A photographic plate from the long camera distance at the high

ternperature is reproduced in Figure 2. The plate shows a series of

concentric, diffuse rings superirnposed on a srnooth, declining back-

ground, the blackness (density) of the plate being approxirnately pro-

portional to the intensity of the scattered radiation striking the plate.

The first step in the data reduction procedure was to obtain a precise

functional relationship between this blackness, or photographic den-

sity, and the intensity of the scattered electrons striking the photo-

graphic plate, tn. The second step was the calculation of the total

intensity function, rt, f rorn Ir: r, contains the molecular scattering

function needed in the structure deterrnination. The final step in the

data reduction consists of separating the rnolecular scattering function

frorn the total intensity.

The photographic density was rneasured with a Leeds and

Northrup recording microdensitorneter. This instrurnent consists

essentially of an optical systern which includes the light source, fo-

cusing lenses and photocell, and a table with its surface perpendicular

to the light bearn, which can be driven at selected constant speeds

through the light bearn. The photographic plate is placed on an oscil-

Iating rnechanisrn which is mounted on the table (29, p. 7651. The

plate is oscillated about the axis of the diffraction rings during



FIGURE 2. Electron Diffraction Photograph of Arsenic Tribrornide.



T4

photometry in order to even out the graininess of the ernulsion while

being carried through the light bearn. The light transrnitted by the

plate is detected by the photo celI frorn which an arnplified signal is

taken to operate the pen of a strip chart recorder. rn Figure 3 one

such trace is reproduced. Each trace consists of two rtbranchesrr

corxesponding to the right and left sides of the photographic plate with

the undiff racted beam position as center. Traces were made with the

two edges of the chart paper recording, as nearly as possible, 0 per-

cent and 100 percent absorption of the densitorneter bearn by the plate.

This was a rnatter of adjusting the zero (nu11) point and the arnplifica-

tion of the instrument. The plates were first passed through the

bearn at the rate of 50 rnillirneters per minute which, with the stand-

ard chart speed used, gave a 5.24:l ratio of the position coordinate.

The plates were then re-traced, reducing the plate translation speed

to l0 rnillirneters per minute to give an expanded scale on the trace;

this expanded scale rnade rnore convenient the reading of data from

the trace. Many of the plates had a rather heavy background and,

consequently, a high average density. Under these conditions the

fluctuations of density, which contain the rnolecular structure depend-

ent information, are very srnaII on the intensity scale 0 - 100 percent

absorption, corresponding to the fuII width of the strip chart. Ac-

cordingly, these second tracings were run with a more intense (rram-

plified't) photorneter bearn. The effect of this rnay be easily
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visualized by regarding the arnplification as a displacernent of the zero

percent absorption point frorn the edge of the strip chart to sorne (to

be deterrnined) point off the chart, with corresponding arnplification

of the rnolecular structure sensltive fluctuations.

If I and Ir denote the intensities of the densitorneter bearn

transmitted by the photographic plate for the unarnplified and arn-

plified cases respectively, and ro, rro the corresponding 100 percent

transrnission intensities, then the readings taken frorn corresponding

points of the two traces alIow calculation of optical densities by

and

D.=
1

Ioklog 
--1

-ol
r< log j;

-1

(tzl

( l3)D.=
1

For reasons given above, It is more accurately rneasured than

is r, so that D is rnost advantageously calculated frorn equation (13).

This rlecessitates a deterrnination of Ior which rnay be d.one as follows.

From equation (13) one has

Di=kt"r#- r.*:+krogF (14)
fti

For corresponding points on the two traces the right-hand sides of

equations (12) and (13) rnay be equated giving

Iot ro1og- - 1og- (t5)r.' og 
L-1 1

or
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,ol,"rf - ,"r+
Equation (16) may be substituted into equation (14) giving

,.r* = tos { + ron !-Ii' -Ii' "Ii

( 16)

(r7)

The desired readings (the left-hand side of equation 17) are thus ob-

tained from the readings actualtry rnade (the first term on the right)

by adding a correction constant (the second term on the right), the

latter being obtained by averaging, s&1rr several readings Irr/ Ii of

corresponding, convenient points, i, such as well-defined rnaxirna

or rninirna f rom the arnplified and unarnplified traces.

It is convenient to read values Di frorn the traces at an inter-
I

va1 s = i (s has been defined on page l) or some whole nurnber mul-4

tiple of the interval. s -scales were prepared by first calculating Oi

for each value of s, then calculating the corresponding radial distance

on the plate (xO) frorn *p = L tan @ where L is the perpendicular dis-

tance from the plate to the scattering point, and, finally, converting

xO to x1 (radial distance on the trace) by use of the ratio xrlxa

established by rnaking a rnicrodensitorneter trace of a calibrated

glass scale.

The response of photographic plates is not linear with expo-

sure to electrons over all exposure ranges and curves known as

rrblackness correctionil curves rnust be prepared to correct densities
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TABLE 1. s-Scales (in cm).

3700K 4730K

48 cm 19 cm 48 cm 19 cm

37ooK

48 cm 19 cm 48 cm 19 cm

.173()K

.00 0.oo

.2s 0.65

.50 1.29

.75 t.94
1.00 2.58
t.zs 3.23
1.50 3.87
1.75 4.52
2.@ 5.16
2.25 5.81
2.50 6.45
2.75 7.tO
3.00 7.74
3.25 8.39
3. s0 9.03
3.75 9.68
4,OO 10.33
4.2s 10.97
4.50 1t.62
4.75 12.27
5.00 12.9t 5.17
5.25 13.56 5.43
s.50 14.2t s.69
5.75 14.85 5.94
6.00 15.50 6.20
6.25 16.15 6.46
6.50 16.80 6.72
6.75 17.45 6.98
7.OO 18.09 7.24
7.25 18.74 7.50
7.50 19.39 7.76
7.75 20.04 8.o2
8.00 20.69 8.28
8.2s 21.34 8.54
8.50 21.99 8.80
8.75 22.64 9.06
9.OO 23.29 9.32
9.25 23.95 9.58
9.50 24.60 9.84
9.7s 2s.25 10.10

0.00
0.65
1.30
1.95
2.59
3.24
3. 89

4.54
5. 10

5.84
6.48
7. t3
7.78
8.43
9.08
9.73

10.38
11.03
11.68
12.33
t2.98 5.26
13.63 5. s2

14.28 5.78
t4.93 6.05
15.58 6.31
16.38 6.58
16.88 6.84
17.53 7.LO
18.18 7.37
18.84 7.63
19.49 7.X)
20.1.4 8. 16

20.79 8.43
21.4s 8.69
22. LO 8.95
22.76 9.22
23.41 9.48
24.06 9.7s
24.72 10.02
25.38 10.28

10.00 25.90
10.25 26.56
10.50 27.2t
10.75 27.87
11.00 28.52
It.25 29.17
11.50 29.83
t1-.75 30.48
12.00 31.14
t2.25 31.79
12.50 32.45
12.75 33.11
13.00 33.77
13.25 34.42
13.50 35.08
13.75 35.74
14.0O 36.40
14.25 37.06
14.50 37.72
t4.75 38.39
ls.00 39.05
15.25 39.71
15.50 40.38
15.75 4t.O4
16.00 4t.70
16.2s 42.37
16.50 43.04
16.75 43.70
L7.OO 44.37
t7.25 45.04
17.50 45.70
17.75 46.38
18.00 47.04
18.25 47.72
18.50 48.39
18.75 49.06
19.OO 49.73
19.25 50.41
19,50 51. 08
19.75 5t.76

10.37 26.03 10.55
10.63 26.69 10.81
10.89 27.34 11.08
11.1s 28.00 tt.34
tt.4L 28.66 11.61
11.67 29.32 11.88
11,94 29.97 12.14
t2.20 30.63 12.4t
t2.46 31.29 t2.68
12.72 31.9s 12.95
12.99 32.6t 13.2t
13.25 33.27 13.48
13. s1 33.93 13.75
13.78 34.60 14.02
t4.M 35.26 t4,28
t4.31 35.92 14.55
14.57 36.58 t4.82
14.83 37.2s 15.10
ls.10 37.91 15.36
15. 36 38.58 15.63
15.63 39.24 1s.90
15.89 39.91 16.17
16. 16 ,!0. 58 L6.44
16.42 41.24 16.7t
16.69 41.9t 16.98
16.96 42.58 17.25
t7.22 43.2s 17.s2
17.49 43.92 17.79
17.76 44.59 18.06
18.02 4s.26 18.34
18.29 4s.93 18.61
18.56 46.60 18.88
18.83 47.28 19.15
19.10 47.95 19.43
19.36 48.63 19.70
t9.63 49.30 19.97
19.90 49.98 20.25
20. t7 50.66 20.53
20.44 51.34 20.80
20.7t 52.01 2t.O7



I9

TABLE 1. Continued.

37ooK

48 cm 19 cm

4730K

48 cm 19 cm

37oaK 4730K

48 cm 19 cm 48 cm 19 crn

20.00
20.2s
20.50
20.75
21.00
21.25
21.50
21.75
22.OO

22.2s
22.sO
22.75
23. O0

23.25
23.50
23.75
24,@
24.25
24.50
24.75
25.00
25.25
2s.50
25.75
26.00
26.25
26.50
26.7s
27.@
27.25
27.50
27.75
28.00
28.2s
28.50
28.75
29.@
29.25
29.50
29.75

20.98
21.25
21.53
21.80
22.07
22,34
22.61
22.89
23. L6

23.43
23.7t
23.98
24.26
24.53
24,81
25. 09
25.36
25.64
2s.92
26. L9

26.47
26.75
27.O3
27.3t
27.59
27.87
28. 15

28.43
28.71
29.@
29.28
29. s6
29.84
30.13
30.41
30.70
30.98
31.27
31.56
31.84

21.35
2t.62
21.9o
22.18
22.45
22.73
23.00
23.29
23.56
23.84
24. t2
24.&
24.68
24.96
25.24
25.52
25.80
26. 08
26.37
26.6s
26.93
27.22
27.50
27.78
28.07
28.35
28.64
28.92
29.21
29.50
29.79
30.01
30.36
30.6s
30.94
31.23
31.52
31.81
32. to
32.Q

30.00
30.25
30.50
30.75
31.00
3t.25
31.50
3t.7s
32. OO

32.25
32.50
32.75
33. OO

33.25
33.50
33.75
34. OO

34.25
34.50
34.75
35. OO

35.25
35.50
35.75
36. OO

36.25
36. s0
36.75
37. OO

37.25
37.50
37.75
38.00
38.25
38.50
38.75
39. OO

39.25
39.50
39.75

32. t3
32.42
32.71
33.00
33.29
33. s8
33.87
34. t6
34.45
34,75
35. 04
35. 33

35. 63

35.92
36.22
36.52
36. 81

37. lt
37.4t
37.7t
38.00
38.31
38.61
38.91
39.21
39.52
39,82
40. t2
40.43
40.74
41.04
41.35
4t.66
4t.97
42.28
42.59
42.fi
43.21
43.52
43.84

32.69
32.98
33.28
33.57
33. 86

34. L6

34.46
34,75
35. 05

35.35
35.65
35.95
36.24
36.55
36. 85

37, t5
37,45
37,75
38.06
38. 36

38.66
38.97
39.28
39.58
39. 89

40.20
40.51
40.82
41. L3

41.44
41.75
42.06
42.38
42.69
43. 01

43.32
43.64
43.96
44.27
44.59
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not within the linear response range of the plates. A typical curve

is shown in Figure 4. It rnay be constructed by a rnethod due to

Karle and Karle (28, p. 958) which involves forrning ratios of den-

sities taken frorn corresponding points of traces frorn a light and a

heavy plate. These ratios will be constant so long as the densities

taken point by point frorn each plate are light enough to fall on the

linear part of the density-exposure response curve. Since the den-

sities of each plate change in a rnore or less monotonous manner as

a function of radial distance, the set of ratios mentioned above will

gradually begin to deviate frorn constancy as the rneasured densities

gradually increase: those taken frorn the heavier plate begin to fall

on the non-linear part of the density-exposure curve while the cor-

responding points taken from the light curve stil1 falI on the linear

part. The change in the ratio of densities rnay thus be used to cor-

rect the rneasured densities of the heavier p1ate. For a number of

reasons related to the exposure ranges of the arsenic tribromide

plates, it turned out to be inconvenient to use thern in derivation of

the curve. Instead, diff raction patterns frorn gold foil were used for

this purpose, Also used was the standard correction curve ernployed

by the Oslo group. This curve is a cornposite of results frorn rnany

experirnents on different gas rnolecules. There were sorne differ-

ences between the gold foil derived blackness correction curve and

the Oslo curve; the effect of these differences will be discussed later.
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TABLE 2. Blacl,oress Conection Tables.

Density alo ai&:_l - 4l'-"* ?"-,:,!: _ _.llg_ __^,,Tt"i i*lt"*
.50
.52
.54
.56
.58
.60
.62
.64
.66
.68
.70
.72
.74
.76
.78
.80
.82
.84
.86
.88
.90
,92
.94
.96
.98

1. OO

L.02
1. 04
1. 06
1. 08
1. 10
t. t2
t. t4
1. 16
1. 18
t.20
r.22
r.24
t.26
t.28
1.30
t.32
1.34
1.36
1.38
r.40
r.42
r.44
t.46
1.48

.o@

.000

.000

. ooo

.000

.ooo

.000

. ooo

.001

. oo1

.002

.@3

. oo4

. 006

. oo8

. 011

.or4

.o17

.o20

.o23

.o27

.031

.036

. O.tO

.045

.0s0

. os6

.062

. 069

.076

.084

.@2

. 101

. 110

. 119

.t28

. 138

. t48

.1s8

. 168

.179

.190

.20t

.212

.236

.248

.260

.273

.28s

.000

. o00

.000

.000

.001

.001

.002

. oo3

.00s

.006

. oo8

. oo9

.010

.otz

.013

.014

.016

.ol7

. o19

.ozl

.o24

.026

.028

.030
,033
.036
.039
.o43
.046
.051
.055
.059
.064
.068
.o73
.o78
.084
.089
.095
. 101
.LO7
. 113
.120
,127

.148

. 151

.160

. t70

.179

. ooo

. oo2

.003

. oo5

.oo7

.010

.otz

. o14

.016

. 018

.o22

.02s

.028

.031

.035

.038

.041

.045

.o49

.054

.059

.064

.067

.o75

.081

.086

.@2

.098

. 106

. ttz

. t20

.127

. t34

. LAl

. 150

. 158

. 166

.174

. L82

. L9t

.200

.209

.2t8

.227

.238

.2s0

.260

.270

.281

.292

1.50
r. 52

1. s4

1.56
1" 58

1.60
1.62
1.64
1. 66

1.68
t.70
1.72
r.74
1,76
1.78
1. 80
t.82
1. 84
1. 86
1. 88
1.90
1.92
t.94
1.96
1.98
2.@
2.02
2.U
2.06
2.08
2. to
2.12
2.14
2. t6
2, L8
2.20
2.22
2.24
2.26
2.28
2.30
2.22
2.34
2.36
2.38
2.40
2.42
2.44
2.M
2.48

.298

.312

.325

. 339

. 3s3

.367

.382

.397

.412

.427

.443

.458

.474

.491

. so7

.524

. 541

.5s8

.576

.594

. 611

.630

.648

.667

.686

.705

.725

.744

.764

.784

.80s

.826

.846

.867

.889

. 910

. 191

.202

.2t4

.228

.242

.257

.27t

. 28s

. 300

. 315

.303

. 315

.326

. 339

. 351

" 365

.379

. 393

.N7

.422

.437

.4s2
,M7
.482
.497
. stz
. 532
. s51
.570
.589
.607
.628
.648
.667
.686
.706
.726
.746
.766
.786
.806
.827
.847
. 868
. 888
.910
.931
.9s3
.975
.998

1. 020
1.045
1. 068
1.091
t. tL4
1.138
t.162
t. t87
7.2t4
t.242

.223 .135

O: Oslo Correction
GF: Cold Foil Correction
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TABLE 3. Intensity ofScattercd Electrons Striking Photographic Plate (IO).

48 cm 3700K

Oslo

19 cm 37ooK

Oslo

GF 4730K

48 cm t9 cmGFGF

1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.7s
4. OO

4.25
4. s0
4.75
s.00
5.25
5,50
5.75
6.00
6,2s
6.50
6,75
7.@
7.25
7. so
7.75
8.00
8.25
8.50
8,75
9.@
9.2s
9.50
9,75

10.00
10.25
10. s0
10.75
11. OO

It,2s
11.50
11.75

4.6019
4.8090
5. 7383
6.5394
6.9290
7.0799
7.3298
7.$t04
8.2010
8.3439
7,7902
6,8496
5.9291
5. s201

5.7t69
6,3675
7. Lt57
7,5679
7,57il
7,2573
6.8933
6.67t6
6.6643
6.7914
6.9340
7.0380
7.1536
7.3564
7.6226
7.90ss
8.0610
8.0121
7.7555
7.4433
7.2452
7,2815
7.5390
7.8860
8.1750
8.2947
8.2561
8.0323

4.6105
4.8232
s.7660
6.961
6.9147
7.0592
7. ?938
7.7402
8.0925
8.2308
7.7208
6.84t2
5.9532
5. 549 1

5.745t
6. 3800

7,0886
7.5134
7.5206
7.2235
6,8793
6.6707
6.6637
6.7820
6.9180
7,0166
7.1237
7.3150
7.5628
7.8247
7.9674
7,92t8
7.6825
7.3942
7.2@6
7.2432
7.4804
7.8041
8.0644
8, L794
8. 1435

8.0054

to. t27L
9.9084
9.7374
9.5300
9.3493
9.3266
9.&N
9.4s21
9.3239
8.9s30
8. 3375

7.7s80
7.3222
7.2006
7.2924
7.4349
7.5142
7.4393
7.2L30
6.9010

9.7884
9.6000
9.4sos
9.2685
9. 1008

9. 0805
9.1547
9.2009
9.0870
8.7s73
8.2@9
7.6865
7.2860
7. t7t9
7.2594
7.3909
7.4620
7.3945
v. t82t
6.8928

6. 38s5
7.2846,
7.7t83
7.8778
8. 1309

8,6209
9.A426
9.0559
8.4042
7.3737
6.5944
6.1090
6.3410
7.0105
7,7184
8.1458
8. 10s5

7,7592
7.3755
7.2321
7.2920
7, t433
7,2553
7.3726
7.5203
7.7t61
7.96t7
8.1837
8,2773
8.1675
8.0106
7.5876
7. 39ss
7.4371
7.6518
7.9413
8. 1616

8.2505
8,tu7
8.0332

27.94W
27.5335
27,3350
27 , tt62
26.9412
26.8706
26.8930
26.8463
26.6t29
23.0653
24,768s
23.5l6L
22.6222
22.2296
22.3070
22.6103
22,677s
22.6105
22.218t
2L.52W

Oslo, GF Indicates Blackness Correction Applied.
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TABI^E 3. Continued.

48 cm 37ooK 19 cm 37ooK

0slo

4730K

48 cm 19 cm

12.00
12,25
12.50
t2.75
13. OO

13. 25

13.50
t3.75
14. OO

t4.2s
14.50
t4.75
15.00
15.25
15.50
15.75
16.@
16.25
16. s0
16,75
t7.@
17.25
17.50
t7.75
18.00
18.25
18. s0
18.75
19.00
19.25
19.50
t9.75
20.@
20.25
20. s0

20.75
21.00
2t.2s
21.50
2t.75
22.fi
22.25
22.50
22.75

7.9568
7.8495
7.7851
7.7611
7.7686
7.8t28
7.8990
8.0307
8.1514
8. 1978

8. 1653

8.0276
7.8653
7.7386
7.6779
7.73r1
7,844r
7,9544
8.0323
8.05@
8. 013s
7.9267
7.8404
7.7438
7.6878
7.6668
7.6628
7.70W
7.7564
7.7990

7.8673
7.7662
7.70so
7.6813
7.6885
7.7247
7.8@6
7.9314
8.0444
8.0863
8.0561
7.9283
7.7730
7,6544
7.6341
7.6479
7.7482
7.8s81
7.9?95
7.9461
7.9tr4
7.8286
7.7421
7.6606
7.6078
7.589t
7.58s2
7.6264
7.6646
7.7046

6.6461
6.4492
6.29s8
6,1875
6.1006
6.0554
6.0542
6.0730
6.@7t
6"0671
5.9596
s.7852
5.5886
5.4413
5. 353s
5.3400
s.3807
s.4t42
5.4183
5.3780
5.3094
s.2174
5. 125s

5.0521
4.98t4
4.9338
4.9124
4.9217
4.9420
4.9645
4.9603
4.9246
4.8590
4.7806
4,706s
4,6537
4.6314
4.6334
4.6506
4.6637
4.6658
4.6458
4.6031
4. s526

6.6522
6.4657
6.3176
6.2115
6. t26t
6.0816
6.0804
6.0989
6.1226
6.@27
s.985s
s. 8107
5.6118
5.461 1

5.3719
5. 3582

5.4004
s.4322
5.4366
5.3974
5.3267
s.2360
5.1432
5.0693
4.9979
4.9499
4.9283
4.9376
4.9583
4. 981 1

4.9769
4.9408
4.8748
4,7957
4.7209
4.6675
4.6448
4.6468
4.6644
4.6775
4.6797
4.6593
4.6161
4.5649

7.8556
7.6911
7.s922
7.5282
7.5W4
7.5398
7.6t28
7.7209
7.7813
7.7766
7.6763
7.5t74
7.3642
7.2233
7.1486
7. t578
7.2280
7.291,8

7.3388
7.32s2
7,2610
7. t575
7.0397
6.9401
6.8618
6.8085
6.7892
6.8043
6.8337
6.8564
6.8472
6.8177
6.7875

20.8913
20.3446
19.9227
19.6179
19.4176
!9.3429
19.3369
19.3986
19.4307
t9.2778
18.9771
18.7458
17.9845
17.493t
t7 - 3098
t7 .2813
17.3066
17.34A3
17.3354
17.2387
17.0546
16.8068
16.5123
t6.243r
16.0742
15.9308
15.8883
15.8893
15.9169
15.9086
15,8424
15.7339
1s.5388
15.3040
15. 1021

14.9834
14.8901
14.8761
14.8591
14.8485
14.8240
14.7386
14.6058
14.4778
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TABTX 3. Continued.

48 cm 3zooK 19 cm 37ooK

Oslo

4',73()K

48 cr:r 19 crn

23. OO

23.25
23.50
23.75
24.N
24.25
24.50
24.75
25. OO

25.25
25.50
25.75
26.00
26.25
26.50
26.75
27.OO

27.25
27.50
27.75
28.00
28.25
28. s0
28.75
29.00
29.25
29.50
29.75
30.00
30. 25

30. s0
30.75
31.00
31.25
31. 50

31.75
32.00
32.25
32. 50

32.75
33.00
33. 25

33. 50

33.75

4.502t
4.4496
4.4163
4" 40t3
4.4013
4.4063
4.4124
4.4114
4.3962
4.3649
4.3257
4.2815
4"2424
4.2t63
4.2063
4.2022
4.2062
4.2091
4.2021
4.1882
4. t639
4.1300
4.1050
4.0770
4.0579
4.0448
4. 0398
4.O378
4.0358
4.0287
4.Ot67
3.9976
3.97 t8
3.9487
3,9257
3.9097
3.9007
3,8987
3. 8956

3" 8896

3.8796
3. 8686

3. 8586

3.8445

4.5138
4,460?
4.4263
4.4t09
4.4LLO
4.4160
4.4222
4.4211
4.4057
4.3738
4,3339
4.2889
4.249t
4.2225
4.2t23
4.2082
4.2122
4.2152
4.ZO8L
4. t94t
4.1697
4. 1353

4.t@9
4.0815
4.0622
4. @89
4.0438
4.Mt7
4.0396
4.032s
4.0202
4" OOO9

3.9748
3.9516
3.9285
3.9123
3.9032
3.90t2
3.8981
3. 8920
3.8820
3,8709
3. 8608

3. 8466

t4.3094
14. 1560

L4.04,66

t3"9783
13.9478
t3.9t73
13" 9008
13.8648
1,3.7892
,3. 6823

13.5537
I 3. 4006
13.n27
13. t928
t3. t287
13. O851

13.0653
13.0312
12.9889
12.9130
12.8283
12.7278
12.6102
12.5339
12.4542
t2.3933
12.3613
12.3247
12.2879
12.2394
12. t72t
12. 1080

t2.o27t
11.9358
1 1. 8750
tt.8t44
11.7642
tt.7tL4
11.6765
I 1. 6468

11.5919
[t.5428
1 1. 4863
11.4226
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TABLE 3, Continuerl

48 cm 37ooK

Oslo

19 cm
o

370 K 473oK

48 cnr 19 cm.

34. OO

34.25
34.50
34.75
35.00
35.25
35.50
35. 75

36.00
36.25
36. s0
36.75
37.OO

37"25
37.50
37.75
38. OO

38.25
38. s0
38.75
39.00
39.25
39.50
39.75
40.00
40.2s
40.50
40,7s
41.00
41.25
41.50
41.75
42.N
42.25
42.50
42.75
43.00
43.25
43.50
43.7s
44.@
M,25
44.50
44.75
45.00

3" 8285

3. 8126

3.8005
3.794s
3.7886
3.7825
3.7745
3.7695
3.7605
3.7506
3.7336
3.7t86
3.7024
3.6965
3.6925
3.6895
3.6885
3.6836
3.6785
3.6685
3.6594
3.6495
3.6385
3.6315
3.6255

3. 8306

3,8146
3.8025
3.7964
3.7904
3.784?
3.776?.

3.7712
3.762t
3.7522
3.7350
3.7200
3.7038
3.6978
3.6938
3.6908
3.6898
3.6849
3.6798
3.6698
3.6606
3.6506
3.6396
3.6326
3.6266

11.3528
11.2949
11.2339
11.1820
tL. t478
It.1129
11.0780
11.0361
10.9820
to.9l27
10.8528
10.7958
to.7469
10.7005
10.6562
ro.6t75
10.5735
10,5297
1o.4847
10.4408
10.3939
t0.3452
10.3041
rc.2571
10.2051
10.1690
1o.1337
10. 1050
10.0486
10.0137
9.97 t8
9.9372
9.8953
9.8540
9.8148
9.7697
9.7260
9.6883
9.6504
9.6181
9.5845
9.5391
9.5004
9.4598
9.4268
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A{ter the densities were corrected, corresponding points on

each branch and each trace fcr a giver: cil.r-ln€]ra dista,nce and ternpera-

ture were averaged to give a composite curve, b.
The intensity per unit solid angle, It, is related r" b by the

equation

rn(s)=Ir(s).o(r")..o"3o (18)

The sector, which rotates in a plane parallel to and slightly above the

photographic plate, modifies \ in a way which is a function of the

sector shape, The sector shape is given by o ("") = p=3. p is ap-

proximately constant except for small s, r is the radius on the sector

measured from the undiffracted bearn position, and o is the angular

opening. The facto" .o"3 o takes account of the fact that the photo-

graphic plate is perpendicular to the undiff racted bearn and thus not

everywhere equidistant frorn the scattering point (Figure 5): the in-

verse square drop-off of intensity with distance leads to cos2 O arrd

the inclination of the plate at angle o to the diff racted rays leads ad-

ditionally to cos O.

The total intensity rnay be represented by the equation
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Electron beam

FIGURE 5. Relation of Plate Position to Plate Exposure.

(A) Position of a Theoretical Photographic Plate.
(B) Actual Position of Plates.
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ll'here the surnrnations extend over all atorns i and j in the rnolecule,

The te"* B.*t, is due to extraneous scattering frorn the diffraction

apparatus. Z. reptesents the atornic nurnber of the ith atorr., r.. the

internuclear separation of the ith a..d lth atorn, Iry the root-mean-

square arnplitude of vibration of the atorn pair associated with the

distance ri;, fi is the x-ray forrn factor, and Si is the incoherent

scattering factor.

Since only the first surnrnation is sensitive to rnolecular

structure, this part, 'T, ," next separated frorn the rernaining ,,back-
s4

ground" intensity. This is possible because of the srnooth functional

dependence of the second and third terms of equation (19). By plotting

the experirnental total intensity on large-size graph paper (Figure ?)

a srnooth curve representing the background rnay be drawn through the

undulations deriving frorn the first terrn of equation (I9) and sub-

tracted frorn the total intensity (5, p. 815-821). since the total in-

tensities obtained f rorn electron diff raction experirnents decrease

very rapidly with increasing s, it is convenient to first rnultiply thern

by 
"4 

to deaccentuate this decline before subtracting the background.
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TABLE 4. The Function ,4/o(rr) . 
"or3 1e1 .

zTooK 473()K

48 cm t9 cm 48 cm 19 cm

370oK 4730:r-

48 cm 19 cm 48 cm 19 cm

.00 0.00

.2s 0.01

.50 0.L2
,75 0.64

1.OO 2.t7
1.25 5.44
1,50 10.83
t.7s 17.92
2,@ 25.81
2.2s 33.32
z,fi 41.18
2,75 49.68
3.@ 59.08
3.2s 69.31
3.50 80.16
3.75 91.85
4.@ 104,73
4,25 1t7.79
4.50 t30.73
4,75 t42.fi
5.00 154.50
5.25 165.57
5.50 176.s9
5.75 t87.61
6,@ 198.86
6.25 209.73
6.50 219.85
6.75 229,46
7.@ 238.6s
7.25 247.73
7.fi 2s6.70
7.75 26s.s4
8.00 274.34
8.25 283.t2
8.50 291.94
8.75 3@.77
9.00 309.60
9.25 3r8.42
9.50 327.2t
9,75 336.00

0.00
cJ. o1

o. t2
0" 64

2. t8
5.43

1O.79

17.79
25. 55

32.88
40.63
49.@
58.29
68" 38

79.06
90.61

103.31
116.13
t28.74
140.s7

10.88 151.88
t2.36 t62.68
13.80 173.49
15.12 t84.29
16.48 195.33
tz.ag 20s.86
le.36 215.68
20.84 224.99
22.38 233.97
24.OO 242.85
25.69 25t.62
27.44 260.26
29.23 268.88
31.08 277.49
33.02 286.t4
34.99 294.79
37.@ 303.44
39.05 3t2.O7
41.15 320.68
43.32 329.30

10.00 344" 86 45.57
10"25 353.60 47.91
10"50 362.4t 50.39
lo.7s 371.2s 52"73
11.00 380.11 55.18
11.25 388.98 57.66
11.50 397.84 60.09
It.75 406.68 62.44
12.OO 415.50 64.73
12.2s 424.32 66.96
12.s0 433.It 69.16
12.7s 44t.9t 7t.33
13.00 450.67 73.47
t3.25 459.39 75.58
13.s0 468.08 77.66
13.75 476.76 79.72
14.O0 485.44 8t.74
14.25 494.Lt 83.77
14.s0 soz.78 8s.78
t4.75 

'tt,4 
87.&

15.00 s20,09 89.90
1s.25 528.73 91.98
15.50 s37.37 94.08
15.75 546. 03 96. L7

16.00 554.72 98.24
t6.25 563.46 100.28
16.50 s72.23 1O2.25

t6.75 581. 04 tO4. L7

L7.OO 589.88 106.03
t7.25 598.74 1O7.84

t7,so 607.61 1O9.62

17.75 616.45 ltt.37
18.00 625.28 113.11
18.25 634.02 1t4.82
18.50 642.@ 116.54
18.75 6s1.25 118.25
19.00 659.98 119.96
19.25 668.85 12t.6
19.50 677.77 123.35
le.75 686. 7s 12s.03

337,92 43.82
346.55 46.07
355.19 48.32
363.85 50.57
372.s4 52.87
381.23 55.14
389.90 57.37
398.56 59.54
4o7.20 61.65
41s.83 63.72
424.4s 65.7s
433.06 67.76
4L.62 69.73
4so.1s 71.64
458.66 73"57
467.t6 75.50
475.67 77.43
484.16 79.36
492.65 81.29
501.13 83.22
50e.60 85.15
518.06 87.16
s26. s3 89.14
535.02 91.04
543.55 92.92
552.13 94,73
s60.73 96.50
s69.38 98.24
578.Os 99.94
586.73 101.61
595.41 tO3.24
604.06 104.86
612.68 106.48
62t.t4 108.09
629. s8 109.69
638.08 111.29
646.70 112.88
655.41 1t4.47
664.19 Lt6.O4
673.OO L17.62

10.58
11.95
t3.26
t4.51
15.81
17. L6

18.57
19.99
21.48
23.04
24.66
26.33
28.06
29.85
31.68
33.55
3s.45
37.42
39.45
4t.57
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TABLE 4" Contiuued

o
370 K 47goK

48 cm 19 cm 48 cm 19 cm

3700K 4730K

48 cm 19 cm 48 cm 19 cm

20.00
20.25
20. so
20.75
2t.w
21.25
21.50
2t.75
22,@
22.25
22.50
22.75
23.@
23.25
23.50
23.75
24,@
24.25
24.50
24.75
2s.@
25,25
25.50
25.75
26,@
26.25
26.50
26.75
27.@
27.25
27.5O
27.75
28.@
28,25
28.50
28.75
29.(X)
29.2s
29.50
29.75

t26.7r
128.39
130.06
t3t.73
133.41
135. 08
136.76
138.45
t40. t4
t41.8?
143.52
145.22
746.92
r48.62
150.32
152.02
t53.72
155.42

157. L3

158.83
1@.54
162.24
163.96
165.67
167.39
169.11
170.84
172.s6
t74.29
t76.03
177.77
179.51
tgt.25
183. O1

t84.76
186.52
188.28
190. 04
191.80
193.56

LLg. L9

t20.76
r22.33
123.90
125.47
127.05
128.64
130.23
131.82
133.41
135.00
136.60
138. 19

t39.79
141.38
142.97
14J,,57

146. L7

t47.77
t{e.37
LSO.97

152. 58

154. t9
15s. 80

t57.42
159,04
160.66
162.29
163.91
165.55
167. L9

168.83
170.47
172. t2
173.77
175.41
177.06
t78.71
180.36
182.02

30.00
30.25
30.50
30"7s
31.00
3t.25
31.50
3t.75
32,@
32.25
32.50
32.75
33.00
33.25
33.50
33.75
34.00
34.25
34.50
34.75
35.00
35.25
35.50
35.75
36. OO

36.25
36.50
36.75
37.00
37.25
37.50
37.75
38.0O
38.2s
38.50
38.75
39.00
39.25
39.50
39.75

195,33

t97.09
198. 86

200.62
202.39
204. t6
205.93
207.71
209.48
217.26
213.M
214.82
216.@
2t8.38
220. t5
221.93
223.70
225,48
227.27
229.05
230.84
232.68
234.42
236.22
238.02
239.82
241.62
243.42
245.23
247.05
248.86
250.67
252.49
254.31
2s6. L4

257,96
259.80
26t.64
263.48
265. 33

t83.67
185.32
186.98
188.64
190.30
191.96
t93.62
195.29
1 96. 95

198"62
200.28
20t.94
203.60
205.26
206.92
208.59
21O.26
2t1.93
2t3.60
21s.28
2t6.96
218.64
220,32
222.@
223.69
225.38
227.07
228.26
230.46
232. L6

233,86
235.56
237.27
238.98
240.69
242.42
244. L5

245.88
247.6?
249.38
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48 cm 3700H

s (I.)6 (I.).o
19 crn 3700K

(Ir)61

cF 4730K

(Ir)cr (I.) as (I-)rq
1. 50

1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3,75
4" O0

4.25
4, so
4.75
s.@
5.25
5.50
5.75
6.@
6.25
6. s0
6.75
7,OO

7.2s
7.50
7,75
8.00
8.25
8.50
8.75
9.00
9.25
9.50
9.75

10. m
10.25
10.50
10.7s
11.00
[t.25
11.50
tt.75

qGr

49

86

148

2t7
285

351

433

541

657

766
815

806

775

788
883

1054

1256

L4l9
1506

1522
1515

1530

1590

1682
1779

1868

t962
2082
2232
2377
2495
2551

2537

2s00

2498
2s74
2732

2927
3LO7

3226
3284
3300

49

86

148

218
284
350

430
536

648

756
808

805

778

792

887

1056

1251

L409

t49s
1514

tst2
1530

1s90
1680

t775
1863

t954
2071
2215
2353
2466
2522
2513
2484
2485
2s6L
27tO
2897

3065

3181

3239

3355

2266

2378
2501

2614
2732

2899

3to4
3307

3449

3496

3431
3360
3337

3450

3667

3920
4146
4289

4334
4308

2t90
2304
2428

25/,2
2659

2822
3022
32t9
3361

3420
3378
3329
3320
3436

3651

3897

4t17
4264
4315
4303

163

239

313

386

473

s89

714
820

868

856

848

858

963
1140

1339

1501

1583

1597

1590

1627

t706
1734
1825

1918

2022
2L4t
2278
2412
25tL
2548
2568
2498
2499
2577

27t7
2889

3040

3145

319 1

320t

6002

6343
6739
7L39
7559
8020
8520
9006
9433
8630
9771

9775
9912

r0240
to778
11434
1 1990

12468
t2745
12813

Iadicates Blackuess Correction Applied
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TABLD 5. Continued.

48 cm 37OoK

(rt)o (r.)c;r.

19 crn 3700K GF 4730K

Url-'- (I.)cr, (1.)4g _- (It)t9
12.00
12.25
12, 50

t2.75
13.00
13.25
13.50
13.75
14. m
L4.25
14. 50

14,7s
15.00
15.25
15.50
15.75
16.00
16.25
16.50
t6.75
17.@
17.25
17.50
17.75
18.00
18.25
18.50
18.75
19.00
19.25
19.50
19.75
20. o0

20.25
20.50
24.75
21. O0

2t,25
21.50
21.75
22.@
22.25
22.sO
22.75

3306

3330
3371
3429
3S01

3589

3697

3828

3957

4050
410s
4105
.1090

409t
4t25
4221
4351

4482
4596
4677
4726
4746
4763
4773
4807

4860
4924
5020
51 t9
52t6

3268

3295
3337

3394
3464
3s48
3655

3781

390s
3995

4050
&s4
M2
M7
4o84
4L7s
4298
427
4537

Mt6
46,66

4687

4704
4722

4757
48tL
4874
4966
50s8
5153

4302
4318
4354

4413
4l.82
4576
4701
4841

4983
5082

s112
5080
5023

5004
5036

5135
5286

s429
5540
5602

5629

5626
5618

5626
s634
566s
5724
5820
5928

6039

61t8
6t57
6157

6t37
612t
6130
6t78
6258

6360
6456

6s38
6589

6606
661 1

4305
4329

4369

4430
4500
4596

4722
4861

s004
5103

5134
5103

5044
5023

so54
5153

5305
5447

5558

5622
5647

s646
5637

5645

5653

s683
5743
5838

5948

6059

6138
6777
6177
6157

6140
6148
6196

6277

6379
6475
6s57
6608
6625
6629

3198

3198

3222

3260
3316

3394
3491
3606

370t
3765
378L
3767

3752
3742

3763
3829
3928
4026
4115
4170
4197

4199

4191

4t92
4204
4229

4274
4341
4419

4Jj93

4547

4588
4628

12879

t2962
13099

13293
13539

1 3858

14226
14645

15@5
15298

1s425
15600

15314

t5247
15429

t5735
16081

16434
16729

16935

t7M5
t7076
17046

t7032
L7tt5
172t9
17428
17683

t7967
18210
18383

18505

18520
18481

18474
18564

18683

18900

19tt4
19336

19540

19662
197t7
19776
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TABLE 5. Continued.

48 cm 37ooK

(It)o
19 cm 3700K GF 4730K

(It)cr (Ir)o (Ir)cr (I,)+a (Ir)rg

23. m
23.25
23.50
23.75
24.00
24.2s
24,50
24.75
25.00
25.25
25.50
25.75
26.00
26,2s
26.50
26,75
27.@
27,25
27.50
27.75
28.00
28.25
29.50
28.75
29.OO

29.25
29.50
29.75
30.00
30.25
30.50
30.75
31. O0

31.25
31.50
31.75
32.00
32.25
32.50
32.75
33.00
33,2s
33. s0
33,75

66t4
6612
6638

6690
6765
6848

6933

7@6
7057
7081

7@2
7@3

Ttor
7t30
7185

7251
7331
7&9
7469
7518
7547
75s8
7584
7604
7636
7686
7748

781 5

7883

7940
7987

8020
8038
8061

8084
8120
8t71
8236
8299

8355

8403

8448
8494
853 1

663 1

6628
6653

670s
6780
6863

6948
7022

7072

7@6
7105
7lo5
7112
7t40
7196
726t
7341

7419

7480
7528
7557
7567

7593

7613
7644
7694
7755
7823

7890
7947
7994

8026

8044
8067

8090
8126
8176
8241
8304
836 1

8408

8453

8499

8536

L9774

19787

19858

1998s
20t64
20342
20540
20709
20818

20876
20898
20878
2@25
2@8t
2l@2
21235
21415
21572

2L7ts
21801

21869
2t907
2t9t2
21986
2205t
22148
2229s
22432
22569
22682
22759
22840
22887
229t1
22992

23072
23170

23260
23385
235t9
23600
23692
23767
23826
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TABLE 5. Continued.

48 cm 370oK 19 cm 37oox GF 4730K

(i";---lir-
t)+a

s (I.)6 (I,)cE (Ir)o (Ir)". iE '-t'19
34.00
34.25
34.50
34.75
35.00
35,25
35.50
35.75
36.00
36.25
36.50
36.7s
37.@
37,25
37.50
37.75
38.00
38.2s
38.50
38.75
39.00
39.25
39.50
39.7s
40.00
40,25
40.50
40.75
41.00
4t.25
41.50
4t.75
42,W
42.2s
42,50
42.75
43.00
43,2s
43. s0
43.75
4.OO
44.25
44.50
4.75
45.00

8564
8596

8637

869 1

8745
8799

8848

8904

8950

8994
902t
9052
9079

9131
9189
9248
9313
9367
9422
9463
9s06
9548

9586
9635
9687

8569

8601

8641

869s
8749

8803

88s2
8908

8954

8998

9024
9055
9082
9135
9192
9251
9316
9371
9425
9466
9510
9551

9589
9638
9690

23870
23937
23995
2N72
2418s
24296

24406
24500

24565
24s94
2,rj43
24696
24767

24Wt
24920
25010
25087
25163
2s235
25310
25376
25437
25515
2ss79
25628
25717
25807
2s9t4
25949
26038
26108
26196

2626s
26333
26406
26462
26520
26593
26664
26749
26828
26870

2693t
26986
27062
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The question rnay arise as to the contribution of the extrane-

ous background to the experimental background, An estimate of its

contribution may be gotten by computing the second and third terms

of equation (19) and comparing this rrtheoretical" background to the

total (30, P. 748-769)'. The calculation of this theoretical background

presented sorne difficulties as accurate values of S were not available

for arsenic or bromine, and were estirnated by extrapolating the

values available for copper and gerrnaniurn (18, p. 274-ZBl; 1?,

p. 929-9321. rn Figure 8 the experirnental background and the theo-

retical background are shown. The deviation of the two backgrounds

from one another is attributed to the extraneous background contri-

bution, and inaccuracies in evaluating SO" and SU".
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FIGURE 7. Experimental and Theoretical Backgrounds.
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TABI.fi 6" Molecular Intensity Curves for rlrsenic Tribromide. *

3700K 473r]K 370()K ,L?3OK

Exp. Lxp. Erp.

.00

.25

.50

.75
1.00
1,25
1" 50
lae

2. OO

2.2s
2.50
2.75
3. OO

3.25
3.50
3.75
4.OO

4.2s
4.50
4.75
5.00
5.25
5.50
5.75
6.00
6.2s
6. s0
6.75
7.OO

7.25
7. s0
7.75
8. OO

8.25
8.50
8.75
9. O0

9,25
9.50
9.7s

*

-t.t7 0.o7
4.90 6.68

13.06 16.30
2t.22 21.68
1s.86 1s,61
-1.63 -2.34

-24.25 -24.07
-38.24 -36.95
-32.88 -32.Ot
-1o.73 -10.59
17.02 16.25
35.21 34.42
36.61 35.20
22.38 20.97
3.26 L.O7

-t2.12 -13.83
-17.72 -19.10
-1s.16 -t7.36
-12.t2 -t4.O4
-10.03 -t2.06
-7.63 -9.47
o.87 -1.95

15.78 11.87
30.o0 26.94
36.05 34.20
29.00 26.46
5.88 4.46

-20.30 -22.23

o.sz 0.35
7"34 6.95

15.98 t6.26
22.33 2t.15
15.98 14.79
-3.28 -2.92

-2s.84 -23.87
-37.4 -35.91
-30.25 -30.69
-1o.29 -9.88
16.06 15.80
33.50 33.08
33.73 33.91
t9.27 20.65
o.o9 1.89

-t4.24 -12.65
-t9.27 -18.66
-t9.27 -18.14
-15.32 -15.40
-t2.49 -12.66
-4.37 -8.38
2.85 0.45

15.33 13.91
26.95 26.86
31.52 31.52
22.56 22.59
1.75 1.86

-21.68 -2t.72

10.00 -38.92
10.25 -38.89
10.s0 -2t.36
10.75 3.73
11.00 24,39
11,25 33. ss
11.50 28.82
11.75 14.46
12.00 0. 81

t2.25 -9.94
12.50 -16.94
12.75 -19.70
13.00 -19.43
13.25 -15" 28

13.s0 -6.12
13.75 7.20
14.OO 20.81
14.25 26.82
14.50 23.23
14.75 8.53
15.00 -LO.zL
15.25 -23.46
1s.50 -28.24
15.7s -21.88
16.00 -6.98
16.25 8.26
16.s0 18.17
16.7s 2t.q
t7.oo t8.14
t7.25 8.97
17.50 -t.oz
t7.75 -9.6L
18.0O -15.83
18.25 -t7.64
18.50 -16.36
18.7s -8. s1

19.00 4.94
19.25 13.39
19.50 18.69
19.7s t7.53

-4{),23 -37.65
-40,29 *36.13

-22.68 -20.59
3.27 1.54

24.97 19.05
33.7s 28.76
28.63 27.2t
ls.12 14.96
o.47 2.87

-la.s7 -9.56
-17.03 -16.87
-19.95 -20.20
-19.66 -19.24
-1s.07 -13.31
-5.13 -3.19
8.83 10" 16

22.tt 20.93
28.57 24.74
24.07 19.30
9.47 4.O7

-9.29 -9.16
-24.14 -22.31
-28.87 -24.39
-22.27 -17.40
-8. 10 -5.59
7.25 6.69

18.10 14.74
21.64 19.44
18.19 16.70
10. 13 9.6s
0.28 -1. 06

-8.90 -9.85
-15.42 -t4.36
-t7.75 -16.35
-14.96 -12.80
-7.35 -s.36
3.06 4.O2

12.80 t1.73
t8.37 15.26
16.75 15.01

-36"77
-35.97
-20.1s

2.66
21,98
30.56
27.22
15. 86

2. 08

-9.79
-17.75
-21.25
-19.86
-13.25
-2.03
IL. L7

21.76
25.24
t9.43
6.16

-9.39
-2 1. 05

-24.42
-18.80
-7. t8
s.81

15.58
19.46
t7.N
9.70
0.09

-9.02
-15.09
-16.45
-t2.68
-4.91
4.39

t2. L2

15.65
13.31

These curves are composite curyes formed by joining the 19cm and 4&m curves.
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TABLE 6" Continuerl"

irooK 473oK

Exp" Theo.

3700K 4730K

Exp. Theo.ExP' Exp.

20.0o 9" 59

20,,25 -1. 32

20.50 "11"74
2A"75 -t7.69
21"00 -17"20
21,25 -11.24
21.50 -t.82
21.75 6.78
22.@ 13.39
22.25 13.89
22.50 9.43
22.75 2.98
23.0O -3.97
23.2s -11.24
23.50 -14.55
23.7s -13.06
24.@ -7.94
24.25 -1.65
24.50 5.29
24.75 LO.47

2s.oo 11.58
25.25 8.43
25.50 3.31
25.7s -3.80
26.00 -9.59
26.2s -tt.74
26.50 -9.92
26.75 -6.12
27.@ 0.00
27.25 5.79
27,50 8.76
27.75 9.26
28.00 6.9s
28.25 1.48
28.50 -1.65
28.75 -s.46
29.OO -7.6t
29.25 -6.61
29.50 -3.47
29-75 0.m

10.19 8,37
-tj.47 -t.25

.-10" 54 -10.O1
-16.39 -12.51
-t6.23 -12.51
-10.6s -6.26
-2.O4 0.00
6.51 6.26

12.34 tt.26
13.95 11.89
tt.23 8.76
5.26 5.00

-2.06 -2.50
-8.52 -8. 13

-12.L7 -10.64
-11.91 -9.38
-7.8t -5.63
-1.22 0.00
5.65 6.88

10.48 9.38
lL.07 10.01
8.92 8.13
3.31 3. 13

-3.t4 -3.75
-8.24 -6.88

-10.38 -9.38
-9.03 -8.13
-4.85 -4.38
0.65 0.oo
5.67 4.38
8.63 7.51
8.7t 6.88
6. 03 s.63
1.53 2.50

-3.28 -3.13
-6.85 -s.00
-8.09 -6.26
-6.66 -6.26
-3. 13 -2.50
1.28 0.00

30.oo 4.63
30.25 6.78
30.50 7.28
30.7s 5.13
31.00 1.16
31.25 -2.32
31.50 -5.79
3t.75 -6.9s
32.00 -5.79
32.25 -2.65
32.50 0.83
32.75 2.65
33.00 3.31
33.25 2.98
33.50 3.31
33.7s 1.49
34.OO -0.50
34.25 -2.98
34.50 -3.81
34.75 -2.48
35.00 0.oo
35.25 1.32
35.50 2.32
35.75 3.64
36.00 4.1,3
36.25 3.64
36.s0 0.00
36.75 -2.48
37.00 -5.79
37.25 -4.80
37.50 -3.31
37.7s -L.32
38.00 t.32
38.25 2.48
38.50 3.47
38.7s 2.31
39.00 1.6s
39.25 0.O0
39.50 -1.65
39.75 -t.32

3. 10 3.86
4.82 5.00
4.O7 4.47
3.63 2.53
1.06 -O.13

-2.94 -2.58
-3.32 -4.O7
-3.69 -4.t6
-2.82 -2.91
-0.81 -0.80
-0. 31 1.45
2.69 3.10
2.44 3.65
2.75 3.OO

2.50 1.47
o.94 -0.51

-1.38 -2.17
-2.19 -3.04
-3. so -2.87
-3.75 -1.79
-t.M -o.21
0.38 1.35
2.4 2.38
3.50 2.58
3.O7 r.94
o.56 0.72

-o.94 -O.66
-t.94 -1.73
-t.94 -2.t8
-1.50 -1.90
-0.94 -1.03
o.19 0.11
o.25 1. 15

0.56 1.75
o.69 1.75
0.62 L. L9

0.13 0.28
-o.50 -0.6s
-0. 06 -1.31
0.56 -1.51

7.37
-t.29
-9. 09

,13, 45

-13.11
-8.52
-t.46
5.62

10.48
t[.73
9.2t
3.90

-2.39
-7.63

-LO.20
-9.38
-5.57
-0. 13

5. t2
8.4,6

8.89
6.4t
t.97

-2.87
-6.53
-7.88
-6.61
-3.29
o.92
4.@
6.@
6.39
4. t3
0.65

-2.85
-5.24
-5.82
-4.49
-t.79
1.34

5.09
7.O9
6. 09
4. L3

0.36
-3.35
-5.80
-6.26
-4.69
- 1.68
r.73
4,4t
5.56
4.87
2.63

-0.35
-3.O7
-4.68
-4.70
-3.2t
-o.75
1.83
3.69
4.27
3.45
1.56

-o.74
-2.69
-3.67
-3.42
-2.09
-0. 15

1,74
2.97
3. 18

2.36
o.82

-0.90
-2.24
-2.79
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DETERMINATION OT' MO LECUI,AR STRUCTURE

The problern of the deterrnination of gas phase rnolecular

structures by electron diff raction consists in anaLyzing the rnolecular

intensity curves for the precise values of the internuclear distances

and the root-rnean-square arnplitudes of vibration that give rise to

the curves. This rnay be done in sirnple cases such as arsenic tri-

bromide by computing the scattered intensity to be expected theo-

retically from models of the rnolecule and cornparing these theo-

retical intensity curves to the experimentar curve; the "best" rnodel

is the one giving the closest agreement between the theoretical and

observed curves. However, the availability of high speed cornputers

with their capacity to handle large amounts of data has made possible

an improved method of intensity trcurve fitting!t based on least-

squares (5, P. l3l1-1317), and this rnethod was applied in the arsenic

tribromide inve stigation.

Approximate Structure

Since the least-sguares technique applied to electron diffrac-

tion is a refinement process (the adjustment if linear only for srnall

ranges of parameter changes), fairly accurate parameters are neces-

sary for the calculation of an initial theoretical intensity curve. This

ttstarting rnodelf l is obtained from a representation of the experirnental
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curve, its Fourier transforrn, which rnay be directly anaLyzed for the

magnitudes of the internuclear distances and root-rnean-square arn-

plitudes of vibration. This Fourier transform is called a 'rradial

distributionrr curve and is calculated from a modified form of the

molecular intensity curve, Il (s) (32, p. 671-690lz

rirr(s) = f I' + .-Li'zlz ,in "rij,ij

for arsenic tribromide f rom Ir", (s) (Equation

sZ6rZg, I Q -fl t, lZ -fle,

MA"-B, 
- -1i," -5,rrzlz

-e

"A"-B,

. ^Mnr...B, '2+ 
"-tB".rBr. . . Br

(zo1

irj

ti (s) rnay be obtained

19) by multiplying Irn (s) by

glvlng

It (s) = 3ITI
s1n srAs-Br

)
. .Brs72 sin

where

MA"-Br = ZArzB,

srBr. . . B" (21)

(zzl

(23)MB". . . Br = (z-rlo,
(z-f)e, ZA,
(z-fls" 23,

ratio was calculated and found to be very

the s ranges use-d in the analyses. The

rnay be defined by

ZArZsr(Z-tlat

MB". 
. . B" differs frorn constancy only as the ratio

diffe rs

nearly

radial

frorn unity. This

equal to one over

distribution curve
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TPAI,E T , Atom F orm Factors for Arsenic and Bromine Tabulated by Hanson (21).

t fe, fB. t f , fB,

0.00
o.25
0.50
o.75
1.00
1.25
1.50
1.75
2.@
2.25
2.50
2,75
3.00
3.25
3. 50

3.75
4. OO

4.25
4.50
4.75
5.00
5. 25

5. s0
5.75
6.00
6.25
6.50
6.7s
7.@
7.25
7.50
7.75
8.00
8. 25

8.50
8.75
9.00
9.25
9.50
9.75

33.00
32. 85

32.56
32.02
31.39
30.60
29.82
28.96
28. 1s

27.30
26,53
25.82
25.04
24.37
23.65
23.02
22.37
21.73
2t. ts
20.56
20. oo
19.42
18. 88

18.31
L7.80
t7.24
16.77
16.24
ts.78
15. 30

14.83
t4.41
13.95
13.55
13.11
t2,74
t2.34
t|.97
11.63
11.30

35.00
34. 85

34.57
34.06
33.40
32.62
31.75
30. 88

29.90
29.01
28.07
27.20
26. 38

25. 55

24.85
24. 11

23.48
22.84
22.24
21.66
2t. LO

20.s4
20.u
19.50
19.03
18. 51

18. 06
17.56
17. t2
16.63
16.2t
t5.75
15.34
14.89
14.50
14.08
t3.70
t3.32
12.95
12. 58

10.00
10.25
10.50
to.75
11.00
11.25
11. s0
t|.75
12.00
12.25
t2.50
12.75
13.00
13.25
13.50
t3.75
14. OO

t4.25
14.50
t4.7s
15. O0

15.25
15.50
15.75
16.00
t6.25
16.50
16.75
17.oo
t7,25
t7.50
17.75
18.00
t8.25
18. 50
L8.75
19.00
19.25
19.50
t9.75

10.98
10.68
10.38
to. t2
9.84
9.60
9.36
9.13
8.92
8.72
8. 53

8.33
8. t7
8.01
7.86
7.70
7.s8
7.43
7.33
7.20
7. LO

6.97
6.89
6.79
6.7t
6.62
6.54
6.44
6. 38

6.30
6.23
6. 16

6. 10

6.03
5.97
5. 91

5.85
s.79
5.73
5.67

12.24
11.90
11.58
11.27
to.97
10.68
to.4L
10.15
9.89
9.65
9.42
9.2t
9.00
8.81
8.61
8.43
8.26
8. 11

7.94
7.8t
7.66
7.53
7.40
7.29
7.L7
7,06
6.96
6.86
6.76
6,67
6.59
6.51
6.43
6.35
6.28
6.21
6, L4

6.08
6.02
6.96
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TABLE 7. Continued.

fA, fA,L, f.
Br

20.00
20,25
20.50
20.7s
21. AO

2t.25
21. 50

2t.75
22.@
22,25
22,50
22.75
23.00
23.2s
23. 50

23.75
24.@
24.25
24.50
24.75
25.00
25.25
25.50
25.75
26.00
26,2s
26.50
26.75
27.@
27,2s
27.50
27.75
28. OO

28.25
28.50
28.75
29.00
29.25
29.50
29.75

5.62
5.56
5.51
5.45
5.40
s. 34

5.29
5,24
5.19
s. 14

5.10
5.04
5.00
4.94
4.89
4.84
4.79
4.74
4.69
4.64
4.59
4.54
4. so
4.4s
4.40
4.?4
4.31
4.26
4.21
4. t6
4.12
4,07
4.03
3.98
3.93
3.89
3.84
3.80
3.75
3.71

s.90
5.84
5. 78

5,72
5.67
5,62
5,57
5. s2
5.46
5.41
5. 36

5. 31

5.26
5.2t
5. L7

5. L2

5. 08

5. 04
4.99
4.94
4,89
4.84
4.80
4.75
4,71
4.67
4.62
4.58
4. 53

4.48
4.44
4,40
4. 35

4.3t
4.27
4.22
4. t8
4. 14

4. LO

4. 05

30.00
30.2s
30.50
30.75
31. 00
31. 25

31. 50
31.75
32. O0

32,25
32.50
32.75
33. O0

33.25
33.50
33.75
34.00
34.25
34.50
34,7s
35. O0

35.25
35.50
35.75
36.00
36.25
36.50
36.75

' 37.OO

37,25
37. 50
37,75
38.00
38.2s
38.50
38. 75

39.00
39.25
39.50
39,75

3,67
3,62
3. s8
3.54
3. s0
3.45
3.4t
3.37
3.33
3,29
3.25
3.22
3. 18

3.1.4
3. 10

3.06
3.03
2.99
2.95
2.92
2.89
2.85
2.82
2,78
2,75
2.72
2.69
2.66
2.63
2,60
2.57
2.53
2.50
2.47
2,45
2.42
2,40
2.37
2.35
2.32

4.Ot
3,97
3.93
3. 88

3.84
3.80
3,76
3,72
3.68
3,64
3.60
3.56
3.52
3.48
3,44
3.40
3.37
3.33
3,29
3. 25

3,22
3. 18

3. 1s

3. 11

3.08
3.04
3.01
2.97
2.94
2,94
2,87
2.84
2.8L
2.78
2.75
2.72
2.69
2.67
2.64
2.6t
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TABLE 8. Atom Form Factors for Arsenic and Bromine Tabulated by Ibers (25. p. 2OL-227).

s fA. fo, f o. fBn

.25

.50

.75
1. O0

1.25
1.50
1.75
2.OO

2.2s
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00
5.25
5. s0
5.75
6.00
6.25
6.50
6.75
7,OO

7.25
7.so
7,75
8.00
8. 25

8.50
8.75
9. O0

9.25
9.50
9.75

10.00

32.82
32.52
31.93
31.19
30.37
29.48
28.s2
27.48
26.50
25.58
24.73
23.96
23.21
22.50
2t.81
21. L2

20,48
19.84
19.23
t8.67
18. L7

t7.67
17.20
t6.75
16.30
15.84
15.41
15.00
14.61
14.23
13. 88

13.53
13.21
12.88
12.58
12.30
12.02
tl.75
tt.48
11.23

34.93
34.55
33.87
33.08
32.22
3t.27
30.2s
29.22
28.27
27.33
26.44
25.61
24.78
24.02
23.30
22.60
2t.93
21.29
20.67
20.05
19.46
18.90
t8.37
t7.87
17.4t
t6.96
16.52
16. 08

15.67
1s.28
14.90
14.52
14. L8

13.86
13.53
13.24
12.94
12,66
12.38
12.12

10.25
10.50
to.75
11.00
tt,25
11.50
11.75
12.00
12.25
12.50
12.75
13.00
13.25
13.50
t3.75
14.00
14.25
14.50
14.75
15.00
15.25
15.50
15.75
16.00
16,25
16.50
t6,75
t7.oo
t7.25
17.50
17.75
18.00
18.25
18.50
18.75
19.00
t9.25
19.50
19.75

11. O0

1O,76

10.55
10.33
LO. t2
9.91
9.73
9.53
9.34
9. 16

8.98
8. 82

8.66
8.50
8. 35

8.20
8.06
7.93
7.79
7.65
7.52
7.40
7.28
7. t6
7.05
6.92
6.82
6.7t
6.61
6.51
6.40
6. 31

6.2t
6.11
6.01
5.92
5.86
5,77
5.71

11.86
11.61
11.36
11.13
10.91
10.68
10.48
to.28
10. 08

9. 88

9.70
9,52
9. 35

9. 18

9.O2
8.86
8.70
8.56
8.41
8.26
8. t2
8.00
7.87
7.74
7.6t
7.49
7.37
7.26
7. t5
7,03
6.93
6. 83

6.73
6. 63

6.53
6.43
6.34
6.2s
6, t7
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FIGURE 10. Experirnental and Theoretical
for Arsenic tribrornide.
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TABLE 9. Modified Molecular Irtenslty Crrrve s, It-(s), For .{rsezric Tribromide.*

o
370 K 4730K 37ooK 4730K

ExP. Exp. Theo. Exp. ExP. Theo.

.oo

.25

.50

.75
1.00
t.25
1. 50
1.75
2.OO

2.25
2. so
2.7s
3.00 -3.67
3.25 14.6
3. s0 34.69
3.75 52.74
4.00 37.31
4.25 -3.65
4. so -51.99
4.75 -78.85
s.00 -65.53
5.25 -20.66
5.50 31.93
s.7s 64.05
6.00 6s. 18

6.2s 38.78
6.50 5.56
6.75 -20.t7
7.OO -29.02
7.25 -24.34
7.so -19.19
7.75 -1s.64
8.00 -tL.7s
8.2s 1.33
8. s0 23.69
8.7s 44.62
9.00 53.11
9.25 42.38
9.50 8. s4
9.7s -29.3t

0.00
54. OO

79. L6

64.&
22.t2

-21.56
-44.49
-41. s5

-24.43
- 9.73
- 5.35
- 5.76

0.86 1.62
19.99 20.88
43.34 42.@
s3.30 s5.01
36.25 37.27
-s.26 -7.27

-sl.30 -54.90
-7s.92 -76.50
-63.87 -59.76
-20.77 -19.64
30.19 29.72
62.72 60.40
63.07 59.51
36.63 33.09
t.78 t.48

-23.33 -23.47
-31.51 -31.29
-27.78 -30.67
-21.80 -24.02
-18.50 -19.30
-14.67 - 6.67
-3.46 4.29
t7.t6 22.80
39.73 39.69
s0.63 46.04
39.36 32.67
7.20 2,s2

-31.72 -3t.O2

0.00
53.99
79.06
64. t9
21.91

-21.59
-44.3t
-41.34
-24.44
- 10. 00

- 5.58
- 5.50

t.7t
20.90
43.47
52. 15

34.26
-6.82

-51.13
-73.82
-61.03
-19.08
29.53
60. 13

60.41
35,76
3.t7

-2t.03
-30.37
-28.85
-24.t4
-t9.87
- 13. 31

0.20
20.58
40.03
46.84
33.49
3.00

-31.30

10. oo -55.94 -s7.96 -53.64 -52.95
10. 2s -55.69 -58.20 -51..27 -5t.67
10. 50 -30. 50 -32.96 -29. L2 -28. 93

10.75 5.32 4.29 2.17 3.59
11.00 34.73 35.50 26. 88 31.05
1t.25 47.78 48.24 40.58 43.3t
11. s0 41.07 41.09 38.43 38.75
t1.75 20.64 2t.8t 21.16 22.83
12.00 t.L6 0.81 4. 06 3.37
t2.25 -t4.26 -15. 10 -13.58 -13.63
12.50 -24.37 -24.48 -24.06 -25.31
12.75 -28.4 -28.77 -28.89 -30.72
13. 00 -28. 18 -28. 51 -27.6s -29. 08

L3.2s -22,D -22.05 -19.24 -19.65
13. s0 -8.97 -7.70 -4.64 -3.22
13.7s 10.61 t2.73 14.85 t6.32
14.00 30.88 32.53 30.77 33.25
14.25 40.M 42.52 36.58 37.70
14.50 34.94 36.31 28.76 29.30
14.75 t1.,57 t4.73 6.Lt 9.51
15.00 -15.57 -13.67 -13.86 -t4,M
ls.25 -36.04 -36.67 -33.98 -32.01
15.50 -43.76 -44.61 -37.4 -37.62
ls.7s -34.18 -3s.04 -26.9s -29.47
16.00 -11.00 -t3.27 - 8.72 -11.63
16.25 13. 13 10.99 10.54 8.74
16.s0 ?s.11. 28.68 23.39 24.53
1,6.7s 34.56 34.94 31. 08 3t.23
t7,oo 29.55 29,89 26.96 27.82
L7 .25 1.4.73 L7 .Ot 15.7L 16. 30

17.50 -t.69 0.79 -1..75 0.57
t7.7s -16.08 -t4.67 -L6.32 -t4.75
18.00 -26.70 -25.94 -24.00 -25.31
18. 25 -30.02 -30.23 -27.s6 -28. 03

18. s0 -28.@ -25.78 -2t.76 -2t.94
18.75 -14.74 -L2.93 - 9.22 -8.75
19.00 8.63 5.05 6.96 7.39
t9.25 23.60 22.30 20.49 zL.lO
19.50 33.22 32.4t 26.89 27.65
19.75 32.il 31.16 28.07 24.75

x'These cur/es are composite culves formed by joining the 19 cm and 48 cm curves.
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TABLE 9. Continued.

3700K 4730K 37ooK 4zzoK

Exp. Exp. Exp. Theo. Exp.

20.00 17.34
20.25 -2.4t
20.50 -21.59
20.7s -32.79
21.00 -32. L4

2t.25 -2t.18
zt.so -3.45
21.7s 12.98
22.00 25.84
22.25 Z7.Ot
22.sO 18.47
22.75 5.88
23.00 -7.90
23.2s -22.53
23.50 -29.38
23.75 -26.s6
24.OO -16.26
24.2s -3.4t
24.50 10.99
24.75 2t.79
25.00 24.37
2s.2s L7.87
25.s0 7.06
25.75 -8.17
26.00 -20.74
26.25 -25.54
26.s0 -21.73
26.7s -13.49
27.OO 0.00
27.25 t2.91
27.50 19.67
27.7s 20.91
28.00 15.78
28.2s 3.40
28.50 -3.80
28.7s -t2.61
29.00 -t7.68
29.2s -ts.47
29.50 -8. t7
D.75 0.00

18.68 ls.00
-0.42 -2.2s

-18.91 -18. 23

-30.07 -22.97
-30.33 -24.33
-20.35 -11.68
-4.33 0.00
t2.o3 tt.87
23.53 21.52
27,O8 22.91
22.17 L7.Ot
10.69 9.79
-3.74 -4.93

-16.76 -16.ls
-24.39 -21.28
-24.20 -18.90
-t6.17 -t1.43
-2.85 0.00
1t.34 14.t7
21.59 19.45
24.43 20.88
t9.o2 17.08
7.39 6.62
-6.32 -7.99

-17.4 -14.7s
-22.38 -20.23
-L9.82 -t7.65
-10.9s -9.57

L.O7 0.00
12.27 9.67
19.t2 16.70
19.63 1s.41
13.84 13.68
3.80 s.67

-7.t7 -7.13
-15.53 -1t.46
-t8.64 -14.4t
-15.61 -14. s0
-7.58 -5.83
2.69 0.00

30.00 11.01 11.76
30.25 16.21 t6.70
30. s0 t7.49 t6.o2
30.75 t2.39 10.15

31.00 2.8t 1. 18

31.25 -5.65 -7.83
31.50 -t4.2t -13.96
3r.75 -17.14 -15.34
32.00 -t4.36 -t1.70
32.25 -6.60 -4.42
32. s0 2.O7 4.00
32,75 6.67 10.82
33. OO 8.38 13.91
33.25 7.58 12.38
33. 50 8.116 6.90
33.75 3.83 -0.61
34.00 -t,28 -7.63
34.25 -7.73 -tL.gL
34.50 -9.92 -t2.17
34.7s -6.50 -8.49
35.00 0.00 -2.21
35.25 3.50 4.54
35.50 6.16 9.55
35.75 9.72 11,27
36.00 11.10 9.28
36.25 9.82 4.37
36.50 0.00 -1.75
36.7s -6.76 -7.Os
37.OO -15.84 -9.8s
37.25 -13.19 -9.35
37.50 -9.t4 -5.86
37.75 -3,67 -0.62
38.00 3.69 4.59
38.25 6.95 8.10
38.50 9.78 8.84
38. 75 6.55 6.69
39.00 4.70 2,48
39.25 0.00 -2.34
39.50 -4.74 -6.20
39.7s -3.81 -7.88

7.?7 8.90
1.1.41 11.76
9.69 10.69
8.69 6.2t
2.56 -0.06

-7.t1 -6.02
-8.O7 -9.7s
-9. 03 -10. 16

-6.92 -7.26
-2.O1 -2.L7
-o.78 3.38
6.72 7.56
6,L2 9.10
6.94 7.62
6.34 3.76
2.39 -1.12

-3. s3 -s.38
-5.68 -7.70
-9.05 -7.41
-9.75 -4.75
-3.76 -O.70
0.98 3. 36

6.43 6.12
9.28 6.76
8.16 5.19
1.50 2,M

-2.s2 -1.60
-5,24 -4.s3
-5.26 -5.83
-4.@ -s.19
-2.57 -2.91.
0. s2 0.t7
0.69 3.O2
1.56 4,74
t.92 4.83
t,7s 3.37
0.35 0.90
-t.42 -t.70
-0. 18 -3.61
1.60 -4.24

13.51

-2.Ot
-16.33
-24.64
-24.42
-16.23
-3. 14

10.35
19.9t
22.70
18. 15

7.98
-4.40

-14.97
-20.40
-t9.07
- 11. 58

-0. s6

10.30
t7.43
18.60
13.66
4.46

-s.83
-13.80
-16.96
-t4.49
-7.43
1.73
9.93

t4.60
14.36
9.48
1.74

-6.23
- 11. 84

-t3.37
-10.51
-4.38
2.89
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P,(r)

"

frorn which,

/1oO

= J !i-, (s) sin (rs) ds
o

using fr,, t"t f rorn equation

(*)'

(zo1

(24l.

{z5l

(26)

P(r) 
=t

, ZiZi
n, iis\LL

i,j

-(r-rii I /zt!,
e-

p^ (r)

- 
is thus a curve consisting of a surn of curves, each a Gaussian,r-

whose peak position gives an internuclear distance and whose dis-

persion is related to the root-rnean-square arnplitude of vibration

lij (9, p. 256-257). The radial distribution curves for arsenic tri-

brornide were actually calculated by the approximate relation

EI'(n)
a

,y
s = 4O.0O

I rl,,(s)
s = 0.25,
0.50, '"

z-ase sln fs

where the terrn e-""2 *"" included to provide for better convergence

of the series. Intensity values at small s, missing in I[(s), were

sketched in frorn a preliminary theoretical curve and irnproved values

consistent with the final results were introduced as the analysis pro-

ceeded (25, p. ZZ79-ZZ45l. In principle, a radial distribution curve

should have no negative values, or at most only small negative

values. Such negative values do in fact appear in electron diffraction

work and are generally ascribable to errorF in placernent of the
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experimental background used to derive I[ (s). Corrections, to this

experirnental background are obtained frorn the indications of the

radial distribution curve, and upon incorporation lead to an rrim-

proved'r Irrr(s), and in turn to an irnproved radial distribution curve.

This procedure was necessary in the arsenic tribromide analysis,

and was applied to data frorn both carnera distances at each ternpera-

ture (5, p. 813-821).

Figure ll shows the final radial distribution curves for

arsenic tribromide. Each curve is the result of a calculation in

which data from both the 19 crn and 48 cm carnera distance experi-

rnents were cornbined to forrn a corrposite intensity curve. I Values

of the internuclear distances and mean amplitudes of vibration from

the radial distribution curves are shown in Table 12.

Refinernent of Structure

The least-squares procedure rnentioned at the beginning of

this section was applied to refinernent of the structure using starting

models having pararneter values near to those of Table 12. A large

nurnber of refinernents were carriedout, differing in such things as

lTh. corrrposite curves were formed by a sirnple averaging of
data in the region of overlap. Since the data frorn the two carnera
distances were on arbitrary scales, an arnplitude scale adjustrnent
had to be applied to data frorn one of them. This was done by use of
a scale factor evaluated either by least-squares or by a sirnple
averaging of selected data in the region of overlap.
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TABLE 10. Radial Distribution Curves for Arsenic Tribromide.

3zooK 4zgoK gToox o
473 K 37ooK 4lgox

0.05
0. 10

o. 15

0.20
0.25
0.30
0.35
0.40
0.45
0. s0
0.55
0.60
0.65
o.70
0.75
0.80
0.85
0.90
0.9s
1.00
1.05
1.10
1. 15

t.20
t.2s
1.30
1.35
1.40
1.45
1.50
1.55
1. 60
1.65
t.70
t.75
1.80
1.8s
1.90
1.95
2.00

-1.3
2.3
9.1

13.4
10.6
3.5

-3.0
-5. 8
-7.8

-tt.9
-16.4
-17.7
-13.4
-6. O

-o.7
0.5
1.3
4.5
7.1
5.3
3.0
4.O
4.5
2.3
3.3
6.5
4.5

-0.3
-0.3
2.O
2.8
4.8
6.6
3.3
0.0
0.5

-1. O

-5. 3

-6. 1

-2.O

0.1
-0.6
-2.3
-3.7
-2.5
0.9
3.0
1.5

-1.5
-3.0
-2.4
-0.6
0.5
0.0

-0.1
1.4
3.2
4.3
4.9
4,4
2.3
o.2

-1.4
-2.9
-3.7
-4.5
-6.0
-6.7
-6.0
-3.2
2.8
8.4
7.9
3.1
1.2
2.O
0.9

-2.4
-5.6
-4.O

2.05
2.to
2.45
2"20
2.25
2.30
2.35
2.40
2.45
2.50
2.55
2.60
2.65
2.70
2.7s
2.80
2.85
2.90
2.95
3" 00
3.0s
3. 10

3. 15

3.20
3.25
3.30
3.35
3.40
3.45
3.50
3.55
3.60
3.65
3.70
3.75
3.80
3.85
3.90
3.95
4.00

5.6
tt. L

t9.2
79.3

229.2
384. I
397.7
260.O
103.9
22.O

-0.8
-2.8
-0.5
-2.8
-7. L

-6. 1

-3.5
-2.3
1.5
2.8
1.0
2.O
6.8

10.1
14.2
27.3
46.7
76. t

115.5
152.9
t70.4
161.0
t31.4
93.2
56.9
28.8
11.9
4.O
1.3

-1.3

4.3
t2.3
27.O
93.6

236.7
378.7
397 .8
280.0
133.1
46.0
15.2
5.6
2.8
1.5

-1.4
-2.8
-3.4
-6.5
-8.0
-5.4
-4. t
-3. 8
1.8

tt.2
20.3
33,7
55. 7
82.5

Lto,7
137.5
153. 8

150.0
128. L
97.8
67.5
42.2
25. L

15.6
9.2
3.9

4.05
4. LO

4.t5
4.20
4.25
4.30
4.35
4.&
4.4s
4.50
4. s5
4.60
4.65
4.70
4.75
4.80
4.8s
4.90
4.95
5.00
5.05
5.10
5.15
5.20
5.2s
5.30
5.35
5.40
5.45
5.50
5.5s
5.60
5.65
5.70
5.75
5.80
5. 8s

5.90
5.9s
6.m

14.0
-5.6
-6.1
-6.t
-5.8
-4.8
-3.5
-3.8
-3.8
-1.7
-0.3
-0.0
1.0
2.3
0.8
0.3
2,O
4.O
3.3
3.5
4.5
2.5
0.5
1.8
3.8
3.3
1.8
1.3
0.8
0.5

-1.?
-1.5
-2.O
-2.3
-2.O
-1.8
-2,3
-2.3
-1.0
0.3

1.,4

t.4
0.6

-1.2
-2.8
-4.8
-6. 1

-4.6
-1.9
-0.8
-t.4
-3. 1

-4,6
-3.2
0.5
2.8
3.4
3.9
3.7
2.4
t.4
1.1
0.8
0.3
0.0
0.0
0.5
1.0
1,4
2.4
3.1
2.3
1.1
0.1

-1.3
-3.0
-3.9
-4.0
3.0

-2. I
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(l) the type of intensity curve used tI;(s) or t*(s)J, (2) the tabulated

values of the atorn form factor, fi, (which appear in the calculation

either explicitly IIr, (s)] or, having been divided out irnplicitly

Iti,,(s)], and which depend on the atornic potential assurned in their

derivation) (3) the blackness correction used in data reduction, (4)

the s range of the intensity curves (that is, long or short camera

distance data), and (5) the arnplitude scale adjustrnent of 48 crn and

19 crn intensity data to give the cornposite curve. The results of

these refinernents are sumrnarized in Table 11.

Evaluation of Errors

The errors derived solely f rorn the results of the least-

squares analyses do not reflect the effect of any systernatic errors

such as rnight occur in rneasurernents of the electron wave length,

the camera distances, or the trace-plate ratio of position coordinate;

of errors in the blackness correction, the sector correction, am-

plitude scale adjustments, or in the atorn form factors. Further, as

Morino has recently pointed. outl, the experirnental intensity curves

are not rneasured quantities but corrrposites of data, a fact which

introduces still another kind of error which will be designated as Op.

Plausible estirnates of these errors rnay be rnade as follows:

lMori.ro, Yonezo, Private cornrnunication. Tokyo, Japan.
University of Tokyo, 1964,
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1, Electron wave lengths, camera distance and position co-

ordinate: Errors in these quantities affect largely the size of the

rnolecule and are of no consequence in the determination of the vibra-

tional arnplitudes. An exarnination of the variation of wave length

over a period of several rnonths, and of the camera distance meas-

uring procedure suggest these errors to be about 0. 0005 rii (ZZ,

p. 593); in cornparison, the error in the position coordinate is negli-

gibIe.

Z, Blackness correction, sector correction, scale adjustment,

and atorn forrn factors: Errors in these quantities affect largely the

arnplitudes of vibration. They rnay be estirnated by cornparing the

differences in rnean arnplitude values gotten f rorn the analysis of

curves in which these quantities have been cornbined in as rnany dif-

ferent ways as possible. The rnean amplitude values to be considered

are thus just those to be found in Table 12. For example, at the Iow

ternperature, the 1O"-g= values frorn column HGF ({.r) ana HO (I;)

average to 0.04903 A, leading to a standard error due to the black-

ness correction. $te"-Br) = 0. 0oI z i,; f.or 1Br, . . B" th" corre-

sponding calculation gives $(nr. .. Br) = 0. OOl3 i. These values

and those obtained by a sirnilar procedure for the atorn form factors,

arnplitude scale adjustrnents, and type of intensity curve (the sector

correction error is a cornpletely unknown quantity) are given in

Table 15.
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TABLE 11. Results of Least-Squares Refinements (In ,8 ) .

37oo K

tAr-Bt

Rr...Br

lAr-8,

lBr. . . B.

rAt-Bt

lBr. . . Br

lAs-B,

1Br. . . B.

IGF

48 cm 19 cm

HGF

48 cm 19 cm I;(s) Im(s)

2.3280 2.3?90

3.559s 3. s610

0.0,182 o.o479

0.1140 0.1132

48 cm 19 cm

2.3265 2.3?p5

3.556s 3.5725

0.0s40 0.0€5

o.rL77 o.to7i

I'* 1t,,,(s)

2.3280 2.3280

3. s6ss 3.5585

0.0507 o.o49g

0.1139 O.tt\

2.3270 2.3290

3.ssso 3.s7to

0.cJ/.87 O.O473

o.LL7t o.twz

2.3280

3.5555

o.o278

o.Lo72

2.3295

3.5705

o.o474

0. 1065

2.328

3. s61

0.0451

0.1

2.3275 2.3295 2.328s

3. ssss 3.5700 3.5675

0.035 3 0.0s00 0.0463

o,to7 3 0.1069 o.tt34

473oK
HGF

48 cm 19 cm

2.3300

3.5635

o.o572

o.t362

1'_( a) (a)

2,33Ls 2.3310 2.331.s

3.5585 3.5630 3. s62s

0.0491 0.0558 0.0555

o.t27s o.1367 0.1353

HGF. Results obtained by applying Hansonts factors, gold foil blaclmess corection
HO. Results obtained by applying Hansonrs factors, Glo blackness correction

IGF. Results obtained by applying Iberrs factors, gold foil blackness correction

IO. Results obtained by applying Iberrs factors, Oslo blackness correction
(a). Composite curve formedby simple averaging of selected peals for scale constant

IO
48 cm 19 cm Irm(a)
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TABLE 12, Distances and RMS Amplitudes from Radial Distribution Curves Assuming Gaussian

Peak Shapes 1in t).

tAs-B, tBr. . . Bt 1or-8, lBr. 
. . B,

37ooK

4730K

2.33o

2.33o

3.560

3.570

0.0490

0.057-
J

o. tL7 o

o.t32o

TABLE 13. Final Results of Structure Analyses 1in .8 1.

rAs-Br tBr. . . B, lAr-B. lBr. . . B, / Br-As-Br

37ooK z.zzg!.ooz 3.s6t t.oos .o4zs! .ous .1132t.0053 99.66+- .26

473oK z.$z!.ooz 3.s63t.oos .ossst .oo.15 .1353t.0053 99.7r!,4

TABLE 14. Effect of Temperature on the Root-Mean-Square Amplitudes of Vibration of

Arsenic Tribromide.

Calc. . (obs)
rA.-B" , (obs)

'Br. . . Bt

tijGTsrltijGTO) 1. 13 1. 15 1. 19
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3, Composite data: Errors f rorn this source were not esti-

rnated frorn the arsenic tribrornide data thernselves. Although it

would have been possible to do so, the procedure is long, requiring

analyses of each plate sirnilar to that described above for the

cornposite data f rorn all plates. It was decided, therefore, to use

results obtained earlier by Mr. Jerome S. Blankl in this laboratory

for the molecule nitrogen dioxide. The data for this rnolecule and

for arsenic tribromide are corrparable in extent, and other factors

which could conceivably affect the error seem also to be cornparable.

The Op values obtained by Mr. Blank based on 19 cm data are re-

spectivety 0.009 i, 0.0030;., o. ooI4;., and 0. ooo9.8. for r*-9,

"O...O, IN_O ".d 10... O. These were adapted as the $ values

fot "A"-Br, rBr...Br, 1A"-B, and 18....8", respectively.

The estirnates of overall standard errors associated with

each parameter are given in Table 13. These wete obtained as fol-

lows. For each distance at each ternperature the estimated standard

error Otr ("ij) . 0005 r., arising f rorn the measured uncertainties in

the electron wave length, carnera distance and position coordinate,

and the O-- values listed above were cornbined with the standard errorp

lBlank, Jerome S. Unpublished research
structure of nitrogen dioxide. Corvallis, Oregon.
University, Department of Chernistry, 1964,

on molecular
Oregon State
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TABLE 15. Resutts of Error Analyses 1in I ).

lAr-B, 1Br. . . B, tAs-Bt tBr. . . Br

A o. o49o 
* 

. *r, o. 1130 a . *r,

B o. o47s t . oo38 o. 112s t . *r,

c o. o5o5 * . *uO o. 1130 * . *r,

D o. o48o 
* 

. *ro o. 113s * . *ou

E o. o47g! .ootL o.tL3zt .ooz, 2.3D * .*0, 3.561 t .oo3s

F o.ossst.oolo 1.13s0*.*r, 2.332 t.oo08 3.563 t.oo38

z.3zg ! .ooLz 3.s6 o* .*r,

z,$L l .cntz 3. s62s 
* 

. *t,H

A: Effect of blaclmess correction (gold foil or Oslo)

B: Effect of atom form factors (Iberrs or Hansonrs)

C: Effect of amplitude scale adjustment procedure

D: Effect of type of intensity curve (Ir*(s) or I,,,(s))

E: Least-squares values at 37OoK

F: Least-sguares values at 473oK

G: Effect due to errors in wave length. camera distance, 37OoK

H: Effect due to emors in wave length, camera distance, ArcoK
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Ol" ("i3) gott"r, frorn the least-squares refinements, according to the

relation

lzTl

The Or, (ri3) values are the square roots of the diagonal elements of

the error rnatrices (Tables I6a and I6b) described below; the factor

ot two was included as a rough estirnate of the effect of correlation

among the observed data lZ3, p. 5971, In a sirnilar manner an over-

all standard error for each vibrational arnplitude was deterrnined

from

or (lij) = ({*tr, it + z{" trrSl + { tr, I trlz (28)

where or"_n (Iii) is

%1, ttrrt = &r(lii) + of trrr) + o"2 tri,) + { trrrt

ot (\3), o1r (Iij), os (lij), oI (tij) are the standard errors gotten from

the uncertainties in the blackness correction, atom form factors,

arnplitude scale adjustments, and type of molecular intensity curves,

respectively, by the procedures outlined above and listed in Table I5,

Final Re sults

The final values of the structural parameters with estimated

standard errors are given in Table 13. The parameter values thern-

selves are those of I* (s) frorn Table I1, a choice which is to sorne

extent arbitrary. This choice was rnade for the following reasons.

First, the atorn forrn factors used in the calculation of these values
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led to rnore consistent results for the 48 crn, 19 crn, and the corrr-

posite curves (cornpare, for exarnple, 1A"-8, frorn colurnns HGF and

IGf ). Second, the blackness correction derived frorn the gotd foil

experirnents pre surnably reflects the effect of photographic procedure s

ernployed at about the time that the arsenic tribrornide pictures were

made; the rrOslo blackness correction", being a corrrposite of results

attained over many years is less desirable. On the other hand, it

must be adrnitted that the gold foil experirnents are less directly

cornparable with gas diff raction experirnents--it rnight be, for ex-

ampIe, that the response of the photographic plates for equal exposure

(exposure equals intensity tirnes tirne) is different for different ex-

posure time. At any rate, the results using the gold foil blackness

correction appear to be more consistent than those obtained using the

Oslo correction (cornpare 16"_g, frorn colurnns HGF and HO). Third,

the least-squares criterion for establishing the scale of the two corn-

ponents of the cornposite curve would appear to be more reasonable

that the simple average criterion.

The standard errors listed in Table l3 have been discussed in

the preceding section, except for that associated with the bond

angle. Since this pararneter is not a function of the rnolecular size,

it will be unaffected by errors in factors of the first type rnentioned

above. Nor will it be affected by error in factors of the second type,

which are related largely to the arnplitudes of vibration. There
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remains only the error from the cornposite data factor. the Op

(angle) value for this error source is found to be .21 degrees, which

gives, after combination with Ols, the tabulated values of ,26 degrees

and . 29 degrees for the high and low ternperatures, respectively.

The error rnatrices (Tables l5a and 16b) are those derived

from the least-squares refinernents leading to the results reported

in Table 13. The rnatrices listed, M, are related to those actually

gotten from the least-squares refinernents, "28-1, by the well-known

equation

M = ,z c ts-l o-l

where G is a transformation rnatrix connecting the pararneters of in-

terest ("A"-B", rBr. . . Br, IA"-8", lB". . . B", /.pr-As-Br) to those

actually adjusted ("A"-B", rBr. . . Br, ,O"-tr, 18r. . . Sr), The

rnatrices have diagonal elements Of and off -diagonal elements

pij OiO, where the Ots are standard errors and pij i the correlation

coefficient for the errors O, and Or. The colurnn headings correspond

to structural parameters; K is an amplitude scale factor parameter

necessary for the least-squares procedure, but of no structural

inte re st.
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TABLE 16 a. Error Matrix 1x106; 37OoK,

*( a) - (b)
'As-Br' tBr. . . B. lAr-B, 18r...8, Br+ As-Br(c)

965.6102 .3699
.3091

. 3319

-. oo40
6. tt22

. 1556

-.0003
.ou4
. s643

.2276

.0101

-.1151
.3676

4.3322

-8.9059
-18. LTtt
233. 3630

.1862
-4.9797

173.8244

(a) Dimensionless
(b) Distances and Amplitudes gyantities in Angstrom2

(c) Angle quantities in degrees'

TABLE 16b. Errrr Matrix 1x106; 473oK.

l'l r (b)
As-Br

tBt. . . Bt
I
As-Br

l Br -es -sJc)
Br...Br

.090s .oo37
.2896

.oo22
-.0066
7.5985

. t437
-.0002

. 0026

.4933

.2230

.0106
-.1611
.3527

4,8974

-. 1352

-L7.131.6
290.201.0

. L@4

-6.7603
210.6010

(a) Dimensionless 
z(b) Distances and Amplitudes g.uantities in Angstrom

(c) Angle quantities in degreesz
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The proportionality given in

square arnplitudes of vibration and

provides a rneans of estirnating the

plitudes through the relation

ET'FECT OF TEMPERATURE

the introduction between the mean-

the temperature (Equation 8)

effect of temperature on the am-

lij (473" K)

rij (370" K)

The expected and the observed ratios of the root-mean-square arn-

plitudes at ternperatures of 370" K and 473o K are given in Table 14.

The standard errors associated with the measurernent of root-mean-

square amplitudes vary frorn 3.9 to 9.4percent; consideration of the

effect of these errors on the values of the tabulated ratios shows that

the differences between the observed and calculated ratios corre-

sponds to an arnplitude error of about one standard deviation for

18". .. B, "rd about three-tenths of a standard deviation fo" 1A"_B".

The temperature effect may be seen rnost easily in compari-

sons of the radial distribution curves (Figure ll): the peaks in the

473" K curve are clearly broader than those in the 370" K curve re-

flecting the increase population of the higher-lying vibrational states.

The effect is also visible, but less obvious to the inexperienced eye,

in the experirnental intensity curves (Figure l0). The high frequency

473' K

370" K

cornponent (due to rBr. g ,.) i s se en to be le s s p rorninent



in the 473" curve

minirnurnats=7

are notable.

66

than in the 370o curve: the weaker shoulder in the

and the broader character of the minimurn at s = 13
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DETERMINATION OF VIBRATIONAL POTENTIAL FUNCTION

Surnmary of Theory

The most general quadratic vibrational potential function for

a rnolecule rnay be written

(2e)

k, 1

where the frs are the potential constants and the Rrs are some set of

internal coordinates. The kinetic energy and the potential energy

above may be conveniently written in rnatrix form as

ZY = Rr F" R (30)

zT = X'm j< (31)

where R is a colurnn matrix of the distance change", i( i" the tirne

derivative of the matrix of cartesian coordinates, and M is a diagonal

matrix of the atornic masses; prirned symbols denote transposed

matrices. It is convenient to introduce the normal coordinate Q and

the syrnrnetry coordinates $ defined by the equations

2Y = I to,r\Rr

R.-VS

s -Lo
frorn which

R. = V[,Q

The mean square amplitude matrix E" (eguation 2) becornes

132l

(3 3)

(34)



E;r - V lLAlLr \rr

= UAU'

where A = Q Qr is given by equation (3) and U by

U-VL

One rnay relate cartesian and syrnrnetry coordinates by

X = A. lR

f rorn which equation (3 t) becornes

ZT = lRt A.r M A,

= R'G-l i1r

and by using equation (34)

ZT = Q' [,, Vr CfV U.

= Q' lLr *;' [. Q

= Q'E b

where lE is the identity rnatrix. Further, one obtains

(30), (32), and (33)

6E

(3 5)

Q\

(3 6)

(37 )

R. (38)

(3e)

The vibrational problern

equation (4I) and (45) as

a

one obtains

=srvrE vsr

=SrIFSS

= Qt[,tlF [,Q
S

= QrA 0

rnay be solved by cornbining,

fol1ows. From

-iG IL_E
S

(40)

(+t I

(4zl

frorn equations

l+21

(44)

(45),

\46),

fo r exarnple,

0

2v

(+ty



Since

one has

-r - lL^GlL'-=E
S

LrF"[,-h

L-l Gs [,,-1 L' F" [, = lE a,

L-l G" E's [. = lly

Gu F" [. = Lh

69

(+41

(4e)

(5 0)

This rnay be written

(G"F"-\tE)ti= O (51)

where the [..,ts are the eigenvectors of the G F matrix and

tr its (={6' "?l are the eigenvalues. The elements of the [. rnatrix

rnay be obtained frorn equation (5I), together with the norrnalization

condition Gs= lL lLt.

Application to Arsenic Tribrornide

The arsenic tribrornide molecule has point group symrnetry

Crr, (Figure l2l. The general quadratic vibrational potential function

(equation 29) thus becomes
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Molecular Model of Arsenic
of Internal Coordinates.

FIGURE I Z . Tribromide with Labeling
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zy = rrl (a'.r)l * (ar2)'n (o"r)zJ + fn[(^Ri ,l'r (aRzrlz + (an13)2J

+ zf rrl(ar1)(a12) + (arr)(a13) + (ar2)(a"3)J

+ 2fRR [(aRr2)(anrr) + (aRi2)(anr3) + (aR23)(aR13)J

2 f rR [ 1a11)( aRr 2) + ( a11)(aR13) + ( a12)(anr 
2)J

+ (ar2)(aRz3) + (^13)( aRr 3) + (ar3)(aR23) J

* 2frR'[(a"r)(aR23) + (arz)(aR,r) + (ar3)(an12)J l52l

A convenient set of symrnetry coordinates is

sl = 3-rlz (Ar, * ar, * Ar3)

sz= 3'Llz (aRil + aRL + tur3l

,, = ,-Llz (or1 - ar2)

,n= ,- 1/z (aR:,, - aRrr)

s5 = 5't/z (Ar1 * arz - 2ar3l

s5 = 5-'l' (aRrz + aRz3 - 2aRl3) (53)

The elements of the V matrix rnay be written down by inspection, and

lead irnrnediately to the elernents 
"r3 

of the symrnetrized E' matrix

(equations 43 and 44) ar:d to the elernents Gr; of the symrnetrized (E

rnatrix (equations 39 and 40). These elements are
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Fll = f, * Zfrr; Gll .- G, * TGr, = pAs * pBr + 2pAs cos o

Fl2 = ZfrR * frgr; Gt Z= 2G" * GrR, = 2pAs cos p

FZ?=f* + Zf11g; GZZ=GR + 2GRR = 3pB"

F33 =f, - f""; Gg3 =Gr = Gr" = PAs *PB"= PAs cos o

F34 = f"R - frR'i G34= GrR - GrR, = PB" cos p

F44=fr-fRR; G44=GR-GRR =312p,r, (541

where G" = P4" t Pp1, Gr, = li4" cos o, GrR = P3,, cos p, G"Ar =O

GR = 2pBr, and G** = llZ Fgli p16" and pgr are the reciprocal

rrlasses of arsenic and brornine. These quantities rnay be substituted

into equation (35) to give

,i."-r, = + 
(or Lr1 * azrl; + * r"rL|z * ^4L:4t

fB,. .. Br = |,o, ,3,, r drul; r I torLz+z * tnt-znnl

The secular equation

lG" F" -\i E l=o (52)

together with the norrnalization condition lL lLt = (E lead to the fol-

lowing expressions for the squares of the IL matrix elements.

( 55)

(55)



73

2Lil =

-z
'rz =

z
T_

"zL -

zT=
"22

-l -1Gir\ j = Fr'r

^ r' - tl'
-I -rGrrL r- n Fri

. -1 . -1nz -A'I
-l -iGzz\ i - Fz)

, -1 . -1nz -AI
_l

Gzz\ t * Fz)
.Tr -T-\z- -rt

-l rGll\ i - ";;
-1 -1\+ - \3

- l _r
-Ggg\ r- * Fgi
-- .T- rr4 - )'3

-l -rG++\ +- - F++

-

\+- -ts-
-r -l-G++\ z' r F++

"1,

,zu34 =

"1,,

zT-
"44

^i' - ^rl
These rnay be substituted into equation (55) and (56), which together

with the four equations resulting frorn solution of the secular equation

(sa1

( 5e)

( 50)

(6r)

16zl

(53 )

(64)

serve to relate the experirnentally observed rnean arnplitudes and

frequencies to the desired potential constants:

ti."-u" = l n.Fzz+ zbtl-44') + |r"or, * 2o'Grr)

,3r. ..Br = !to"rr + zbtF::) * !t" Gzz+ zalG44)

\ t + tr Z = GttFtI + ZGtZFtZ+ GZZFZZ

\ r\ z = (Gr tGzz - G?zl (Frr Fzz - F?zl

L: + \4 = G::F:3 + ZG34Fa+ * G++F++

\:\ + = (G:3 G++ - Gzz+)(Fa: F++ - ,trnl

where

o = (a:.Lt - a2\2)/(\ 
1

o' = (Ag\: - a4\4)/(r 3

b = (a, - a1) {GttGzz

b'=(^+-\l{G*G++

-rz)

- r+)

- clrtttx,
- otrntl (\ :

-xz)

-\+) ( 55)
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A developrnent paralleling the foregoing could

frorn the cornpliance constant point of view (14, p. 24

Iead to compliance constants defined by

C = lF-l

be carried out

l) and would

One rnay investigate the agreerrrent between these constants

to be predicted f rorn equation (Bb) or from an improvernent

approximation irnplied in it (33, p, 1927):

-2
E"-kTa+* G

48rr 6 kT

The two rnean sguare arnplitudes are thus

(66)

and those

in the

(57 )

( 641

{6e
?

18"
.z

Br=krcR-# cR

Re sults

Although the six equations relating the experimental quantities

(\ i'" and 1i.1ts) to the potential constants (fn, ,ts) of the general quad-

ratic potential function (Equation 29) provide sufficient rneans to

solve for the six potential constants, it is convenient to represent the

solution by a plot such as shown in Figure 13. This plot is useful in

that it clearly illustrates the dornain of allowed potential constants

taking into account the experirnental uncertainties associated with

the mean arnplitudes (Tab1e l4). Each curve is a result of expressing
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the mean arnplitudes, 1A"_B", and IUr..,Br, as a function of two

of the potential constants, by cornbining equations (6I), (621, (63),

and (64) with first equation (59), and second, equation (60). The

solid closed contour corresponds to an upper rrlimitrr of Ig"-g,
o

(.0569A) at 370 " K, and the closed dashed line to an upper limit of

1A"_Br (.0545 i,) "t 473" K, The curves corresponding to the

rrobserved, value s {.0479 i.1 ana (.0555 i.1 a" not exist in real space

and the position of the lower r'lirnitingrrvalues is indicated by a cross

(.0565 A and .0628 A). The set of solid and dashed curved lines

(which are actually parts of closed contours) correspond to 19r. . . Br

at 37 0" K and 473o K, respectively. The position of rrlimitstt based

on the standard errors of Table l4 and on twice these standard errors

are also shown for this arnplitude.

The domain of allowed potential constants compatible with a

given set of mean amplitudes from the diffraction experiment and

normal frequencies from vibration spectroscoplr at a given tempera-

ture, is given by the intersection of the set of curveB corresponding

to 14"_8" ard 18"...8", respectively, and their error rrlimite.rl

The overlapping of the two domains frorn each temperature indicatee

a region of potential constants compatible with all of the experimental

data. It was found that at neither ternperature doee a set of potential

constants exist which are cornpatible with both observed mean ampli-

tudes, Exarnination of the values of 14"_Br at the point indicating the
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boundary between real and irnaginary space and the values for the

curves corresponding to the upper lirnits at either temperature shows

that the elliptical contours for these arnplitudes are expanding rapidly

for srnaIl changes in the arnplitudes. On the other hand, the contours

for 19r... Br are shrinking for increases in that amplitude, although

not at the sarne rate as for ,O"-U" (cornpare the curves corresponding

to IUr...B, =.1L32and 1Br...Br =. iI82). This indicates that for

srnall increases of 1gr...8" above the observed value and for

14"-8, above the boundary between real and imaginary sPace, signi-

ficant overlap of the allowed potential constant region exists, It

should be rernarked in passing that the inclusion of srnall uncer-

tainties in the frequencies, which have been ignored in the foregoing'

will perrnit the sarne degree of agreernent with arnplitudes closer in

rnagnitude to those actually observed. This argument is further

strengthened by consideration of the error rnatrix, Table 15. The

correlation betweu. 1A"_B=.*d lBr...B" i" positive indicating that

an error which increases one mean arnplitude also increases the

other. The indication frorn these considerations is that the probable

dornain of allowed potential constants (at either ternperature) is a

region near the origin of Figure I3, leading to small negative values

for F 12 ar.d F34.

In order to obtain arrbestrr set of potential constants, the ob-

served arnplitudes at both ternperatures and the observed f requencies
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(Tab1e l8) were employed with equations (59) to (54) in aleast-squares

refinernent of the potential constants. The starting rnodel for calcu-

lation included the syrnrnetry potential constants from the simple cen-

tral force field of Table 21. The results of this calculation are given

in the sarne table. In Table 20 is given a corrrparison between the ob-

served arnplitudes and frequencies and the calculated values based on

the least-squares results. The least-squares fit for the frequencies

is good, especially when cognizance is taken of the large uncertainty

in ur: this frequency is not directly observed and is estirnated frorn

the cornbination band vL + v4 observed at 382 "rrr-l 13I, p. lI?).

AIso given in Table 2l is the inverse E', or compliance rnatrix

(equation 65). The values for the potential constants for the internal

coordinates used (equation 521 are shown in Table l9 along with the

corresponding cornpliance constants. The values frorn the simple

central force field (a11 cross terrns in equation (52) equal to zero) are

also given in the table for cornparison, together with thettobservedrr

values for the diagonal cornpliance rnatrix elernents based on the

approxirnation (equation 67) discussed in the section above.
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TABLE 17. Values of Constants used in Vibrational Potential Function Determinations .

* to22 * 1o4o 37ooK 4730K 3700K 473oK

cr 1.5576

Grr -0. 1418

GR r.5O73

GnR 0,3768

GrR 0.5773

c 0.0000
rRl

Ar

az

A
3

at

. t912

.8736

.2028

1.4779

.2359

1. 1081

.2s07

1.8806

. * Lo42

A)
atx 1O'-

b * to24

b'x 1024

1.7244 t.3614

t.7294 1.3638

1t.451. 14.636

20.611 26.345

Grs calculated on the basis of p 
O= 

8. O4O1 * 10219--1, l* Br= 
7.5364 x fO21 S--1
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TABLE 18. Fundamental Vibrational Frequencies of Arsenic Tribncmide 1io cr.r-11 1at1.

Mode v z(ALl v 2(Al v 3(E) v 4(E)

Frequency zaaF)

(a) Estimated

98128 275

TABLE 19. Potential and Compliance Constants in Intemal Coordiuates .

LS CF LS CF Observed

,r' r,69 t.6z a"- 0.60 0.61 .+zl .rc

fr, .23 . L4 C". -O.O7 -0. 05

t .42 .41 .* 2.s2 2.s2 z.il! .43

t** .o7 .06 cnR -0.35 -0.35

frn -.03 0 c.R o.o2 0

frR, -.05 o crR' o. 05 o

LS: Results front least-squares aualysis

CF: Calculated on the basis of a simple central force field

+ in t,tllfayrr"rT8
+ in 8/uittidynes
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_l
TABLE 20. Comparison of the Calculated and Observed Frequencies (in cm ') and Root-Mean-

Square Amplitudes (in B,; Based on the Potential Constants gotten from the Least-

Squares Refinement of the Vibrational Potential Function.

Calc. Obs. Diff. (Percent)

y 
1(A1)

v z@z)

y3 (E)

v4|€l

At 37ooK

'or-r,
18"''B'

o
At473 K

297

128

270

96

.0650

.t290

.058s

.1140

za+G)

128

275

98

.0480

.1130

.0555

.1355

+4.6

.0

-1.8

-2.O

+21.9

+1. 1

+t7. L

-4.6

lAr-8,

lB"''B'

(a) Estimated
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TABLE 21. Potential ConstantMatrices for Arsenic Tribromide.

+ Symmetry Potential Constants from # Symmetry Compliance Matrix fiom
Least-Squares Analysis Least-Squares Analysis

tr*tz34c-L234

2.15 -.lZ

2 -.12 .55

L .46 .10

2 .LO 1.82

t.47 .O2 3

.o2 .3s 4

.68 -.03

-.03 2.88

{a)1 (l.es)' 0

(a)2 O (. ss)'

3 1.53 0

4 0 .35

+ Symmetry Potential Constants from # Symmetry Compliance Matrix from

Simple Central Force Field Simple Central Force Field

Ft234ct234

.66 0

0 2.88

(a) Based on v 1 = 290. , L = 284 provided for no real solution

* Indexing is given in terms of ncw and column of the matrix, i.e. F rr- -. 12 in Fs

1 .51 0

2 0 1.82

3

4

+ io Miuidyrr"sTS
# in A/Millidynes
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SUMMARY

The rnolecular structure of arsenic tribrornide was deter-

rnined with high accuracy. The rnolecular paramet"r" rA"_B",

"8"...8r and /ir-A"-8" have values that agree well with prewious,

but rnuch earlier, results (1, p. 671. The standard errorsassociated

with the deterrnination and evaluation of all the rnolecular para-

rneters show that the values of the internuclear distances are prob-

ably accurate to within 0. I percent, and the root-rnean-square arn-

plitudes of vibration to about four percent (1g". . . Sr) and nine per-

cent (1o" 
-n ")'

An expected increase in the rnean arnplitudes as a result of

an increase in temperature was dernonstrated: the curves resulting

from analyses of the experimental intensity data clearly show the

effect of increased mean arnplitudes. The least-squares results

from the structure work at the two ternperatures agree well with the

expected proportionality of the mean-square amplitudes with ternper-

ature.

The uncertainites in the deterrnination of the mean arnplitudes

preclude any precise deterrnination of the vibrational potential func-

tion, but the results strongly indicate the off diagonal terrns of the E'

rnatrix are srrrall and probably negative, suggestingthat a simple cen-

tral force field can be applied with confidence to arsenic tribrornide,
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